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Abstract

The process of structure formation in In,O3 based
ceramics doped with Ga,O3z was investigated. The
data obtained demonstrated the profound influence
of Ga-dopands both on the crystallization path of
solids produced by coprecipitation and on their final
physical and electrical properties. The limited solu-
bility of Ga,03 dopands in cubic In,Oj3 lattice which
lies within the 11-12wt% was also noted. Ga,03-
dopands caused the formation of a porous structure
in the In,Osz-based ceramics, providing an active
interaction surface in the semiconductor for reducing
gases. Ga-doped ceramics demonstrated better gas
sensor properties then pure In,Oz. © 1998 Elsevier
Science Limited. All rights reserved

1 Introduction

It is a well known fact that the improvement of the
properties a gas sensors based on semiconductive
metal oxides can be successfully achieved by sin-
tering new materials or by modification of known
types of sensors.

It was shown that there is a possibility of
improvement of sensor properties such as sensitiv-
ity and selectivity with respect to analyzing gases,
at the stage of sensors sintering. As mentioned in
Ref. 1 the application of inorganic dopands added
during sintering of gas sensors can improve selec-
tive adsorption. For instance, application of Al,O3
(4wt%) in a ceramic based on In,Oj; lead to
increase sensor sensitivity with respect to reducing
gases.?

The purpose of the present work is to investigate
the structure, phase composition and sensitivity
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properties of In,Osz ceramics doped with Ga,Os.
Selecting Ga,O5 as a dopand was due to the fact
that both oxides are n-type semiconductors (for
instance for Ga,03; E=4-64-7¢V) and Ga,0O3 can
be used for sintering gas sensors both for reducing
gases as well oxygen.>#

2 Experimental procedure

2.1 Subject investigation

In-Ga-solids have been prepared via the coprecipi-
tation route. Metal nitrates In(NO3);-4-5H,0O and
Ga(NO3)3-8H,0 were dissolved in distilled water
and diluted to 10% solution. Precipitation was
performed with 12-5% NH, water solution at
pH 8 forcing the precipitation of metal hydrox-
ides. The precipitates were aged for 1h and then
washed in distilled water and sedimented by cen-
trifuging. The content of the Ga,O; in the pre-
cipitates was changed from 0 to 100wt%. The
precipitates were calcined at 120, 500, 700, 800 and
1000°C.

2.2 Differential thermal analysis

Differential thermal analysis of the precipitates
were performed using a ‘Derivatograph-Q 1500D’
in conjunction with a thermogravimetric analyzer.
The measurements (0-5g) were done using Pt cru-
cibles, in air, at a heating rate of 5°C min—!. Calcined
Al,O3; was used as a reference sample. Sensitivity
for all measurements was selected 250 uV.

2.3 X-Ray diffraction examinations

The phase compositions developed during calcina-
tion were investigated by powder X-ray dif-
fractometry in a Philips PW-1710 automatic
diffractometer with step and continuous scanning
device. The diffractometer was equipped with a
vertical goniometer PW  1050/25, graphite



mono-chromator PW 1752/00, proportional coun-
ter for reflected beam PW 1711/10, and a PW 1730/
25 generator. Diffraction patterns were measured
in a 20 range of 10-90 using Cu K, radiation of
50kV and 30 mA. Accurate assignment of the peak
positions was facilitated by fitting with a non-linear
Marquardt least-squares routine that accounts for
the K, splitting. The lattice parameters of the
In,05-Ga,035 solid solution formed were refined by
application of a least-squares refinement program.

2.4 Surface area and porosimetry

Specific surface area (SSA) and pore analysis were
conducted using a sorption analyzer with bensol as
the adsorbate media. Adsorption of the bensol
steam was done in a vacuum chamber equipped
with a quartz Mac-Ben Bacra balance. For sorp-
tion measurements, samples (40-50mg) in a glass
container were placed in sorption tubes which were
fixed on calibrated quartz spirals. Prior to analysis,
the samples were degassed at 150°C for 4h.
Adsorption was measured at 20+0-1°C. Adsorp-
tion—structural parameters were computed using
Brunauer—Emmett-Teller (BET) and Tomson—
Kelvin methods.

2.5 Electroconductivity measurements

Electroconductivity was measured by four-probe
D.C. methods® in air and in air blended with
0-5vol% methane. The samples used for measure-
ments were shaped into a parallel block with
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dimensions 10x5x2mm. The ceramic samples
electroded with Pt were calcined at 800°C for one
hour. Prior to measurements a heat-treatment at
600°C was carried out to degas the samples.

3 Results and Discussion

3.1 Differential thermal analysis

Thermogravimetric analysis indicated that the
major portion of gel water for all investigated
samples was eliminated when samples were heated
to 400°C (Fig. 1). DTA studies were conducted to
evaluate the correlation of crystallization events
with appearance of powder patterns in the XRD
studies and to determine the onset temperatures of
crystallization more accurately. Results of DTA of
the In(OH); showed two endotherms. One was
observed at 80-120°C and can be associated with
the loss of absorbed water. The other was observed
at 220-250°C and can be associated with the tran-
sition of hydroxide to oxide. With increasing
Ga(OH); content, the temperature of the second
endotherm increased. For a precipitate with
20wt% Ga-dopands the second endotherm
increased to 268°C (Fig. 1) which is caused by the
higher energy of Me-O bond for Ga** then for
In3*.% It is known that an energy increase of
Me-O bond will lead to an increase of temperature
at which the structural fragments of amorphous
hydroxide will start to reconstruct leading to their
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Fig. 1. DTA, DTG and TG curves of In-Ga blended hydroxides: A, 0% Ga,03; B, 20% Ga,03; C, 80% Ga,05; D, 100% Ga,0s;.



crystallization. At the same time, the opposite pic-
ture has been observed for compositions with low
content of In component. The crystallization of
Ga,0O; accelerated with the presence of small
quantities of In-dopands which is proved by the
lowering of the endorthem temperature caused by
formation of a-Ga,03 and as well as by decreasing
the exotherm temperature caused by formation of
B-Ga,O3 for composition with 80 wt% Ga,Os.

3.2 XRD investigation

Examination of the precipitates phase composition
in the In(OH);—Ga(OH); systems showed that the
crystallinity of the precipitates decreases with
increasing amounts of Ga-dopants. Thus, diffrac-
tion patterns of pure In(OH); shows the presence
of well crystallized structure while the precipitates
with 20 and 40 wt% of Ga-dopants are completely
amorphous. Heat-treatment of the precipitates
leads to their transformation from hydroxides to
the oxides forms. It has been observed that the
temperature transition to oxides correlates with the
Ga-dopands content. For instance, diffractograms
of the precipitates containing 10wt% Ga,0;
showed diffused peaks of In,O; at 600°C whilst
samples with 20 and 40wt% Ga-dopands are still
amorphous at this temperature [Fig. 2(a)]; these pre-
cipitates transform to oxides at 800°C [Fig. 2(b)].
Samples with 60 and 80 wt% Ga-dopand transform
to oxides at over 1000°C. The observed dependence
of the amorphous precipitates transition to oxides
with the temperature of calcination are well
explained by the effect of crystallization retardation 7.

Analysis of the precipitates calcined at 850°C for
2h showed that the phase composition in all sam-
ples is presented by In,O; crystallized in cubic
symmetry (Fig. 3). Increase of Ga-dopands leads to
decrease in the intensity of In,O3 peaks and also
their smoothening. At the same time, the presented
fragments of diffractograms indicate that an
increase of Ga-dopands is accompanied by forma-
tion of the other minor phase, traces of which can
be seen within the (30-31)20 for the sample with
20% Gay05. Application of the deconvolution
technique for analysis of integrated profiles
revieled that the phase composition was presented
by two phases. The major phase is cubic In,O5 seen
by two main peaks, (222) and (400) (Fig. 4). The
other minor phase was identified as In,O5 as well, but
crystallized with a rhombohedral type of symmetry.
This phase, in the presented fragment, is indicated by
two main peaks, (104) and (110) (Fig. 4).

Unit cell refinement of the In,O5 structure with
Ga-dopands was performed on the basis of
assumed cubic symmetry. The sample with 40%
Ga,0O; was omitted because of the high content of
the In-rhombohedral phase and a high degree
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Fig. 2. (a) Diffraction patterns of precipitates calcined at
600°C. (b) Diffraction patterns of precipitates calcined at
800°C.

diffusivity of In,O5 peaks. The continuos scans and
subsequent crystal structure analysis were per-
formed with an external standard of annealed
analytical grade tungsten powders. Peaks accepted
for least square refinement of cubic unit cell were
selected between 35 up to 90 20. Calculated values
of lattice unit cell dimensions with respect to Ga-
dopads content are presented in Table 1 and illu-
strated in Fig. 5.

The above results can lead to the following con-
clusions. Firstly, the established dependence of lat-
tice parameters of the In,Oz unit cell on Ga-
dopands content indicates the formation of a lim-
ited solid solution in the In,O;—Ga,O; system
(Fig. 5). The established limit of Ga solubility in C-
cubic In,O; phase which lies within 11-12wt%
(15-16-5mol%) correlates well with data presented
in Ref. 8. Secondly, decrease of lattice dimension
with increasing Ga-content correlates well with
their ionic radii in terms of formation in the sys-
tem substitution solid solution by substituting of
In-ions with high ionic radii (0-79 A) by smaller
Ga-ions (0-62A).°
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Fig. 3. Diffraction patterns of precipitates calcined at 850°C for 2 h.
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Fig. 4. Fragments of diffraction patterns after deconvolution
of the overlapped peaks.

3.3 Sorption properties

Data on specific surface area (SSA) and porous
sorption volume (V) of the precipitates investigated
compositions calcined at different temperature are
summarised in Table 2. The presented data illus-
trate that specific surface area and sorption volume
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Fig. 5. Lattice parameters of solid-solutions in the In,O;—
Ga,0; system.

Table 1. Calculated lattice parameters In,O;-Ga,0O3 solid
solution

Ga,0; content (wt% ) Lattice parameter (AD)

0 10-11977 £ 0-605x 103
5 10-08616 & 0-207x102
10 10-03819 £ 0-239x 102
20 10-02734 £ 0-169x 102

are dependent on temperature calcination and
phase composition. For instance, increase of Ga-
dopands up to 20 wt% causes a maximum increase
of a precipitates surface area from 132m?g~!
(0wt% Ga,03) to 202 m?>g~! (20 wt% Ga,03) as
well as porosity volume from 0-24cm?g~! to



Table 2. Sorption properties of In,O3;—Ga,Oj5 precipitates

Content  Parameters Teaicination, °C
00203
120 500 700 800 1000

Sgsar (M2 g~ 1) 132 46 45 33 5

0 Vs (cmig") 0-24 026 0-21 0-18 0-03
Dpore (A) 73 223 178 155 71
Sea (M2g™1) 8 50 32 31 7

5 Vs (cm? g h 0-33 0-31 023 0-23 0-04
Dpore (A) 135 273 291 289 65
Sesa (M2g™1) 128 55 44 40 12

10 Vs (Cmfg’l) 0-35 032 032 026 0-02
Dpore (A) 104 293 299 278 75
Sea (M2g™1) 202 107 96 68 10

20 Vs (cm } g 043 0-34 0-33 025 0-02
Dpore (A) 85 123 136 118 55
Sssa (m2 gil) 143 84 78 43 16

40 Vs (cmfg’l) 0-31 026 0-18 0-12 0-03
Dpore (A) 47 107 123 75 71
Sesa (M2g™1) 129 64 53 28 23

60 Vs (cm 3 g h 0-28 0-23 0-12 0-05 0-05
Dpore (A) 31 101 119 77 74
Sea (M2g™1) 115 62 48 13 9

80 Vs (cm 3 g h 0-21 0-23 0-12 0-04 0-03
Dpore (A) 30 100 112 94 77
Sesa (M2g™1) 112 58 46 14 12

100 Vs (cmfgfl) 0-12 0-22 0-12 0-03 0-03
Dpore (A) 32 104 100 112 102

0-43cm? g~ !. Further increase of Ga-dopands leads
to a decrease of the specific surface area and por-
osity volume to minimum values which is, for the
pure Ga,O; precipitate, 112m?g~! and 0-12cm3 g~!
respectively.

The observed dependence of the specific surface
area and porosity volume values of the sedimented
precipitates on their composition can be interpreted
by the mutual effects of precipitating components at
the stage of the formation of the sol structure.'?
From this point, particles of the second component
(low concentration of the Ga-dopands) introduced
into the developing structure of the first compo-
nent (indium hydroxides) reduce their growth and
lead to the structure becoming disordered by com-
ponents stacking. As a consequence of this, the
precipitates showed an increase of values of both
specific surface area and porosity volume.

Analysis of the precipitates surface area and
porosity volume in terms of calcination tempera-
ture showed a continuous decrease of this para-
meters which was observed for all compositions and
for all temperatures. However, in the presented data,
the reduction of V; and SSA are different for the
blended precipitates and for the monophase hydro-
xides. Thus, after calcination at 800°C the precipitate
with 20wt% Ga-dopand showed maximum resi-
dual specific surface area and porosity values of

68m-g~! and 0-25cm- g~!, respectively. For com-
parison, equivalent parameters for monophase
precipitates were 33m?g~! and 0-18cm3g! for
In,O; and 14m?g~! and 0-03cm3g~' for Ga,0;
(Table 2).

3.4 Electroconductivity measurements

As was pointed out in Ref. 11, the surface of semi-
conductors containing chemisorbed oxygen atoms
can be electrically neutral or negatively charged.
Interaction of active gas and semiconductor leads
to reactive desorption of physically adsorbed oxy-
gen. As a consequence, free electrons are injected
into the conductive zone of the semiconductor
varying its elctroconductivity. Based on this con-
cept, an investigation of the electroconductivity of
the sintered samples was undertaken at different
temperatures in different gases.

Results of the measured specific resistivity of
pure In,O; in air at different temperatures (Fig. 6)
showed a curve typical for metaloxide semi-
conductors,'? particularly, for SnO, which is char-
acterized by the existence of a maximum in the
curve. The appearance of a maximum resistivity at
a given temperature is related to the formation of
negatively charged oxygen ions such as Oy, O*7,
O~ at the oxide surface and as a consequence the
resistivity increases. This maximum for In,O;
resistivity was observed at 340°C in air but was
considerably reduced in a methane-air mixture
(Fig. 7).

The gas-sensitivity properties for the obtained
solids were estimated through relative resistivity as:

R= (pair - ,Ogas)/p:irIOO%,

where p,;; 1s the specific resistivity in air; pg,s 1s the
specific resistivity in gas. From Fig. 8, for a con-
centration of 0-5vol% methane in air, the relative
resistivity can be estimated to be equal 40%. It
should be noted that the maximum sensitivity to
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Fig. 6. Resistivity versus temperature in air: In,Os(@);
11'1203 +5wt% G3203(.); IH203 + 10 wt% G3203(A);
In203 +20wt% Ga_203(.).



»
o

»d-

N
(=3
1

Resistivity, ohm*cm

220 260 300 340 380 420 460 500 540 580

Temperature,°C

Fig. 7. Resistivity versus temperature in air blended with
0-5vol% CH4Z 11'1203(0); II]203+5W120/0 Ga203(.); Where
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Fig. 8. Relative resistivity versus temperature in air blended
with 0-5vol% CHy: In,Oz(@); In,O3+5wt% GaOz(l);
In,O3+ 10 wt% Ga,O3(A); In,O3+20 wt% Ga,O5(@).

methane gas was observed at 400°C. This indicates
a high probability that the high temperature forms
oxygen, O, affects the methane oxidation. Also
from Fig. 8§, an increase of Ga-dopands lead to the
shift of the maximum sensitivity to methane gas
from 400°C (0% Ga,03) to 520°C (20% Ga,05).
The other interesting feature is that the sample
with 10% Ga,0O5 showed a constant R value within
a wide temperature interval from 340 to 480°C.

In fact, the maximum sensitivity of a semi-
conductive gas sensor can be released as a rule in a
diffusion field of interaction between the moleculs
of detected gas and active oxygen forms at the
ceramic surface.'3 As a consequence, the increased
gas sensitivity of modified In,O5; (10% Ga,0s3)
ceramic with respect to undoped In,O; can be
explained by leading role of diffusion processes
and, respectively by the oxides structure in terms of
median porous sizes (dpore) Or distribution of their
volume as takes place in the case of thermo-
catalytic sensors.'* In the present work, this
dependence of relative electrical resistively on
average (median) pore size has been demonstrated.

4 Conclusion

The presented experimental data demonstrated
that solubility of Ga,O; in In,O5 cubic lattice has a
limit up to 11-12wt%. Examination of the struc-
ture and sorption properties showed that solids
obtained by the coprecipitation route has a linear
dependence of crystallization path and porosity
volume of calcined solids on the concentration of
Ga,05-dopands. It has been demonstrated that the
formation of the porous structure of In,O; cera-
mics doped with Ga,O; was a key factor leading to
high sensitivity of the modified ceramics. Ceramics
materials for application as an n-active element in
semiconductive gas sensors with composition
In,05-Ga,05 (10 wt%) was selected.
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