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Thin films of ternary compounds with formula Sn,.,Co,0,
(0 < x = 0.15) were studied by X-ray diffraction. The diffraction
patterns from the new compounds with x < 0.20 are similar to
those obtained from pure Sn0, thin films. The relationships be-
tween rutile (SnQ;) and the spinel structure of Co,SnQ, are dis-
cussed by describing them in similar unit cells, as obtained by the

transformations

0 -1 0 1 0 -1
( 0 1 l)and( 0 -1 1),
-1 00 -1 -1 -1

respectively. For x = 0.20, a new phase appears, closely related
to Sn0,. For this new phase all the reflections in the corresponding
powder pattern can be indexed with an orthorhombic unit cell, in
which the parameters (¢ = 9.400 &, & = 9.557 A, and ¢ = 6.33 A)
are about twice those of Sn(),. Different models for this new phase
are derived and calculated diffraction patterns are compared with
those observed. © 1995 Academic Press, Inc.

1. INTRODUCTION

The most common technologies for preparing solid-
state gas sensors are based on thick film and thin-film
techniques (1, 2). Codeposition studies of various metals
and Sn0, have recently been reported (3-5). In particular,
anew method for thin-film gas sensors was recently devel-
oped (6, 7). This process, called rheotaxial growth and
thermal oxidation (RGTO), is based on the sputtering of
metal thin films on a substrate, maintained at a tempera-
ture higher than the metal melting point, followed by an-
nealing in oxygen performed for obtaining the metal
oxide,

In a previous work, the structure of ternary compounds
Sn,Fe,O,, obtained by the RGTO technigue, was studied
(8). Even for high Fe contents, the only phase that could
be detected in the X-ray diffraction pattern was that of
Sn0,. In view of the similarity of the ionic radii of Sn**
(0.71 A) and Fe** (0.64 A) and of the Pauling electronega-
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tivities (Fe** = 1.8, Sn** = 1.8), an explanation for this
fact was proposed, based on the substitution of Fe for Sn
in the rutile-type structure of Sn0O,. Moreover, Fe'* in
its oxides prefers the octahedral coordination, like that
of the rutile-type structure (9), and, in the only known
structure of Fe and Sn mixed oxides (Fe,_,8n,0,), Sn
substitutes for Fe in the octahedral sites of a spinel-like
structure (10).

In general, derivation and refinement of structural mod-
els for these materials are difficult, due to the simultane-
ous presence of two or more phases (that of the support
materials and those constituting the thin film) and to pre-
ferred orientation effects. However, the relevance of this
modeling to the understanding of conduction and growth
mechanisms in these materials is so great that it should
be tried even if only qualitative results can be expected,
in view of the above-mentioned difficulties,

The aim of this work is to propose structural modeis
for new ternary compounds Sn,Co,_, O, prepared by the
RGTO technique. In this case, a diffraction pattern differ-
ent from that of pure SnO, was obtained only for the
sample with highest Co content (20 at.%). In the deriva-
tion of these models, it is basic to detect common elements
belonging to all possibly related structures. For this rea-
son, in what follows, we will transform the conventional
rutile and spinel unit cells into a couple of similar cells,
in which the relationships between the two structures can
be more clearly recognized. The proposed models are
strictly related 1o these structures.

2. EXPERIMENTAL

ALO, supports were used to deposit the metal thin
films. During the thermal evaporation the pressure in the
deposition chamber was maintained at about 7.5 x 1077
Tort, by means of a cryogenic pump. Sn was first depos-
ited with a deposition rate of 6-7 Alsec. During the depo-
sition the substrate temperature, controlled by a thermo-
couple, was kept at T = 533-543 K, i.e., at a temperature
higher than the Sn melting point (T = 505 K). Co was
deposited without breaking the vacuum with a deposition
rate of 1.5 A/sec. During this second deposition, the sub-
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FIG. 1. X.ray diffraction patterns of (a) Sn{, reference thin film
sample on ALO,; (b) w-28 scan of a thin film sample with a 20% Co
atomic content; (c) same as in (b) with an offset w-angle of 12.5°.

TABLE 1

45

50

Cell Parameters and Volumes for the Considered Phases and

the Refined Model

a (A) b (A) c(A) Vv (AY)
Co,0, 8.083 8.083 8.083 528
Co,5n0, 8.646 8.646 8.646 646
Sn0; 4.747 4747 3.185 2
Model 9.400 9.557 6.334 569
TABLE 2

Parameters and Volumes of the Cells Transformed According to

Matrices [1] and [2]

aldy BA) (A @ 8 ¥ V(A®) Me-Me
Co,0, 11.43 1143 1400 90° 90° 120° 1584 2.858
Co.S5n0, 1223 12.23 1458 90°  90° 120° 1939 3.057
8a0), 517 ST 4w s 143 3.185

(x2) (X2 (x3) 9% 9% 12 1716

11.42 1142 1421

(x2) (X (xD 9% 9%0° 112 114

11,42 1142 9.48
Sn,Co,0, 1146 1146 940 90° 90° 13° 1138 1.167

MNore. Me—Me along the octahedral chains are reported in column 8.

TABLE 3
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Indices, 26 Positions, and Relative Intensities Calculated for

AL O;, SnG,, and Model 1

ALO,

SDOZ

Model 1

Rkl 20 (%)

hktl 20 I(%) (%)

2Gnhs‘I Iohs (%)

102 256 60

104 352 93

110 378 43

113 434 98

202 46.2 1

204 526 49

116 57.5 100

110 266 100

101 339 &0 1

38.0 23
35.0 5

—_—
_—
— o

210 427 2

211 518 82
220 3548 20
¢co2 579 10

22

00

76

31
15

19.40
25.58
26.60
28.62
32.87
33.92
35.16
36.88
37.79
38.99
39.41
40.16
41.69
43.37
44.96
46.19
51.79
52.56
54.79
57.51

2
30
27

1

7

100
82

16
46
3
112

¢ The integrated intensities are calculated by using APD software

(Philips).

Crystal Data and Atomic Positions x, y, z for the

TABLE 4

Considered Models

a=957A
b =9.400 A
c=6314 A

Space group = Fdd?2

For all models:

Sn 0

Sn 0

0 0.1535

0 0.1535
Model II

Co 0.25
Model III

Co 0

Co 0.25
Model 1V

Co 0.2
Model V

Co 0.2

Co 0

0 0

0 0.5
0.1535 0
0.1535 0.5
0 0
0.25 0.25
0.23 0

] ]

0 0.25
0.2 0.25

Occupancy

0.5
0.5
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FIG. 2. Projections of the rutile and spinel structures; the large and small circles represent metal and oxygen atoms respectively. (a) Rutile
structure projected along the [110] direction of the cell transformed by matrix 1; (b) rutile structure projected along the c-axis of the cell transformed
as in (a); {c) spinel structure projected along the [110] direction of the cell transformed by matrix [2]; (d) projection along the c-axis of the slab

indicated in (c).

strate temperature was kept at 463 K. The Sn layer was
about 3600 A thick, while the Co thicknesses were chosen
to obtain a Co atomic content between 0.01 and 0.20. The
evaporation rate of the thin films as well as their masses
was monitored by a calibrated quartz microbalance placed
nearby the Al,(, supports.

A Pt meander sputtered on the back side of the AlL,O,
substrate was used either as a heater or as a temperature
sensor. The total power needed to heat the whole system
at 673 K was about (.93 W, The thermal oxidation of both
the Sn and Co layers was achieved by annealing in an
oxygen flow.

The X-ray diffraction measurements were performed
on a Philips MPD 1880 automated powder diffractom-

eter with graphite-monochromated CuKe radiation in
the Bragg—Brentano parafocusing geometry. While we
checked for preferred orientation, the w- and 26-axes were
rotated independently, thus allowing for an ‘‘offset”
angle.

Modeling and simulations were performed using the
CERIUS program on an IBM RISK 6000 work station (11).

3. RESULTS AND DISCUSSION

A reference thin-film sample, with Sn deposited on an
alumina substrate, was studied by X-ray diffraction after
annealing in air, A relatively well crystallized SnQ, phase
was identified (Fig. 1a, Table 1, and Table 3) (12).
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The samples with a 0.5, 1, 10, 15 at.%. Co content show
X-ray diffraction patterns identical to that of pure SnQ,.
As in the case of Sn Fe, O, thin films studied previously
(8), here substitution of Co for Sn in the rutile structure
of Sn0, also is possible and can justify the similarity of
the observed patterns. On the contrary, the diffraction
pattern of the sample with a 20 at.% Co content shows
interesting differences (Fig. 1b), the most important one
being the inversion of the intensity ratio between the re-
flection at a 2@ value of about 26.6° and that at 33.8°,
corresponding to the 1 1 0 and 1 0 1 reflections in the
SnQ, phase, respectively. A possible explanation for this
inversion could be found in the preferred orientation ef-
fects of the thin film. This possibility was checked by re-
measuring the diffraction pattern with a w-offset of 12.5°
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Prospective and projection views of rutile (a and b) and spinel (¢ and d) structures, where only the metal positions and the spikes
indicating the coordination directions are drawn. In {a} and {c), the threefold symmetry axes of all the coordination polyhedra are clearly parallel
to the c-axes of the ransformed cells. Octahedral chains of both A and B types (see text) are indicated in bold.

(Fig. lc). In the Al,O; phase, preferred orientation is
clearly shown by the important variation of the intensity
ratio of the 1 0 4 and 1 1 3 reflections at 28 values of
35.2° and 43.4°, respectively, Therefore, the fact that the
intensity ratio of the 1 0 1 and 1 1 0 reflections of the
3n0; phase remains approximately constant strongly in-
dicates the absence of preferred orientation effects in this
case. Thus any variation observed in the pattern of the
sample with a content of 20 at.% Co with respect to the
reference SnQ, film can be attributed to structural changes
undergone by this material.

In the Inorganic Crystal Structure Database (12), only
one structure of Sn—Co mixed oxides is reported, i.e.,
that with the formula Co,8nQ,. In this spinel-like struc-
ture, the octahedral sites are randomly occupied by both



260

100

80 |
60
40

20 |

o ] U

| oL a4 rirlanan
20 ’ e ) 60

Diffraction Angle

a

100

80 |
60 |
40

20 J

0 ] Ul

] 1t .l 1

T L T

20 40
Diffraction Angle

1t 8 8l £
6

T
¢

L]

C

DEPERO, LEVRANGI, AND SBERVEGLIERI

100

80
60
40

20 J

o U

| ool 111 nmul
20 ' abd ' 60

Diffraction Angle

b

100

80
60
40 |
20..

] U

I. ll' L1 1 111
20 40 ’ 60
Diffraction Angle

d

FIG. 4. Simulated patterns taking into account the cooperative shifts of all the Co atoms (see text), corresponding to (a) z = 0.0, (b) z = 0.1,

(c) z = 0.2, and (d) z = 0.3,

the Sn and Co cations, while only Co ions occupy the
tetrahedral sites. The spinel-like structure is typical of
many other mixed oxides such as Fe,;Sn,50y,
Coy oMny 40;, and Co,0,, where both octahedral and
tetrahedral coordinations are used by the cations, while
the oxygen atoms have tetrahedral coordination. Also
the rutile-like structures are common in transition metal
oxides, where cations occupy only octahedral sites and
the oxygen atoms have threefold coordination. In fact,

these two structures are more strictly related to each other
than it is commonly believed, and this is better realized
if one describes them in similar cells by performing the
axis transformations

0 -1 1
0 1 1 [1]
0 0
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FIG. 5. Enlarged (a) and (b) patterns from Fig. 1. The small peaks of the new phase are indicated by asterisks.

and

1 0 -l
0 -1 1 2]
-1 -1 -1

for the rutile and the spinel-like structures, respectively.
In Table 1, the conventional cell parameters of the studied
materials, as given in the literature (12), are reported,
while the cell parameters as determined by applying these
axis transformations are given in Table 2. The volumes
of the transformed cells of Co,0, and Co,Sn0, are three
times those of the conventional unit cells, while the trans-
formed cell volume of SnO, is two times that reported in
the literature. It is interesting to note that, as indicated
in Table 2, axis lengths of the new Co,0, cell can be
obtained from those of the SnO, cell by multiplying a and
b by 2 and ¢ by 3. In fact the main difference between
the latter two cells is the g angle which decreases from
120¢ in Co;0, 10 112° in SnO,. These geometrical features
correlate with important structural similarities, as indi-
cated by the fact that, since, in both structures, chains
of octahedra run along lines parallel to the [110] direction,
the Me—Me distances decrease with increasing Co content
and can be easily calculated from the geometry of the
transformed cells (Table 2).

The two different structures appear to be uncorrelated
in the [110] projections shown in Figs. 2a and 2c, but if
only the slab indicated in Fig. 2¢ is projected along the
c-axis the similarities between the two structures can be
better appreciated (Figs. 2b and 2d). This similarity is
based on the fact that in both structures one of the three-
fold symmetry axes of all the coordination polyhedra
(both octahedra and tetrahedra) is parallel to the c-axis
of the transformed cells, as shown in Fig. 3, where only the
metal positions and the spikes indicating the coordination
directions are drawn. Moreover, while in both structures
one can identify chains of octahedra running parallel to
the [110] direction (Set A of Fig. 3), in the case of the
spinel structure another set of chains (Set B, Figs. 3¢ and
3d) runs along the [—112] direction and, therefore, in the
projection along the c-axis, is perpendicular to the chains
of set A.

From the structural relationships found for these com-
pounds and from the fact that the stronger reflections in
the pattern of Sn,Co,0O,, with higher Co contents, have
the same 2q positions as those of pure SnO,, we started
our model derivation with the assumption that this new
phase is strictly related to that of Sn0,.

In the first structural model (Model I), Co atoms are
inserted into the voids of the rutile structure at (0.5, 0, 0)
with an occupancy of 0.5. The simulated pattern of Fig.
4a is obtained and the calculated intensities are reported
in Table 3. The main feature observed in the pattern of
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FIG. 6. Projections along the c-axis of (a) Model 11, (b) Modet III, (c) Model IV, and (d)} Model V. In the frame of the rutile structure, the

inserted Co atoms are shown.

the Sn,Co, 0, phase, i.e., the inverted ratio of the reflec-
tions at 26.6° and at 33.8°, is justified by this simple model.
Another significant difference between the calculated
SnO, pattern and the simulated pattern of Model Lis given
by the intensity of the 200 reflection which is coincident
with the 110 reflection of the AL, support. Since, as
mentioned above, the support pattern is strongly affected
by preferrcd orientation, cne cannot use this information
in modeling. It is interesting to note that, after removing
all the symmetry constraints by changing the space group
Pd,/mnm (No. 136) to P1, any possible cooperative shift
of all the Co atoms along the c-axis implies no significant
change in the simulated pattern up to the 28 position of
the 002 reflection, as shown in Fig. 4. This constitutes
further evidence of the difficulties encountered in model
refinements of these materials. Moreover, the same argn-
ment can be used as strong evidence for the occupation

of interstitial sites by Co in the rutile structure. Thus, of
course, the 20 range should be as large as possible, but,
unfortunately, any possible use of the thin-film higher-
angle reflections is impossible due to their broadening. A
reasonable explanation to this broadening is offered by a
disordered distribution of Co atoms, as can be deduced
by the above considerations.

However, the presence of several small peaks in the
pattern in Fig. 5b allows one to try some tentative model-
ling. Indeed, the indexing of all these smalfl peaks is possi-
ble by doubling all the cell parameters. The observed 28
positions and those calculated on the basis of the refined
unit cell are reported in Table 5 below. Orthorhombic
refinement of the unit cell parameters (Table 1} leads to
a small difference between a and b. Further evidence for
an orthorhombic cell is given by the fact that the 202
reflection cannot be fitted by a single pseudo-Voigt func-
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FIG. 7. Simulated patterns corresponding to the models shown in Fig. 6.

tion and that a quite good fitting was obtained with two
functions, which can be attributed to the 202 and 022
reflections. In Table 2, the values obtained by transform-
ing the refined cell by matrix [1] are reported. The ¢ and
b parameters of this new cell (11.46 A) are slightly larger
than twice that of SnO, (11.42 A) and smaller than that
calculated for the spinel structure of Co,Sn0,(12.23 A).
The y angle (113°) is very close to that of SnO, (112°). If
one supposecs that, also in the new phase, octahedral
chains run along the [110} direction of the transformed

cell {type A, Fig. 3) as in the rutile and spinel structures,
the Me-Me calculated distance is 3.167 A (Table 2), an
intermediate value between those of Co,5n0, and SnO,.

The structure of the new phase in its orthorhombic cell
{Table 1) can be described in the Fdd?2 space group with
the atomic coordinates reported in Table 4. Four models
were tested in the same space group. The atomic coordi-
nates for these models are reported in Table 4, and the
corresponding calculated intensities are given in Table 5.
In Figs. 6 and 7, the related projections of these models



264

TABLE §
Indeces, 20 Positions, and Relative Intensities Calculated for
the Considered Models Compared with Corresponding Observed
Values

Model

It I Iv v

hikl 20 (%) (%) 1{% I Wy, s (%)
111 1928 22 6 16 15.40 2
220 26.60 24 85 35 97 26.60 27
030 2846 28.62 1
3tyl 3288 6 10 3 32.87 7
13¢ 3325 5 i 3

202 339 7 1 11 100 33.92 100
020 3414 100 100 100 99

321 3688 36.88 1
400 3765 33 70 17 67 37.79* 28
040 3830 31 3 64

222 3904 4 67 4 11 38.99 i
140 3945 39.41 2
302 40.13 40.16 1
132 4162 41.69 2
420 424 1 i 1 2

240 4288 1 1 1 2 4337+ 95
3il 4293 3 5 13

113 4502 2 1 2 44.96 5

Note. * indicates superposition with Al,(}, peaks.

along the c-axis and the diffraction simulations are shown.
Model 1V better justifies the observed pattern.

Since for the smaller Co contents the diffraction pat-
terns are very similar to that of pure SnQ, and since in

DEPEROQ, LEVRANGI, AND SBERVEGLIERI

the Co,3n0, structure the Co atoms occupy both octahe-
dral and tetrahedral sites, it is very likely that in the new
phase Co and Sn are actually mixed in the cation sites.

Rietveld refinements of these models were attempted,
but we did not have any significant improvement in the
R-factor, since alumina is always present with some pre-
ferred orientation and too many correlated parameters
need to be refined.
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