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We have prepared microfabricated «-Sb, Oy thin films on VSbO, by electron lithography. The VSbO, thin films
were prepared on a Si substrate by a sol-gel method combined with a spin coating. The size, separation and arrangement
of the «¢-Sb,O4 overlayer were controlled by electron-beam lithography. We could successfully draw 0.5 wm wide lines
with a separation of 2 wm. A preliminary study on the catalysis showed an enhancement of the selectivity in a propene
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conversion reaction to acrolein on a microfabricated «-Sb,O4/VSbOy.

Although catalytic reactions occur on an atomic-scale active
site at surface, industrial catalysts contain two or more active
structures, which communicate with each other through a dif-
fusion of reactants in 10 nm to a few um range. This commu-
nication determines the catalytic properties and enhances their
performances. One may find examples in a remote-control cat-
alyst, a phase-transfer catalyst and a spill-over catalyst.!-3
The remote-control mechanism was originally proposed by
Delmon, who intended to explain the selective oxidation of
hydrocarbons on binary or ternary oxides.? The activation of
stable hydrocarbons by oxygen and their selective conversion
to useful organic compounds with less CO and CO, byprod-
ucts formation are a key issue for green chemistry. Many
mixed oxides, such as V-P-O, Sn—Sb-O, V-Sb-0O, Bi-Mo—
0, and Pt/SbO,, are examples for remote-control catalysts.*"'3
Gas-phase oxygen is activated on a so-called donor oxide
phase, which has, in many cases, no or little activity of its
own. The donor oxide phase supplies the oxygen to the other
phase (an acceptor phase) through a spillover process, and con-
tinuously creates active and selective sites on the acceptor
phase.!*!> The migrated oxygen can reoxidize the other oxide
phase much more easily or create a new active phase, such as
Bronsted acid sites. If this concept is correct, we will have a
new way to manage catalysis by adjusting the physical param-
eters, such as the size, shape, and arrangement of each phase in
a nm—Um order or on a mezoscopic scale. However, it is not
easy to adjust these physical parameters in the conventional
catalysts, which are usually in a powder form.

One solution is to use a flat substrate. In the semiconductor
industry, the electric circuits in devices such as CPU, memory
and other LSI chips are drawn in a pm-nm size, using lithog-
raphy methods. Recently, many attempts have been made to
apply lithography methods to the production of microfabricat-
ed noble metal catalyst surfaces, where the size, shape, and ar-

rangement are well-controlled.'®3¢ Using these methods, one
can reveal the dependence of catalyses on these parameters.
In addition, we can characterize a microfabricated structure
on a flat substrate surface by many surface science and micro-
scopic techniques, such as scanning probe microscopy (SPM)
and photoemission electron microscopy (PEEM), because of
its flatness and no porosity.!”-18-37.38
In spite of these pioneering studies, it is still difficult to pre-
pare microfabricated oxide on another oxide surface by elec-
tron lithography, because electron lithography requires electric
conductivity though many oxides are insulators. Previously,
thin oxide films were developed on Si substrates for the sub-
strates of the microfabricated metal domains created by lithog-
raphy. However, they had no well-defined crystalline struc-
tures.?'~3¢ In this work we prepared a microfabricated c-Sb,O4
crystalline film on crystalline VSbOy in their crystalline struc-
tures by lithography, where ¢¢-Sb,Oy is the donor site for oxy-
gen supply and the VSbO, is the acceptor phase. Because
VSbO, substrate is an insulator, it is difficult to directly apply
lithography on a VSbOy single crystal. We prepared a crystal-
line VSbO, thin film as a substrate, which was developed on
a Si surface. We had to be careful to prepare the thin film
oxide because phase separation may easily occur to V,0Os
and Sb,O4, and there are several Sb—V-O phases, such as
SbV,05. Our first trial was to establish a preparation method
of the microfabricated oxide on another oxide surface with
well-defined crystal structures. The problems that we had to
resolve are listed below:
1. The underlayer of VSbO, must be sufficiently flat to
form the pattern by lithography.
2. The underlayer of VSbO,4 must have a well-defined crys-
tal structure.
3. The underlayer of VSbO, must have an appropriate
thickness to maintain the electron conductivity and good
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crystallinity.

4. The overlayer of Sb,O4 must have an «-type crystalline
structure, though several polymorphisms are present in
the Sb oxides.

In this paper we report on the successful preparation of mi-
crofabricated ®-Sb,O4 on a VSbO, surface. As far as the au-
thors know, this is the first example of preparing a microfabri-
cated oxide film on another oxide with definite crystal struc-
tures. The reaction experiments on the microfabricated surface
are another problem, due to its low surface area. In the final
part we show preliminary results of catalyses of the fabricated
a-Sb,04/VSbO,4. We found the first evidence that the micro-
fabricated surface improved the catalytic properties.

Experimental

Reagents. We used n-type Si(100) single crystals with a 100
nm naive SiO, film as substrate. It was soaked in a detergent,
Semicoclean 23 (Furuuchi Chemical Co.), followed by supersonic
cleaning. The sample was then rinsed with pure water. Reagent-
grade V,05 and Sb,O3 were purchased from Kanto Chemical
Co. Reagent-grade H,O, (Mitsubishi Gas cooperation) was used
without a further purification.

Preparation Procedure. The preparation scheme is summa-
rized in Fig. 1. We first prepared the VSbO, film. The sample was
then covered with a resist, and exposed to an electron beam to
draw resist patterns. The «-Sb,O4 film was deposited and the
resist was removed to form microfabricated ®-Sb,O4/VSbOj.

A VSbOy, film was deposited on a Si surface by a spin-coating
method of a V-Sb-O sol solution. The V-Sb-O sol solution was
prepared according to the literature.> V,05 was suspended in an
aqueous solution and reacted with H,O,. After a dark-red solution
was obtained, a Sb,O3 suspension was added. The solution was
refluxed and stirred for 4 h. The color finally turned black. The
water was then evaporated until the viscosity of the solution
reached 1.2 cP. The thus-obtained V-Sb-O sol solution was de-
posited onto the Si substrate by spin coating. A few mL of the
sol solution was put at the center of a Si substrate, and the sample
was rotated at 500 rpm for the first 10 s and 3000 rpm for the next
30 s using a spin coater (1H-D7, Mikasa Co.). The sample was
dried at 393 K and further calcined in air at 773 K.

The lithography was carried out using an electron lithography
instrument (Elionics ELS-3700). The sample was washed sequen-
tially with dimethylformamide (DMF), acetone, and ethanol for 5
min, respectively. In each solvent, ultrasonic cleaning was applied
to the sample. The resist (ZEP520) was then deposited on the sam-
ple by spin coating, followed by a heat treatment for 2 min at 453
K. The sample was exposed to an electron beam to draw resist
patterns. The development of the resist patterns was made in a
ZED-N50 solution for 5 min, which was rinsed with ZED-B for
20-30 s.

Deposition of the @-Sb,O4 film was carried out by the vacuum
evaporation of Sb,03, followed by resist removal and oxidation at
673 K. The Sb,O3 powder was set on a W boat, which was resis-
tively heated under 3 x 103 Pa. The thickness was monitored by
a quartz thickness monitor. The resist was removed off by dipping
the sample sequentially in DMF, acetone and ethanol under ultra-
sonic power. After removing the resist, the sample was oxidized at
673 K.

An a-Sb,04/Si sample was prepared for a comparison by the
vacuum deposition of Sb,O3 onto the Si surface and calcined in
air at 673 K. VSbO,/Si was also prepared by the spin-coating
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Fig. 1. Preparation scheme of the microfabricated «-
Sby04/VSbOy4/Si.

method of the VSbOy4 sol solution, followed by calcination at
773 K.

Characterization. In order to analyze the thin film structure,
we used glancing-angle in-plane X-ray diffraction (RIGAKU
RINT2500H using a CuKe line). The surface composition was
determined by XPS (Al Ko Kratos XSAMS800). The binding ener-
gy was calibrated by the C 1s peak, which was set at 285 eV. The
morphology was given by AFM (Seiko Instrument, SPA500). A Si
cantilever was used with its spring constant 40 N/m. Scanning
electron microscopy and scanning Auger microscopy were per-
formed with a Hitachi S-800.

Catalytic Reactions. The difficulty to evaluate catalyses in
the fabricated oxides is that the electron lithograph can provide
a small area of the fabricated surface in a reasonable timescale,
which is 1075-107% times as small as that of the conventional
powder catalyst.>* In order to increase the detection sensitivity
of the reaction products, a circulating reaction system or a static
batch system is more preferable. However, in the oxidation reac-
tion, a too-long residence time of the products induces a total
combustion reaction to CO and CO,. We chose a flow-reaction
system. Therefore, a high detector sensitivity and less reactivity
of the reactor wall, sample holders and heating materials are
strongly required. Figure 2 shows the catalytic reaction system.
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Fig. 2. A reaction chamber for the microstructured «-
Sby04/VSbO4/Si.

The base pressure of the chamber was 10> Pa. In order to reduce
the secondary reactions, the space above the sample was evacuat-
ed through a 1/16” sampling tube, which was connected to a
quadrupole mass spectrometer (Spectra Co. Micron Plus), as
shown in Fig. 2. Because the sample surface area was very small,
we had to be careful against contaminations of the sample. The
sample was cleaned in high purity acetone and ethanol under
ultrasonic power and oxidized by 3 x 10~* Pa oxygen at 673 K
for 2 h. We used an infrared heating system (Thermo Riko Co.,
GVHI198) to prevent heating other parts than the sample. Instead
of using a resistive heater attached to the sample, only the sample
could be heated locally by the infrared beam, and the reactions on
a sample holder or heating materials were negligible. The infrared
emitted from a W lamp outside the chamber was focused onto the
sample through a quartz tube with a diameter of 1 mm®. As a re-
sult, only the sample could be heated up to 1000 K. We cut the
samples from the Si substrate to keep the exposed area of VSbOy,
to be constant because the VSbO, was the active site. Although
the V-Sb-O catalyst is a propane ammoxidation catalyst, we car-
ried out a preliminary reaction of propene oxidation on a micro-
fabricated Sb,O4—VSbO, system, because the propene oxidation
reaction occurs more easily. The total pressure was about 5.4 x
107! Pa (1.8 x 107! Pa O, and 3.6 x 10~! Pa C3Hg). The flow
rate was 6 x 107 mol/s. The reaction temperature was 540 K.

Results and Discussion

VSbO4 Thin Layer Film Preparation. There are several
methods to construct a binary thin oxide film, such as CVD,
MBE, laser aberration, electron-beam evaporation, and sput-
tering. We adopted sol—gel method with spin coating to obtain
a single-phase VSbOy. The sol—gel method has great advantag-
es over the other methods, because: 1) It is simple and eco-
nomical. 2) The composition can be controlled by the added
amount of precursor materials. 3) It gives a flat and homoge-
neous film when the sol solution is deposited by an appropriate
method.

We prepared the sol solution in the same way as reported for
the preparation of V-Sb-O catalyst powder, which gave a
VSbO, structure after calcinations at 773 K.*° A homogeneous
V-Sb-0O gel film was deposited onto a Si substrate by two
methods using the same sol solution, i.e., a dipping method
and a spin-coating method. The dipping method was used to
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Fig. 3. X-ray photoelectron of VSbO,/Si calcined at 673 K
(a), 773 K (b), 873 K (c), 973 K (d), and 1073 K (e). Upper
inset gives the XPS in the Si 2s and 2p regions after the
calcination at 873 K (f), 973 K (g), and 1073 K (h).

deposit the oxide sol solution onto Si substrate by dipping
the Si substrate into the sol solution and pulling it out of the
solution at a constant rate. The spin-coating method was used
to disperse the oxide sol solution by rotating the Si substrate at
high speed. Both methods could give a uniform and flat V-Sb—
O film, but the spin-coating method was more reliable and re-
producible. Thus, we mainly prepared the VSbOy film by the
spin-coating method. The spin-coating method disperses cata-
Iytic precursors on a flat support homogeneously by the centri-
fugal force, which replaces the capillary force exerted in the
impregnation processes of porous oxide materials, such as
Si0, and Al,03.4'"* Gaigneaux et al. synthesized o-MoOj
thin films with good crystallinity and a controllable film thick-
ness by the spin coating.*3

Figure 3 shows the X-ray photoelectron spectra for the V
2p, Sb 3d, and O 1s peaks. The Sb 3ds,, peak appeared very
close to the O 1s peak; we used the Sb 3d3,, peak for further
discussion. The binding energies of Sb 3d3;; and V 2ps3), for
the samples calcined at 673 K, 773 K and 873 K were 540.8
eV and 517.5 eV, respectively. These values well correspond-
ed to the reported binding energies in VSbOy (Sb 3d3,, 540.9
eVand V 2p;,, 517.5 eV).* The peak-area ratio of Sb 3d3,, to
V 2p3,> was 2.4 4 0.3, which well corresponded to the 1:1 ra-
tio expected from the theoretical sensitivity factors (2.35).%*
The Sb 3d3/, and V 2p;,, peaks decreased at 973 K. The peak
at 531.5 eV, corresponding to O 1s and Sb 3ds», was shifted to
a higher binding energy (532.5 eV) because of a decrease in
the contribution of Sb 3ds,>, which appeared at a lower bind-
ing energy than the O 1s peak. At the same temperature, the Si
peak appeared as shown in the inset of Fig. 3(g). Thus, the
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Fig. 4. X-ray diffraction of the VSbO,/Si calcined at 673 K
(a), 773 K (b), and 873 K (c).

VSbO, film structure was destroyed at 973 K.

Figure 4 shows the XRD patterns of the VSbOy thin film on
a Si substrate after a calcinations at 673 K, 773 K, and 873 K.
When the sample was calcined above 673 K, we found peaks
at 260 = 27.3°, 35.4°, and 53.6° characteristic to the (110),
(101), and (211) peaks of VSbOy, respectively. Smaller peaks
appeared at 40°, 44°, 56.9°, 60°, and 68°, which were consis-
tent with the (111), (210), (220), (002), and (301) diffraction
peaks of VSbO,. The last peak may be overlapped with
(112) (20 = 67.73°). The peak width was slightly reduced af-
ter a calcination at 773 K (A(20) = 1.2° (673 K) — 1.0° (773
K) for 20 = 27.3°, A(20) = 1.3° (673 K) — 1.2° (773 K) for
35.4°, A(20) = 1.5° (673 K) — 1.0° (773 K) for 53.6°). The
VSbO, crystalline structure was formed at 673 K and the
773 K calcination improved the crystallinity. However, at
873 K, new peaks appeared at 36°, 46°, and 59° (indicated
by arrows in Fig. 4c), which could not be assigned to VSbOy,
indicating a partial destruction of the VSbOy, structure. Thus,
VSbO, film was calcined at 773 K for further processing.
Figure 5a depicts the AFM picture for the VSbO, film calcined
at 773 K. We found that the film was composed of 10-20 nm
small particles, and that the average roughness of the surface
was 20 nm. Figure 5b showed the SEM picture measured from
the side of the substrate. The thickness of the VSbO, film was
about 4.7 um.

o-Shb,04 Thin Layer Film Preparation on VSbQj,.
Evaporation of Sb,O3: We then deposited the «-Sb,Oy4 thin
film onto VSbO, that was precovered with a micro-patterned
organic resist. Deposition of the &-Sb,O4 had some problems.
The spin coating of an Sb oxide sol solution was difficult be-
cause there was already organic resist materials on the VSbOy4
surface that would repel the sol aqueous solution and block the
homogeneous deposition of the Sb oxide sol film. Another pos-
sible way was the vacuum deposition of metallic Sb. The com-
plete oxidation of metallic Sb to form the «-Sb,Oy4 required a
temperature higher than 1000 K, which would damage the
VSbO, film.* We used Sb,O3 vacuum evaporation because
Sb,03 had an appropriate vapor pressure at elevated tempera-
tures, and pure «-Sb,Oy4 crystal was usually obtained by the
calcination of Sb,O; in air.” First, we investigated the behavior
of the Sb,O3 film on a bare VSbO, film during the calcination
processes.

Microfabricated Oxide-on-Oxide Catalyst

Fig. 5. A surface topography (a) and a side view (b) of
VSbO,/Si surface calcined at 773 K. (a) was measured
by AFM and (b) was measured by SEM.
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Fig. 6. X-ray diffraction of Sb,Os; deposited on the
VSbO,/Si calcined at 573 K (a) and 673 K (b).

Calcination Conditions and the Structure of the Deposit-
ed Sb,03; Thin Layer: We deposited about 20 nm thick
Sb,O3 on the VSbO,4/Si by vacuum evaporation. Figure 6
shows the XRD of the Sb,O3/VSbO,/Si calcined at 573 K
and 673 K. At 573 K, peaks appeared at 13.8°, 27.8°, 32.3°,
35.2°, 46.0°, and 54.5°, which corresponded to the (111),
(222), (400), (331), (440), and (622) peaks of Sb,O3 (Senar-
montite), respectively. After calcination at 673 K the peaks
characteristic to Sb,O3 completely disappeared and these at-
tributed to the a-Sb,O4 peaks were present at 25.8°, 29.0°,
33.7°, 40.2°, 45.3°, 46.0°, 48.9°, 53.9°, 56.1°, 63.1°, 65.1°,
and 68.3°. Thus the «-Sb,O4 film could be obtained by calci-
nations at 673 K. Figure 7 shows the photoelectron spectra of
the «-Sb,O4 on the VSbO, after calcination at 673 K, 773 K,
and 873 K. We only found a Sb peak at a calcination temper-
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Fig. 7. X-ray photoelectron of the Sb,03;/VSbO,/Si cal-
cined at 673 K (a), 773 K (b), and 873 K (¢).

ature at 673 K, though the V peak appeared at 517.5 eV after
calcination at 773 K. It was due to a breakdown of the -
Sb,04 overlayer. Thus, we calcined the Sb,O3 on VSbOy at
673 K.

Lithography. Our final goal was to prepare a fabricated o-
Sb,04 surface on VSbOy by lithography, as shown in Fig. 1.
We first doubted whether it would be possible to coat the
VSbO, surface with the resist homogeneously, because the
VSbO, film was composed of small particles with its average
roughness of 20 nm, as shown in Fig. 5a. Second, we were
afraid that the VSbO, thickness (4.7 um) might be too large
for electron lithography. However, the resist successfully wet-
ted the VSbO, oxide surface. The electron beam could draw
line pattern on a um scale. On this resist pattern, Sb,O3 was
deposited by vacuum evaporation with its thickness of 20
nm. The Sb,O;3 patterns on the VSbO4 were sometimes lost
during the resist removal. This was due to the weak adhesion
between Sb,O3 and VSbOy film, probably due to the presence
of physisorbed H,O on the surface of VSbO,4. We deposited the
Sb, 03 onto the VSbO, surface at 373 K under a high vacuum.
Consequently, the Sb,O3 film was stably present after removal
of the resist. Figure 8a shows an optical microscopic picture of
the fabricated Sb, O3 pattern on the VSbO,. Before calcination
of the sample, 2 um wide Sb,O; lines were present on the
VSbO, with a separation of 8 um. Then, the microfabricated
Sb,O5 on the VSbO,4 was calcined at 673 K to be converted
to ®-Sb,Oy4 film. The fabricated structure was maintained after
calcination at 673 K, as shown in Fig. 8b. Figure 9 shows an
AFM image of the microfabricated «-Sb,O4 on the VSbOj.
The thickness of the «-Sb,O4 layer decreased to 7.0 nm due
to a partial evaporation of Sb,Os, but the border between -
Sb,04 and VSbO, was clearly observed, indicating that little
surface diffusion of the ®-Sb,O4 component to VSbO, surface
occurred. The width of the border was less than a few tens of
nm, judging from the AFM picture. These results indicated that
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Fig. 8. Optical microscopic pictures of the fabricated o-
Sb,04/VSbO4/Si by electron lithography; (a) before
673 K calcination; (b) after 673 K calcination; (c) after
Art sputtering; (white part is ®-SbyO4, black part is
VSbOy).

we could successfully perform electron lithography on a 4.7
pm thick VSbOy insulator film.

Figure 10 shows the selected-area Auger spectra of the
VSbO, region on the fabricated surface. Before calcination
we found both the V and Sb peaks in the VSbOy region. After
calcination at 673 K, the V peak decreased and the Sb peak,
increased indicating evaporation of the Sb,O3 and its re-depo-
sition onto the bare VSbO, surface. In order to remove this
thin Sb oxide overlayer on the VSbOy, the microfabricated sur-
face was treated by Ar' sputtering. The chamber was filled
with 1 x 107 Pa Ar* and the sample was sputtered with
Ar" with an acceleration energy of 2.5 kV and an emission
current of 25 mA for 20 min. Figure 9c shows the selected-area
Auger spectra after the Ar™ sputtering. The Sb oxide on the
VSbO, region was removed and the V peak intensity of the
VSbO, film was recovered to the original values. Figure 8c
shows an optical microscopy picture after Ar" sputtering.
The 2 um width of the «-Sb,O4 lines with 8 wm separation
were maintained after Ar™ sputtering.

Figure 11 shows the microfabricated «-Sb,Oy4 patterns on
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Fig. 10. Spot Auger spectra of fabricated «-SbyO4/
VSbO,/Si; (a) before 673 K calcination; (b) after 673 K
calcination; (c) after Ar" sputtering.

VSbOy, thin layers with different sizes and separations. At the
moment we have succeeded to prepare the 0.5 um a-Sb,Oy4
lines with 2 wm separation. These microfabricated structures
were stable against a calcination treatment at 673 K.

Preliminary Results of Reactions. We carried out pro-
pene oxidation reactions on the following three catalysts to
evaluate the performance of the reaction instrument shown
in Fig. 2 and to see the effect of the microfabricated structure
on its catalysis: A VSbOy4/Si; B ®-Sb,O4/VSbO,/Si; C «-
Sby04/Si.

The formation rates of acrolein and CO, converted from
propene were followed by the quadrupole mass spectroscopy,
as shown in Fig. 12. We could not find acrolein formation on
the -Sb,Oy4 film, indicating that the background reaction on
parts other than the sample was negligible. On the other hand,
VSbO, bare surface showed the highest activities among the
three. The rate was (2.2 £ 0.5) x 10~"! mols~! cm~2. Howev-
er, the main product was CO,, and acrolein was formed with
small selectivity (28%). When the VSbO, film was partially
covered with &-SbyO4 (¢-Sb,O4 width = 2 um, separation
= 8 um), the formation rate of acrolein was (1.1 +0.4) x
107" mols~' ecm™2 with a higher selectivity toward acrolein
(nearly 60%) than that of the fully VSbO4-exposed surface.

Microfabricated Oxide-on-Oxide Catalyst

Fig. 11. Optical microscopy of the microfabricated -
Sb,04/VSbO,4/Si with different separations. (a) ®-Sb,Oy4
2 wm, with 8 um separation; (b) &¢-Sb,O4 1 um, with 4 um
separation; (c) ®-Sb,O4 0.5 um, with 2 um separation.

Although further studies to optimize the reaction conditions
must be necessary, still the microfabricated oxide-on-oxide
surface can improve the catalytic performance.
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Fig. 12. Propylene oxidation reaction on (A) VSbQO,/Si,
(B) microfabricated -Sb,04/VSbO,/Si. a-Sb,04 width
is 2 um, with 8 um separation, and (C) «-Sb,O4/Si. Open
squares and open circles correspond to the selectivity and
the yield of acrolein formation, respectively.

Summary and Conclusion

1) We first prepared a well-defined microfabricated oxide-
on-oxide surface in order to control the inhomogeneity
of the surface by electron lithography by applying the
following strategies:

a) The use of Si as a substrate, which is flat enough and
has a high electric conductivity appropriate for elec-
tron lithography.

b) A crystalline VSbO, thin film with a sufficient flat-
ness can be obtained by the sol-gel method and a
spin-coating technique.

¢) The «-Sb,O4 overlayer is prepared by the vacuum
evaporation of Sb,0Oj3, followed by the calcination
at 673 K.

2) Electron lithography can control the size and separation
of the microfabricated oxide film down to 0.5 wm at pres-
ent.

3) The microfabricated oxide-on-oxide catalyst can im-
prove the selectivity for partial oxidation reactions.

4) The microfabricated oxide-on-oxide will open a new
way to investigate a heterogeneous catalyst, and to con-
trol its catalyst inhomogeneity.
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Joint program between University and Industry, “EXPEEM,”
of JST and Exploratory Research program of Grants-in-Aid
for Scientific Research of Ministry of Education, Culture,
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