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A study of the nucleation and growth of MoO, generated by interaction of oxygen with Mo(100),
Mo(110), and Mo(111) single crystalline surfaces is investigated at high oxygen pressure (10* Pa) and
low temperature (620 to 820 K). The results of RHEED and AES analyses prove that under these
oxidation conditions, MoO; nucleates directly from the metal without intermediate formation of MoO,
or nonstoichiometric molybdenum oxide such as Mo,0,, . The structure and orientation of MoO; nuclei
are characterized in relation with the parent molybdenum surface. On the Mo(110) and Mo(111)
surfaces, which are faceting, the nucleation and growth of MoO; takes place by successive structural
steps. On the Mo(100) surface, epitaxial relations induce the formation of MoO,(010) plates oriented
onto the Mo surface, which stabilizes and makes passive the Mo(100) surface. The features of the
nucleation and growth of MoO, are interpreted as linked respectively to structural relations of the

metal-oxide interface and to preferential diffusion paths of oxygen through MoO,.

Inc.

1. Introduction

Molybdenum is an important alloying
metal that is utilized in many technologies
requiring high temperature. For this reason,
numerous investigations relate to the inter-
action of molybdenum surfaces with oxygen
at low pressure and high temperature. They
give detailed results about oxygen chemi-
sorption, surface faceting, and the epitaxial
formation of MoO, crystallites (/-22). Some
results of a recent work (/6) establish that
for long oxygen exposure, amorphous MoO,
(presumably disordered) and intermediate
oxides are formed, mixed with MoO, crys-
tallites on the Mo(112) faces created on a
Mo(111) surface. Other investigations do
not relate more, about MoQ; or intermediate
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oxide formation, because the MoQ; phase
is highly volatile under these particular oxi-
dation conditions.

Molybendum oxide is an excellent cata-
lyst for the partial oxidation of olefins and
alcohols and the reduction of nitric oxide.
Earlier thermodynamic studies (23-34) and
our recent works (35--36) on the oxidation
of molybdenum foils investigated in a tem-
perature range from 733 to 953 K and under
high oxygen pressure (2.7 x 10°and 8 x 10*
Pa) prove that the oxidation of molybdenum
foils leads to MoO, scales, with a preferen-
tial orientation of the crystallites.

In view of these previous data, the pur-
pose of the present investigation is double.
The fundamental aim is to characterize the
mechanisms of nucleation and growth of
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MoO; produced by the interaction of oxygen
with a molybdenum single crystal surface.
The applied aim is to control the elaboration
of the MoO, crystals for catalytic applica-
tions, considering that the catalytic proper-
ties of MoOj; are known to be sensitive to the
superficial structures of the exposed faces of
MoO, crystals.

We have explored oxide formation start-
ing with the clean Mo(100), Mo(110),
Mo(111) crystal faces of molybdenum in the
temperature range of 620 to 820 K and in the
oxygen pressure range of 2.7 x 10° and 4 x
10* Pa.

The changing surface structures were
monitored by reflection high-energy elec-
tron diffraction (RHEED) and the variations
of surface composition and metal oxidation
states were measured by Auger electron
spectroscopy (AES) peak ratios and peak
shapes.

2. Experimental

2.1 Apparatus

Preparation and oxidation experiments
were run in a high pressure reaction cham-
ber equipped, among the usual equipment,
with an argon ion gun and an infrared reflec-
tor heating samples at its focalization point
up to 1723 K in vacuum. The sample temper-
ature was monitored by use of a Pt—Pt (10%
Rh) thermocouple which was mechanically
affixed to the crystal. Research-grade argon
and oxygen were admitted into the reaction
chamber through variable leak valves. Low
and high pressures were taken from the
readings of an ion gauge and a Bourdon
gauge, respectively.

Chemical and structural analyses were
carried out in a standard UHV chamber with
CMA-AES and RHEED equipment. The
two chambers are connected through a vac-
uum interlock. The samples were trans-
ferred from each to other by means of a
magnetic transfer system. They were placed
in a high-precision manipulator which con-
trols accurately the angular (to 1 degree) and

azimuthal (to 1/10 degree) orientation of the
sample with respect to the AES and
RHEED analyzers.

The CMA with a colinear electron gun
operated either at 1.5 or 2.5 KeV to prevent
sample damage was used for the Auger mea-
surements. A 4-V peak-to-peak modulation
amplitude was used for most measurements
and gave good sensitivity without apprecia-
ble distortion of the peak shapes. Some data
were collected using a 1-V peak-to-peak
modulation amplitude to distinguish
changes in the carbon and molybdenum
peak shape.

The RHEED gun was operated at 40 kV
and the electron beam was directed onto the
crystal surface at a glancing angle between
5° and 1°. The sample manipulator allowed
RHEED observations along a 120° azimuth
of the crystal.

2.2 Preparation and Cleaning of
Molybdenum Surfaces

Electron beam-meited single crystais
were grown by the floating zone technique
from molybdenum bars, 5 mm in diameter,
by T. N. Nowicki (37). The crystals were
oriented to =1° of the Mo(kkl) planes by the
Laue X-ray diffraction technique and were
cut using a metal-bonded diamand saw.
After being cut, the samples were mechani-
cally polished with diamand paste and fi-
nally electropolished in an ethanol, metha-
nol, sulfuric acid solution.

Following introduction into the reaction
chamber, the sample was initially treated by
extensive heating in oxygen at a pressure of
1.3 x 107 Pa and temperatures up to 1000
K to reduce bulk carbon. Repeated argon
ion bombardments readily removed oxygen
and sulfur, but induced bulk carbon segrega-
tion. Fine structure on the low energy side
of the C(272) Auger transition proved the
carbidic nature of the overlayer. Subse-
quent annealing at 1200 K gave rise to Mo,C
layers epitaxied on the Mo surface as char-
acterized by RHEED patterns and AES data
(see Section 3.3.1). Heating to 1000 K for
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several minutes in oxygen at pressure of 1.3
x 1073 Pa removed the Mo,C overlayers.
These cleaning procedures were repeated
until AES indicated less than 0.1 monolayer
of oxygen and RHEED patterns character-
ized a well-ordered surface.

The AES and RHEED patterns from a
Mo(110) surface following these stages of
cleaning are shown in Fig. 1.

2.3 Oxidation Experiments

Experimental oxidation conditions are
closely linked to the thermodynamic data
for the molybdenum oxygen system
(38~41). Schematically, under about 10* Pa
oxygen pressure (31-32), from 673 K mo-
lybdenum undergoes oxidation into molyb-
denum oxide solids. No volatile oxides are
formed. From 773 K, the sublimation of
MoO, solid is beginning. The most promi-
nent species are the MoO, trimerics (42—43).
From 1073 K, the liquefaction of MoO; solid
is arising.

In the explored temperature range
choosen between 620 and 820 K and the
oxygen pressure range at about 2.7 x 10}
Pa, the phenomena of both molybdenum ox-
ide solid formation and MoO; sublimation
will occur.

The exposures of the Mo(100), Mo(110),
and Mo(111) surfaces to oxygen were run
in the reaction chamber with the following
procedure: oxygen gas was first introduced
at 2.7 x 10° Pa pressure, then the crystal
surface was heated by means of the cali-
brated infrared reflector. The exposure time
over, heating was stopped and gas was rap-
idly evacuated. The sample was then trans-
ferred in the UHV chamber for AES and
RHEED analyses, successively.

3. Results and Discussions

RHEED and AES apalyses of the oxi-
dized surface are realized after each expo-
sure lasting between several minutes and a
few hours.

Molybdenum Oxides Structural Data

RHEED patterns are interpreted, com-
paring them with theoretical or experimen-
tal diffraction patterns obtained from known
structures of the different molybdenum ox-
ides or from natural faces of our synthetized
crystals such as MoO;, Mo;3Os,, M0,O,,
MogO,;, M0,O,,, MoO, (44—47).

MoO, has an orthorhombic structure (a
=3.96A,b=13.86 A, c = 3.69 A) formed
by the stacking of two-level MoOg layers
parallel to Mo0O,(010). The relative displace-
ments of the double layers are so connected
that the outside oxygen atoms in one layer
are placed between the outside oxygen
atoms of the neighbering layers (Fig. 2).
Successive layers parallel to the MoO,(010)
planes are linked together by Van der Waals
interactions. In such a structure, MoO; oc-
tahedra are relatively distorted (48).

The MoO, structure built with MoQOg octa-
hedra is generally described as monoclinic
(deformed rutile type) with the parameters
a=561Ab=48A,c=563A,8=
120°57. Along MoO,[100], the MoO, octahe-
dra are joined by sharing edges to form
strings (Fig. 3) (49, 50). The structure is very
nearly hexagonal with an a/c ratio of 1.16.
The monoclinic~hexagonal translation is
made by assuming 8 = 120° and a = c.

The structure of the nonstoichiometric
oxides can be described as built up of MoO,
octahedra and MoO, tetrahedra, more or
less distorted (51, 52). The Mo,30s, oxide is
built up of MoO; orthorhombic slabs of finite
width joined by crystallographic shear
planes (CS planes) of MoO, tetrahedra.
MogO,6, M0g0O,;, Mo,0;, are formed of
MoO; cubic (ReO; type) slabs of finite
width, joined by CS planes of MoO, tetrahe-
dra. Table I gives the crystallographic data
of these oxides.

Molybdenum Oxide Auger Specira

In the same manner, Auger spectra are
systematically compared with standard
spectra obtained either from natural faces
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F1G. 2. (a) MoO; orthorhombic structure formed by two levels of MoOg octahedra layers linked by Van
der Waals interactions, (b) [010], (¢) [001], (d) [100] projections of MoO; structure (@ = 3.96 A, b =

13.86 A, c = 3.69 A).

of single crystals such as Mo0O,(010) and
Mo0,(001) faces, or from a thick film of
MoQ,; and MoO, crystallites produced by
controlled oxidation of a molybdenum
sheet. )
According to the results reported by Lin
and Lichtmann (53) and S. Yashonath et al.
(54), the distinctions between the standard
spectra of the Mo, MoO,, and MoO, sur-
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FIG. 3. Mo0, structure. Described in the monoclinic
system (a = 5.61 A, b = 4.85A, ¢ = 5634, 8 =
120°57), it is too nearly hexagonal (a = ¢, 8 = 120°). It
too could be described as tetragonal by building the
elementary cell from 1/2[122] = 6.86 A, 12(122] =
6.86 A, and 1/2[100] = 2.80 A.

faces are relatively small, though detectable
and reproducible.

In first derivation spectra, the energy and
the lineshape of the molybdenum M,VV
and M, ;N,;V Auger transitions change as
reported in Fig. 4. The ratios of the peak-
to-peak height of these same molybdenum
Auger transitions vary systematically with
the number of valence electrons or the oxi-
dation number, Z, of the metal, as shown in

TABLE 1
Systems Parameters

Mo;sOs, Triclinic a=28145A a=9547

MoO, g8 b=1189A B = 9.39
c=1966A y = 109.97°

MogOy Monoclinic a = 1674 A

MoO; g5 b=4019A B =9545
c=1453A

MogO, Monoclinic  a = 16.90 A

Mo0O; g5 b= 40194 8= 10627
c=14534

Mo,O;; Orthorhombic a = 24.40 A

MoO, 7 b=545A
c=67234A
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FiG. 4. Mo Auger MNN valence spectra of (a)
Mo(110) surface, {(b) MoO,(001) surface, (c) nonstoi-
chiometric MoO;(010) surface. Beam energy Ep = 2500
eV, modulation voltage = 1 V peak-to-peak.

Fig. 5. Lastly, the oxygen KL, L, ; transi-
tion intensity referred to the molybdenum
M, sVV transition intensity is, respectively,
3 = 0.2 for MoO, and 4.1 £ 0.2 for MoO;,.

The features of the standard spectra show
that the simultaneous formation of MoO,
and MoQ, phases should be more evidenced
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4
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L

FiG. 5. Dependence of Auger intensity ratios (R =
Iy svv/Iva sn2.3v) of molybdenum and its oxides on the
oxidation number Z.
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by the values of the ratios of the molybde-
num Auger transitions.

3.1 Oxidation on the Mo(110) Surface

3.1.1 Temperature of 620 K

At oxygen pressure of 2.7 X 10° Pa,
RHEED patterns of the smooth Mo(110)
surface (Fig. 6a) fade in a diffuse intensity
background and modifications in the Auger
spectra characterize the MoO, presence: the
peak height ratio Mo(220)/Mo(187) de-
creases from 0.85 to 0.62 and the ratio
0(510)/Mo(220) increases from 0.1 to 2.9.
There is no M, sVV splitting, no new peak
lower than the M,;N,,V transition. The
presence of the C(272) peak indicates the
carbon adsorption in the graphite form.

After a few minutes exposure, no notice-
able changes occur in the Auger spectra,
but new RHEED patterns (Fig. 6b) appear:
reflection spots are large and elongated per-
pendicular to the crystal surface, resulting
from flat MoO, crystallites, in epitaxial rela-
tion with the Mo(110) surface:

Similar expitaxied MoO, crystallites were
reported by Kennet (1/2) for exposure of 3
X 1072 Pa - sec oxygen at 900 K and by
Briickner (J0)for 1.3 x 10~%*and 1.3 x 10!
Pa - sec oxygen exposure at 1000 K onto the
Mo(110) surface.

The Auger spectra and the new RHEED
patterns are stable under any further oxygen
exposure. Exposures at 4 x 104 Pa oxygen
and higher temperature (820 K) result in the
same Auger spectra and more diffuse
RHEED patterns. These results show that
MoOQ, is not formed; the overlayers of MoO,
crystallites seem to impede the molybde-
num oxidation.

3.1.2. Temperature of 720 K

At the first oxygen exposure, the Auger
spectra change markedly, which character-
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F16. 6. RHEED patterns from a Mo(110) surface oxidized at 620 K and 2.7 x 10* Pa oxygen pressure
for increasing exposure time: (a) initial Mo(110) surface, (b) after 5 min.

ize the MoO, formation: M, ;VV peak split-
ting, a new peak at 183 eV lower than the
M, sN,,;V peak by about 4 eV. The peak
height ratio Mo(220)/Mo(187) decreases to
0.56 and the ratio O(510)/Mo(220) increases
to 4.1. For further exposures no noticeable
changes occur in these Auger spectra.

RHEED patterns (Fig. 7) evidence the
formation of MoO; crystallites on the
Mo(110) surface by successive structural
steps.

At the first exposure, streak patterns of
the Mo(110) surface disappear for a set of
thin rings of uniform intensity, at any azi-
muth (Fig. 7a). This set of rings corresponds
to the (100), (110), (210), and (230) rings of
the orthorhombic MoO; structure. It does
not correspond to the strong rings of the

MoO; structure that are (021), (110), and
(040) rings. It is interpreted as the formation
of MoQ,[100] whiskers in random orienta-
tion on the Mo(110) surface.

After a i-hr exposure, RHEED patterns
change and become differentiated for a spe-
cific azimuth of the initial Mo(110) surface
(Fig. 7b): previous MoO; rings become mod-
ulated in intensity and less or more diffuse
arcs of new MoO; rings appears. The max-
ima of intensity are arranged in three net-
works of parallel lines which have the same
MoO,{100] periodicity (4 A) and are parallel
to the Mo(100), Mo(101), and Mo(112) faces
of the Mo crystal. These diffraction patterns
are interpreted by the growth of MoO,[100]
rods perpendicularly to each Mo(100),
Mo(101), and Mo(112) facet simultaneously
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F16. 7. RHEED patterns from a Mo(110) surface oxidized at 720 K and 2.7 x 10° Pa oxygen pressure
for increasing exposure time: (a) after 5 min, (b) after 1 h, (c) after several hours.

formed onto the Mo(110) surface during the
oxidation process.

Further exposures, until 8 hr and more,
result in a final modification of the RHEED
patterns. The maxima of intensity of the
MoO; rings are arranged on a set of lines

with MoQO,[100] periodicity and parallel to
the Mo(110) surface. The patterns in the
Mo[001] and Mo[110] azimuths are distin-
guished (Fig. 7¢). These last diffraction fea-
tures characterize MoQ; rods whose elon-
gated MoO;[100] axes grow perpendicular
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to the initial Mo(110) surface and MoO5[001]
rows are parallel to the Mo[110] direction of
the molybdenum surface:

MoO;(100) 01 | Mo(110);5;-

Compared with RHEED patterns of
MoOQ; single crystals, all these observed pat-
terns reveal that the structure of the grown
MoO, crystallites is never well organized.
Accurate analyses specify their structural
evolution: first MoO;[100] rows, oriented
perpendicular to the molybdenum facets,
are short range ordered in the perpendicular
Mo0,[010] row, which is preferentially epi-
taxied along a metallic row of the molybde-
num facet. During their growth, MoO,[100]
rows become oriented perpendicular to the
initial molybdenum  surface, while
Mo0O,(010) planes are built up by periodic
arrangement of these MoQ;[100] rows. The
periodic stacking of these MoO;(010) planes
never seems to be obtained.

3.1.3. Temperature of 820 K

At 820 K, for a pressure of 2.7 x 10° Pa
oxygen, molybdenum oxidizes immediately
in volatile MoO, as revealed by the blue
color of the sample holder. Under 4 x 10*Pa
oxygen, MoQO, sublimation is lower. Auger
spectra and RHEED patterns prove the for-
mation of MoO, onto the Mo(110) surface at
an oxidation stage which corresponds to the
last oxidation stage observed at 720 K.

3.1.4. Conclusion

From these results, some important fea-
tures of the oxidation process emerge. The
molybdenum oxides grown by interaction of
oxygen at high pressure on a Mo(110) sur-
face are the stoichiometric and stable MoO,
and MoO; oxides. Nonstoichiometric mo-
lybdenum oxides and even the more stable
Mo,0,, oxide are not evidenced at any stage
of the oxidation process.
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F1G. 8. Schematic pictures of the three main oxida-
tion steps of the Mo(110) surface: (a) formation of per-
pendicular MoO;[100] whiskers onto the rough surface,
(b) growth of the whiskers normal to the surfacé facets,
(c) far from the metal-oxide interface, growth of thick
Mo0O;[100] rods, well structured, normal to the Mo(110)
surface.

MoO, is generated at the lower tempera-
ture which corresponds to carbon adsorp-
tion, as flat crystallites expitaxied on the
Mo(110) surface and in the same orientation
to those observed at low oxygen pressure
(1.3 x 1073 Pa). It constitutes a passive film
toward the process of molybdenum oxi-
dation.

MoO,; is built up by successive structural
steps (Fig. 8), from MoO,[100} rows which
order farther from the metal-oxide inter-
face, in the layered structure of orthorhom-
bic MoO;, with some stacking faults of the
Mo0,(010) layers. The MoO,[100] rows first
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grow perpendicular to the metallic facets
formed during the oxidation process. Such
faceting was previously observed during
MoO, formation onto the Mo(110) surface
(10).

The formation of MoQ, associated with
carbon adsorption and of MoO, and simulta-
neous metallic facets on the Mo(110) surface
questions whether MoO,; grows directly
from the metal without intermediate forma-
tion of MoO,, whether the MoO, formation
is induced by the carbon adsorption as a
reducing element.

To bring out the -oxidation mechanism
at the Mo(110) surface at those moderate
temperature and high oxygen pressure
ranges, oxidation experiments are carried
out from a Mo(110) surface covered either
partially with MoO, crystallites, or with a
Mo,C film,

3.2 Oxidation on the Mo(110) Surface
Partially Covered with MoO, Crystallites

3.2.1. Characterization of the MoQO,
Crystallites on Mo(110) Surface

Mo0Q, is obtained by interaction of oxygen
at 2.6 x 107° Pa pressure, for a 5-hr expo-
sure, with the Mo(110) surface at 1023 K.

The Auger spectra attest of the formation
of a noncovered film of MoO, onto the Mo
surface (about 40%): the ratios of the peak-
to-peak heights Mo(220)/Mo(187) = 0.75
and O(510)/Mo(220) = 1.5 lic between the
standard ratios of a Mo surface (0.85 and 0)
and a MoO, surface (0.61 and 3).

Likewise, RHEED patterns (Fig. 9a)
characterize simultaneously the slightly
rough Mo(110) surface (modulated streaks)
and the MoO, crystallites (network of spots)
which are in epitaxial relationships:

MoO,(010);100) OF 19017 OF 101 | MO(110) 1001

Some stacking faults in the MoO,[100] or
[001] or [101] rows are evidenced by recipro-
cal planes of diffuse intensity in the diffrac-
tion patterns.

105

Note that, in the monoclinic MoO, struc-
ture, both the Mo00O,(010);p;; and the
Mo0O,(010);4,; orientations are equivalent.
Figure 10 shows one of these epitaxial rela-
tions: the close MoO,[100] row of molybde-
num atoms lies parallel to the close Mo[111]
row, The parametric misfit of 2.9% ex-
presses the interfacial coherence between
the Mo(110) surface and the MoO,(010)
plane, which explains that this epitaxial
growth of MoO, from the Mo(110) surface
is readily obtained.

3.2.2. Oxidation of the “MoO,~
Mo(110)” Surface

The oxidation of the ‘“Mo0O,-Mo(110)”’
surface is realized at 720 K and 2.7 x 103
Pa oxygen pressure.

For a few minutes exposure, the Auger
spectra characterize MoO; formation and
RHEED patterns (Fig. 9b) prove the simul-
taneous presence of the previous MoO,
crystallites and the new MoO;[100] whisk-
ers grown perpendicular to the Mo(110) sur-
face and generated Mo(112) facets.

Compared with the MoO,[100] whiskers
grown from the clean Mo(110) surface dur-
ing the first exposure:

—the faceting of the Mo(110) surface ap-
peared,

—Mo0O; grew from the Mo(110) surface,
irrespective of the MoQ, crystallites: the
epitaxied MoOQ, crystallites do not induce
any modification in the structure and the
orientation of MoO,.

Further exposure leads to the fading out
of the diffraction spots of MoO, crystallites
until their disappearance after about 10 hr
of exposure (Fig. 9¢). The concomitant evo-
lution of the MoO, diffraction patterns is
interpreted by the progressive change of the
perpendicular orientation of the MoO,[100]
whiskers, from the Mo(110) surface and
Mo(112) facets to only the Mo(110) surface
(Fig. 9d), and by the lateral growth of the
Mo0;[100] whiskers in the MoO, lamellar
structure after a few tens of hours.
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F1G. 10. Positions of molybdenumand oxygenions in the MoO,(010) plane with respect to molybdenum

atoms in the Mo(110) plane.

These structural features of the MoO,
growth are similar to those reported pre-
viously from the clean Mo(110) surface,
only the rate of their evolution seems re-
duced by the presence of the epitaxied
MoQ, crystallites.

3.2.3. Conclusions

A comparison of the oxidation of a
Mo(110) surface and a Mo(110) surface par-
tially covered with MoO, crystallites em-
phasizes the protective nature of the MoO,
crystallites for further oxidation as soon re-
ported for Mo(110) oxidation at lower tem-
perature (620 K) and supports the oxidation
process of the molybdenum leading to the
direct formation of MoQ,, without any
intermediate formation such as that of
MoO, or nonstoichiometric molybdenum
oxide.

3.3 Oxidation on the Mo(110) Surface
Covered with a Mo,C Film

3.3.1. Characterization of the Mo,C Film
on the Mo(110) Surface

The Mo,C phase is obtained during the
cleaning procedure of the Mo(110) sur-
face, when sputtered by argon ions and an-
nealed at 1200 K under vacuum (see Sec-
tion 2.2).

Auger spectra (Fig. 1c) reveal the molyb-
denum carbide formation by the characteris-
tic shape of the carbon KL,L, transition
peak (55). The molybdenum M,VV and
M, sN,,V transition peaks have the same
shape and energy as those characteristic of
a clean Mo surface but their intensity ratio,
Mo(220)/Mo(187) = 0.76, is lower. The in-
tensity ratio C(272)/Mo(220) = 0.6.

RHEED patterns (Fig. 11a) consist of a
newtork of slighly modulated streaks, nor-
mal and oriented in relation with the
Mo(110) surface. Quantitative interpreta-
tion yields a pseudohexagonal network with
arectangular surface unit cell (@ = 3 = 0.05
A and ¢ = 4.66 = 0.05 A with the ratio a/c
= (.643) and an interplanar distance of 2.62
+ 0.05 A close to the hexagonal value a
V3/2 = 2.60 A. This network is compared
with the hexagonal Mo,C network of a very
close unit cell: @ = 3.0124 A and ¢ =
4.7352 A with the ratio a/c = 0.636) (ASTM
35-587). It is interpreted by the formation of
a slightly rough film of Mo,C in the epitaxial
strain onto the Mo(110) surface with the
orientation relationships Mo,C(100),0; |l
Mo(110)0y;-

Diffuse diffraction lines observed at the
Mo,C[001] azimuth attest to stacking faults
of the hexagonal Mo,C(001) planes which
are perpendicular to the Mo(110) surface
along the Mo[001] directions.
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3.3.2. Oxidation of the
“Mo,C(100)-Mo(110)’ Surface

The oxidation of the Mo(110) surface cov-
ered with the epitaxied Mo,C(100) film is
realized in the same conditions at 720 K and
2.7 x 10° Pa oxygen pressure.

After a half hour exposure, RHEED pat-
terns (Fig. 11b) attest to the disappearance
of Mo,C(100) film (no streaks are visible)
and the presence of MoO, crystallites (net-
work of rather large and diffuse spots).

The MoO, crystallites are oriented in rela-
tion with the Mo,C(100) film and precisely
in the same epitaxial relations as related pre-
viously for MoO, crystallites from clean
Mo(110) under 10~° Pa oxygen pressure:

MoG,(010);69) OF (0017 OF (1013 |
" M02C(100)[01o] ” M0(110)[001]-

Note that the larger and more diffuse dif-
fraction spots reveal a very small size or
structural defects of these MoO, crystal-
lites. Auger spectra confirm the formation
of MoO, and both intensity drop and shape
change of the carbon KL,L, transition peak
prove the carbon removal by oxidation.

For 7-hr exposure (Fig. 11c), while the
MoO, crystallites are still present on the
surface, MoQO; becomes visible in the form
of MoQ;[100] whiskers perpendiculary ori-
ented in relation to the Mo(110) surface and
Mo(112) facets.

At this oxidation step, the structural fea-
tures are roughly similar to those reported
for the Mo(110) surface partially covered
with MoO, crystallites. Yet detailed analy-
sis of the RHEED patterns gives more struc-
tural information on the growth mode of
MOO:;:

on the Mo(110) surface, the MoO,[100]
whiskers have the preferential orientation

MoO;(100);0,0; | Mo(110)47y9,

on the Mo(112) and Mo(112) facets, the
observed epitaxial relation

MoO;(100) g0y || Mo(112) 7y
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is associated with an ordered stacking of the
Mo0,[100] rows (5.4 A periodicity) along
the Mo[111] direction (5.45 A parameter).

After several hours exposure (Fig. 11d),
there are no more MoQ, crystallites and the
growth of MoQ,[100] whiskers goes on, as
described at the first oxidation step from the
clean Mo(110) surface.

3.3.3. Conclusion

For oxidation at moderate temperature
and high oxygen pressure, it appears that
the formation of M0O, is always associated
with carbon. The oxidation of the clean
Mo(110) surface leads only to the formation
of MoQ,.

The comparative analysis underlines the
fundamental differences between the forma-
tion mechanism of the MoO, and MoQ, ox-
ides. These differences seem inherent in the
nature of both oxides and are expressed
structurally as well as by their specific phys-
icochemical properties.

MoO, grows in the form of epitaxied crys-
tallites with few structural defects. The
MoO, crystallites are generated until the for-
mation of a covered film which stops the
oxidation process of the molybdenum.

MoQ, builds up by progressive structural
steps, perpendicular to the Mo(110) surface
and the principal Mo(112) facets with little
interfacial relationship. Its formation in-
duces the faceting of the molybdenum
surface.

3.4. Oxidation of the Mo(100) Surface

The oxidation of the Mo(100) surface is
realized at 2.7 x 10 Pa oxygen pressure
and at both 620 and 720 K.

3.4.1. Temperature of 620 K

For the first minutes of exposure, modifi-
cations in the Auger spectra characterize
the MoO, formation and the outside carbon
adsorption in the graphite form. At the same
time, RHEED patterns of the smooth
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Mo(100) surface (Fig. 12a) fade into a diffuse
intensity background.

After another exposure, no noticeable
changes occur either in the Auger spectra or
in the RHEED patterns.

These results prove the formation of
MoO; nuclei, of amorphous structure or of
nanometric size. At the 620 K temperature,
the oxidation reaction does not progress
more over this oxidation stage.

3.4.2. Temperature of 720 K

For the first exposure and further expo-
sures the AES analysis attests to the imme-
diate and lasting formation of MoO; as ob-
served from the Mo(110) surface.

Arising from the first few minutes expo-
sure, the first modification of the RHEED
patterns consists of the fading of diffraction
streaks of the initial Mo(100) surface into a
diffuse intensity background.

After about 2 hr exposure, two new super-
imposed diffraction patterns become appar-
ent (Fig. 12b):

(1) The set of MoO,(hk0) arcs ordered into
lines with MoQ,[100] periodicity (4 A) and
parallel to the Mo(100) surface. It character-
izes the presence of the MoO;[100] whiskers
perpendicular to the Mo(100) surface.

(2) A double network of streaks, perpen-
dicular and oriented in relation to the
Mo(100) surface. These diffraction features
are due to Mo0O,(010) plates parallel to the
Mo(100) surface and oriented in the two
equivalent relations

MoO;(010) g | Mo(100) ;1 and (o111

For 10 hr exposure, a new modification in
the RHEED patterns (Fig. 12¢) arises: the
set of MoO,(kk0) arcs disappears, while the
double network of streaks characteristic of
the MoO,(010) plates fades. A new set of
large MoO,;(h0/) and MoO,(h1l) arcs or-
dered into parallel lines with the MoQO;[100]
periodicity (4 A) s visible at any azimuth. At
both the Mo[011] and the Mo[011] azimuth,
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these MoO, arcs intersect precisely the
Mo0,(010) streaks, which are MoO;[001]
spaced. These new diffraction features char-
acterize perpendicular MoO;(010) plates,
whose MoO;[100] axes are at +10° around
the normal of the Mo(100) surface.

After several tens of hours exposure,
RHEED patterns (Fig. 12d) consist of the
whole disappearance of the MoO,(010)
streaks and the presence of a set of
MoO,(hkl) rings, with intensity modula-
tions. The intensity maxima of the previous
MoO,(h0l) and MoO,(h1l) rings are still
visible.

This last evolution is interpreted by the
growth in thickness of the Mo0O,(010) plates
which are oriented perpendicular to the
Mo(100) surface in the relations

Mo0,(010) L Mo(100)
MoO,[100] at + 10° Mo[100].

3.4.3. Conclusion

The initial oxidation stage of the Mo(100)
surface corresponds to the formation of
MoO; nuclei of amorphous structure or
nanometric size. It is the only stage ob-
served at 620 K, corresponding to the check
of the oxidation reaction.

At 720 K, the molybdenum oxidation
progresses only to the formation of the or-
thorhombic MoO;, excluding the MoO, or
the nonstoichiometric molybdenum oxides
(Fig. 13).

The properties of the metal-oxide inter-
face, between the Mo(100) surface and the
Mo0,(010) layer, induce:

—the formation of MoO,(010) plates epi-
taxied onto the Mo(100) surface,

—the stability of the metallic Mo(100)
surface: no surface faceting arises during
the oxidation reaction, while Mo(100) fac-
eting is reported by several authors at ambi-
ent temperature and low oxygen pressure
3, 9.

The oxidation mechanism favors the for-
mation of MoO, crystals whose M00,(010)
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layers and MoQ,[100] rows grow perpendic-
ular to the molybdenum surface.

This preferential growth gives rise to the
tilting at about 90° of the Mo0O,(010) plates
initially epitaxied onto the surface.

3.5 Oxidation on the Mo(111) Surface

The oxidation on the Mo(111) surface is
realized at 2.7 x 10° Pa oxygen pressure
and at the one 720 K temperature.

3.5.1. Initial Mo(111) Surface

The Mo(111) surface, known as an insta-
ble surface (16, 19), is obtained slightly
rough, with little oxygen chemisorption.

FLOQUET AND BERTRAND

The Mo(111) surface produces Auger
spectra, characteristic of a molybdenum
surface, identical to those obtained from the
Mo(110) and Mo(100) surfaces. The oxygen
chemisorption, less than one monolayer, is
evidenced by the oxygen peak O(550) of rel-
ative peak-to-peak height O(550)/Mo(220)
= 0.2.

The RHEED patterns, reproduced in Fig.
14a, attest to a slightly rough surface by the
slight intensity modulation of the diffraction
streaks and oxygen chemisorption by the
presence of diffuse diffraction lines which
form Mo(110)*, Mo(101)*, and Mo(011)*
diffuse planes. The oxygen chemisorption
produces defects in the arrangement of the
three equivalent Mo[110], Mo[101], and
Mo[011] rows of the Mo(111) surface.

3.5.2. Oxidation at 720 K

Since the first exposure, Auger spectra
attest to the formation of MoO, as observed
from the Mo(110) and Mo(100) surfaces.

The RHEED patterns prove the forma-
tion of oxide nuclei of amorphous structure
or of nanometric size by the fading of
Mo(111) diffraction streaks into a diffuse in-
tensity background.

This oxidized state of the surface changes
after about 3 hr exposure, as characterized
by the RHEED patterns. A set of MoO,(hkl)
rings appears with less or more diffuse inten-
sity. Intensified arcs order into two net-
works of lines with the MoO,[100] periodic-
ity (4_A). At the three equivalent azimuths,
Mol[110], Mo[011], and Mo[101] (Figs. 14b,
and 14d), the two networks of lines are tilted
respectively at 35° and 20° to the Mo(111)
surface, which is parallel to the Mo(110) and
Mo(112) facets and their equivalent facets.
At the intermediate azimuths Mo[211],
Mo[121], and Mo[112] (Fig. 14c), they are
symmetric and tilted at 35° to the Mo(111)
surface, which is parallel to the Mo(110),
Mo(011), and Mo(101) equivalent facets.

These diffraction features are comparable
to the previous ones observed from the
Mo(110) surface. They are interpreted by
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the formation of crystalline MoO;[100] rods
growing perpendicular to the main Mo(110),
Mo(011), and Mo(101) facets and the
Mo(211), Mo(121), and Mo(112) facets pro-
duced on the Mo(111) surface.

No evolution of this oxidized state of the
molybdenum surface appears, even after
several hours exposure.

3.5.3. Conclusion

The interaction of oxygen with a Mo(111)
surface leads simultaneously to the faceting
of the initial surface onto the more stable
Mo(110) and Mo(112) planes and to the di-
rect formation of crystalline MoQO;[100] rods
perpendicular to each metallic facet, which
is with the orientation observed on a
Mo(110) surface.

The formation of one molybdenum oxide,
other than MoO; trioxide, is not observed.
The presence of an epitaxied oxide film,
such as Mo0O;(010) plates formed onto
Mo(100) surface, is also not observed.

The immediate faceting of the Mo(111)
surface associated with the MoO, crystallite
formation is related to the unstable nature
of the Mo(111) plane compared to that of the
Mo(110) plane and to the nonformation of
an epitaxied oxide film at the first oxidation
stage, as onto the Mo(100) plane.

3.6. Discussion—Conclusion

From the main results reported in Table
II, fundamental points should be empha-
sized:

3.6.1 Stability of the Metallic Surfaces
and MoO, Formation

In the experimental conditions of
MoO;[100] whisker formation (620-820 K
and 2.7 X 10* Pa oxygen pressure), the
Mo(110) and Mo(111) surfaces are faceted in
the Mo(100), Mo(110), and Mo(112) planes.
Such faceting is also observed in the (T, P,)
conditions of oxygen chemisorption and
MoO, formation, at higher temperatures
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(800-1050 K) and lower oxygen pressures
(5 x 1076 Pa to 10~* Pa) (10, 12, 16, 19).
Between the two mechanisms of faceting
generally proposed (4, 7), the facets seem
rather generated by sublimation of atoms in
the molybdenum oxide form along preferen-
tial crystallographic directions: indeed, in
such a (T, Py,) domain where MoO, is
formed, the mobility of (M0Q,);, species is
important (42, 43). Moreover this (M0O;)s,
hypermobility seems related to the fact that
MoO, is generated as MoQ,[100] whiskers
instead of well-structured MoO; crys-
tallites.

3.6.2 Chemical State of the Metallic
Surface and Steps of MoO, Formation

The MoO, formation as an intermediate
step of MoO, formation has been previously
reported from thermogravimetric studies on
the oxidation of polycrystailine moiybde-
num foils by interaction of oxygen at about
10* to 10° Pa pressure at the 673-998 K tem-
perature range (27).

The results seem to prove that MoO, is
formed directly by interaction of oxygen
with molybdenum. MoQ, is growing either
from oxidation of a Mo,C film or when there
is carbon adsorption at lower temperature.
In any case, the formation of MoO, crystal-
lites is not an intermediate step of the MoO,
formation; moreover, its presence on mo-
lybdenum impedes the oxidation of molyb-
denum into MoO,.

3.6.3 Crystalline Orientation of the
Molybdenum Surface, Oriented MoO,
Nucleation and Growth

(a) Structural relations within the
metal-oxide interface: epitaxial factor in
the oxide nucleation. The structural features
of the first MoO; nuclei which depend on the
crystalline orientation of the molybdenum
surface (see Sections 3.1.2,3.4.2,3.5.2), ex-
press the specific properties of the
metal-oxide interface.
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MAIN STRUCTURAL STEPS OF MOLYBDENUM OXIDE GROWN BY OXYGEN INTERACTION ONTO THE THREE
MOLYBDENUM SURFACES (POz = 2.7 x 10° Pa AND T = 720 K) IN FUNCTION OF EXPOSURE TIMES

Oxygen exposure in hours

a5 MoO3(010) plates either epitaxied
onio the Mo(100) surface or tilted
30 at the perpendicutar orientation
2 M°°J°‘g‘1 Mo(100) MoO4[100] thick rods MoO4{100] whiskers
. 110 the Mo(110) normal to the Mo(110)
MoOg [100] at % 10° Mo[100] normal
20 | MoO3{100] rods normal to suftac m'l? and Mo{112)
the main Mo{110), Mo{011) | pemendicular reonentation mutual reorien-
15 |  and Mo(101) facels andto | of the MoO3(010) plates tation of the MoO.
the Mo(211), Mo(121) and aliows the oxidation progress MoO3{100] thick reds normal crystals far from !:a
; Mo(112) facels to the Mo{110) surface metal-oxide inter.
o mwtual o of MoO, crysialites epitaxied
facetting of the MoO3(010) plates epilaxied onto the MoOg cryatals far with MoO,{010}o01) /
8 Mof111} surtace the Mo(100) surface : from the metal-oxide in- Mo(110h001)
, MoO3(010){001] # terface MoOs100] '
Mo{100)01 1jor o1} nommal
ad o1tk o) initial epitaxied MoO, to the Mo({110) surface and
6 MoO41100) whiskars normal lo the crysiatiites and 1o the Mo(112) facets with
s Mo(100) surace MoQ2(010)g04; # the epitaxial relation:
Mo(110 MoOx(100) "
Stabilization of the anr} oo Oat )[0’14001(‘ 12)p417]
Mo 100} surtace MoO3[100] rods normal fo Mo03(100] rods normal !
N the Mo(010), "‘°(°' Ty and 10 the Mo(110} surface
3 Mo(112) facets and to the Mo{010), MoO2 crystaliies epitaxied
tacetting of the Mo(011) and Mo(112) with MoO,{010)(g01 #
Mo(110) etace facets Mo(1 10)[00‘]
2 MoO3 nuclei of
size or amorphous struclure | MoO3 nuclei of ic size
1 or amophous structure MoO3{100] whiskers in ran-
dom orientation
roughly surface state of the
. Mo(110) suriace
Mo(110) pantiafly covered Mo(110) covered with an
Mo(111) Mo(100) Mo(110) with epitaxied MoO, Crys- epilaxied Mo,C(100) fim
tafiites

The Mo(100) surface produces oriented
Mo00,(010) plates, inducing its stabilization.
In this case only, there is a 2D interfacial
relation between the metallic and the oxide
surface. Figure 15 represents both interfa-
cial planes by the relative atomic positions
of molybdenum and oxygen. It evidences
that:

(1) the closest molybdenum rows in
MoO;, the zig-zag MoO;[001] rows, are
along the Mo[011] rows, that is along the
zig-zag Mo1/2[111)-Mo1/2[111] close rows
in the molybdenum.

(2) the pseudosquare subnetwork of oxy-
gen of MoOg octahedra (2.71 A side) is along
the square network of molybdenum (3.147
A side).

The epitaxy relationships between the ox-
ygen network and molybdenum close row

could explain the formation of MoQO,(010)
plates oriented onto the Mo(100) surface as

M003(010)[001] ” MO(IOO)[OH] or [(ﬁl]'

The Mo(110) and Mo(111) surfaces gener-
ate MoQ,[100] whiskers normal to the facets
simultaneously produced. A short range or-
der of the MoO;[100] rows is always ob-
served in the Mo0O,[010] direction lying on
the metallic surface.

Marked preferential orientation of the
Mo0,[010] rows of these MoO,[100] whisk-
ers onto Mo(110) and Mo(111) surfaces is
not well observed, except for the Mo(112)
facets, where the epitaxial relation
MoO5[010] || Mo[111] is well evidenced.
Moreover, in this case, the initial MoO[010]
periodicity fits the Mo[111] one, which
could be explained by the nature of the
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FiG. 15. Positions of molybdenum and oxygen ions in MoO5(010) plane with respect to molybdenum

atoms in Mo(100) plane.

bonds in these M0O,[010] directions, which
are Van der Waals interactions (see Fig. 2).

From the same structural considerations,
it could be explained that the lamellar
Mo005(010) plane is not initially built. Indead
the close MoQ;[001] rows, the zig-zag rows
in the M0oQ;(010) planes, do not fit any Mo
row in the interfacial molybdenum planes
(8.5% mismatch for the best parametric
agreement) (Fig. 16).

(b) Structural relations between the oxide
nucleation and its growth: dynamic factors
of the reaction. During their growth, from
any parent metallic surface, the oxide nuclei
build up in the orthorhombic MoO; struc-
ture and orientate their lamellar MoO5(010)
planes perpendicular to the metallic surface
and their close MoO,[001] rows onto close
Mo rows of the metallic surface. The results
obtained from the Mo(100) surface under-
line these growth factors, because of an or-
thogonal reorientation of the initial

Mo0O;(010) plates the
Mo(100) surface.

These structural features of the nucle-
ation and growth, and their relationships,
allow the dissociation of factors related to
the metal-oxide interfacial relations to fac-
tors of the dynamic of the oxidation re-
action:

—the interfacial forces induce the non-
well-structured oxide nuclei, as MoQOs[100]
rows normal to the metallic surface. Some
order of the MoO,[100] rows along
MoQ,[010] direction could be explained by
structural relationships in the metal—-oxide
interface.

—the preferential diffusion of oxygen
along the lamellar Mo0,(010) planes
through the orthorhombic MoQO; structure
induces their orientation normal to the reac-
tion plane.

Such interpretation of nucleation and
growth mechanisms of MoO; produced by

epitaxied onto
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the interaction of oxygen with a molybde-
num surface explains previous (35) and fur-
ther (36) results of the morphological and
structural study of the MoO, layer generated
from polycrystalline molybdenum foils.
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