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Platinum is one of the most versatile, all-purpose heterogeneous metal catalysts and
AL Os1is also one of the best supporting materials. In this study, the surface morphology
variation of Pt-Al,O,films was investigated. The attainment of a large surface area and a
large fraction of high index planes (hkl) are among the most important influences on the
properties of a catalyst. Scanning electron microscope (SEM) and atomic force micro-
scope (AFM) observations revealed that Pt films deposited on Al/SiO,/Si subswates
followed by thermal oxidation had relatively high surface areas in comparison to Pt films
deposited on Al,0,/SiO,/Si substrates and subsequently annealed. It was proved through
selected area diffraction (SAD) and X-ray diffraction (XRD) analyses that the films were
composed of Pt metal and Al,O;instead of Pt-Al or Pt-Al-O compounds. The results of this
study can be applied to the development of micro gas detection devices such as a
micromachined catalytic thin film gas sensor with high sensitivity.

1. Introduction

Heated Pt coil has been used as a combustible gas sensor for a long time due to its
outstanding catalytic behavior. However, evaporation of the Pt coil itself due to high
temperature operation was a serious problem with regard to long-term stability. In 1962,
Baker developed a new type of catalytic gas sensor known as a ‘pellistor’ which was
composed of Pt coil as a heater, Al,O, bead as a supporting material, and a noble metal
catalyst as a sensing component.) As an alternative to the pellistor, catalytic combustible
Si micro gas sensors have been investigated by many researchers using micromachining
and thin film deposition techniques?~” due to their low power consumption, excellent
reproducibility, possibility of integration, and low cost fabrication. To acquire high
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sensitivity, catalysts with a large fraction of dissociative adsorption multiplets, heaters with
a high temperature coefficient of resistance (TCR), and sensor assemblies with good
thermal isolation are important factors in the fabrication of catalytic combustible micro gas
sensors. Of these, the fraction of dissociative adsorption multiplets of the catalyst is of
prime importance. Despite its importance, the dissociative adsorption multiplets of noble
metal catalysts for thin film devices have seldom been studied systematically.®-!» In order
to obtain high gas sensitivity, catalysts for a micro gas sensor should have as many
dissociative adsorption multiplets as possible, which can be provided by a large surface
area and a large fraction of high index planes. This requirement can be met by the new
method investigated in this study.

2. Experiments

P-type (100) Si wafers were cleaned using the RCA process. First, in order to
investigate the effect of Pt thickness variation, a 400-A-thick Al oxide was grown by the
wet oxidation process, then 600-A-thick Al films were deposited by thermal evaporation
and Pt films with different thicknesses were subsequently deposited by E-beam evapora-
tion. The substrate temperature was 100°C (specimen A). Second, in order to investigate
the effect of SiO, as a diffusion barrier, thermal oxides were grown with different
thicknesses and Pt/Al films were subsequently deposited by the same method with a fixed
Pt thickness of 180 A (specimen B). Third, for comparison, a 400-A-thick thermal oxide
was grown by the wet oxidation process, then Al,Os films were prepared by either reactive
sputtering of Al in Ar + O, atmosphere (300 W, S mTorr, O,:Ar = 1:1) or thermal oxidation
of the evaporated Al (600°C, 30 min, wet O,, 0.5 I/min) and Pt/Al films were subsequently
deposited in the same way as for specimen B (specimen C). The deposited films were
annealed in a wet oxygen atmosphere in a tube furnace at 600°C for 30 min. The multilayer
swructures of the specimens prepared are shown in Fig. 1. The surface morphology of the
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Fig. 1. Specimen classifications
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as-deposited and the wet oxidized films was observed by scanning electron microscopy
(SEM) and atomic force microscopy (AFM). The crystal structures of these films were
investigated by low angle X-ray diffraction (XRD) with Ni filtered Cu K, radiation and
selected area diffraction (SAD) of transmission electron microscopy (TEM) at 200 kV.

3. Results

3.1 Specimen A

Figure 2 shows Gibbs free energies of formation-of Al,O3, Al,Si0s5, AlgSi,013, Si0,, and
PtO,.12 The formation energy of Al,0; is negative throughout the temperature range from
room temperature to 2,000°C, and while that of PtO, is positive, Al in the Pt/Al films can
be preferentially transformed to Al,Os;. Therefore, there is no tendency towards transfor-
mation of Pt metal to PtO,, particularly in the presence of easily oxidizable metals such as
Al. From the thermodynamic point of view, Pt/Al films will be oxidized to form Pt-Al,0;
during the wet oxidation process. SEM secondary electron and energy dispersive spectros-
copy (EDS) mapping images with Pt windows of the as-deposited and wet oxidized films
are shown in Fig. 3. Before oxidation, the films had a flat and smooth surface morphology
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Fig. 2. Gibbs free energies of formation of Al,0s, Al,SiOs, AlgSi,O;3, SiO,, and PtO,.
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Fig. 3. SEM micrographs of specimen A; (a) as-deposited Pt (120 A), (b) wet oxidized at 600°C for
30 min of (a), (c) as-deposited Pt (150 A), (d) wet oxidized at 600 A for 30 min of (c), (e) as-
deposited Pt (180 A), (f) wet oxidized at 600°C for 30 min of (e), and (g) EDS mapping of (b).
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but after oxidation, from the EDS mapping, it was confirmed that the Pt films were
agglomerated in the form of small buttons or beads ranging from 100—2,000 A in size. As
the Pt thickness increased, the surface roughness and, in turn, the surface area also
increased. The size of the agglomerates does not appear to change. It was thought that the
Pt agglomeration in the specimens depended not only on the high wetting angle between
aluminum oxide and platinum films, but also on the breakdown of the Pt films due to Al
oxidation by oxygen diffusion through the Pt films. Therefore, the driving force for Pt
agglomeration was characterized by two factors; surface energy decrease and Al oxidation.
AFM images of PUALl films are shown in Fig. 4. The as-deposited films had a smooth
surface but the surface roughness increased after oxidation. Such increases in the surface
area were confirmed by cross-sectional TEM. As shown in Fig. 5, the as-deposited Pt/Al
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Fig. 4. AFM images of specimen A; (a) as deposited Pt (180 A) and (b) wet oxidized at 600°C for
30 min of (a).
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Fig. 5. Cross-sectional TEM bright-field micrographs of specimen A; (a) as-deposited Pt (180 A)/
Al (600 A) and (b) wet oxidized at 600°C for 30 min of (a).

films changed from their initial planar form to island form during wet oxidation. In order
to characterize the structure of the agglomerated films, SAD analysis of XTEM was carried
out for the metallic Pt phase, the Pt-Al compound, or the Pt-Al-O compound structure.
However, the agglomerated films were too thin for identification of the structure. There-
fore, the top-view TEM specimens were prepared for SAD observation. The SAD patterns
in Fig. 6 show that the as-deposited and the agglomerated films have an identical metallic
Pt phase of fcc structure and it was confirmed that the agglomerated films are Pt and not Al
which has the same fcc structure. The low angle (3°) XRD patterns of the oxidized Pt/Al
film are shown in Fig. 7. Only peaks of a-Al,Os; and Pt can be observed. The SAD and
XRD analyses showed that the AI/Pt films were oxidized to form Pt-Al,O; without the
formation of Al-Pt compounds such as cubic Al,Pt, tetragonal AlPts, PtgAl,;, orthorhombic
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Fig. 6. Top-view TEM bright-field micrographs and SAD patterns of specimen A; (a) as-deposited
Pt(180 A), (b) SAD pattern of (a), (c) wet oxidized at 600°C for 30 min of (a), and (d) SAD pattern
of (c).

Pt,Al, hexagonal Al Pts and Al-Pt-O ternary compounds. Therefore, it was thought that
Al oxidation is more favorable than formation of any Al-Pt compound.

3.2 Specimen B

The specimens with relatively thin or no SiO, barriers seem to have very different
surface morphology features compared to those of specimen A. In Fig. 8, SEM and EDS
mapping images of the wet oxidized films are shown. Probably due to the fact that Si can
diffuse into Al very easily, the surfaces of the films contain features resembling a
combination of hills and valleys or bumps. The surface roughness seems to change as a
function of SiO, barrier thickness. The microstructural changes of the oxidized films may
be considered to be complex Al-Si-O ternary compounds or well known aluminum
silicates such as orthorhombic andalusite (Al,SiOs), sillimanite (Al,SiOs), mullite (AlsSi,0,3)
and triclinic kyanite(Al,SiOs), since the Gibbs formation free energies of these compounds
are lower than Al,O; or SiO, as shown in Fig. 2. However, the above speculation was not
confirmed in this study. EDS mapping proved that the rectangular grains in the films were
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Fig. 7. XRD pattern of the wet oxidized Pt (180 A)/Al (600 A) film at 600°C for 30 min of specimen
A.

metallic and facet phases were formed. However, this method did not provide a larger Pt
catalyst surface area than that of specimen A. Because Pt films have low index plane facet
features, the number of dissociative adsorption multiplets, which is one of the most
important factors for catalyst sensitivity, might be lower than that of specimen A.

3.3 Specimen C

Specimen C was prepared using the general method for forming Pt film catalysts. SEM
secondary electron and EDS mapping images of Pt films deposited on thermally oxidized
and reactively sputtered Al,O; films are shown in Fig. 9. The Pt films show no sign of
agglomeration after annealing in the oxygen atmosphere at 600°C but do show some
features in the form of big islands after annealing at 800°C. Since the relatively thick and
flat surface did not provide a large surface area, agglomeration took place at a higher
temperature than in specimens A and B. EDS mapping confirmed that the agglomerated
films are Pt. The agglomerated films have high index planes; however, they have relatively
small surface coverage. Therefore, this method did not yield better results than the
specimen A in terms of large Pt catalyst surface areas.
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Fig. 8. SEM micrographs of the wet oxidized Pt (180 A)/A1 (600 A) films for 30 min of specimen
B; (a) at 500°C with no SiO, bartier, (b) at 600°C with no SiO, barrier, (c) at 500°C with SiO, (100 A)
barrier, (d) at 600°C with SiO, (100 A) barrier, (e) at 500°C with SiO, (200 A) barrier, (f) at 600°C
with SiO, (200 A) barrier, and (g) EDS mapping of (a).
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Fig. 9. SEM and EDS mapping micrographs of specimen C; (a) as-deposited Pt films on wet

oxidized Al,05(500°C), (b) annealed at 800°C for 30 min in wet O, atmosphere of (a), (c) as-

deposited Pt films on reactively sputtered Al,05 (500°C), (d) annealed at 800°C for 30 min in wet O,
atmosphere of (c), and (e) EDS mapping of (b).

4. Discussion

The rate of catalytic reaction on the Pt surface depends on the number of dissociative
adsorption multiplets in terms of surface area and surface plane index. Therefore, steps and
kinks are very important for the catalytic behavior since adsorption and dissociation are
more easily achieved at steps and kinks than at terraces. However, the sensitivity of low
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index planes such as Pt(111) surfaces is an order of magnitude lower than high index planes
such as Pt(557) and (679). Pt(557) has a stable surface structure with 18% of the surface
atoms in monoatomic height steps and Pt(679) has, in addition to the high step density, a
high density of kinks in the step or atoms of lower coordination."® Thus, the agglomerated
morphology of specimen A, which may have a large fraction of high index planes and a
large surface coverage, is superior to the flat morphology. It was shown that the results of
specimen A are better than those of specimens B and C in view of the surface area and the
number of dissociative adsorption multiplets.

5. Conclusions

Thin catalyst films with a large surface area and a high fraction of high index planes
were investigated in order to improve the catalytic morphology. In the case of specimen A,
the Pt films agglomerated in the form of beads ranging from 100—2,000 A. In the case of
specimen B, the Pt films agglomerated in rectangular shapes with facet features measuring
a few micrometers. For specimen C, the Pt films agglomerated in the form of islands
measuring a few micrometers. Specimen A, which was fabricated by Pt deposition on Al/
SiO,/Si followed by thermal oxidation, has better catalyst morphologies than those of
specimens B and C with regard to surface area, fraction of high index plane, and the
number of dissociative adsorption multiplets. The new catalyst structure, which has an
increased number of gas-catalyst reaction multiplets, will contibute to the development of
a catalytic micro gas sensor.
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