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Initial oxidation of ultrathin antimony films on Au(111) and of polycrystalline antimony
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It has been shown previously that antimony evaporated onto a Au(111) surface grows in a layer-by-

layer mode. The present work compares the initial, fast-oxidation stage of these films with that on bulk

polycrystalline antimony. Measurements were carried out in an ultrahigh-vacuum environment using

Auger electron spectroscopy, low-energy electron diffraction, electron-energy-loss spectroscopy, and
work-function change measurements. At 300 K and for oxygen pressures between 1X10 ' and 2X10 '
Torr, oxidation follows first-order Langmuir kinetics, with an initial sticking probability of about 10
Oxidation essentially saturates by 10' L (1 L=10 Torr s). A layer of oxide about 8.5 A thick is formed
in this initial stage, both for Sb films and for bulk antimony. An initial antimony film on Au(111) of
about 1.7 monolayers, or 1.6X10"atoms/cm, is required to complete this oxide layer, for saturation
oxidation. The chemical composition of the oxidized films and the oxidized surface of bulk antimony is

Sb203. These results are compared with earlier work on Pb, Bi, and Sn.

I. INTRODUCTION

Oxidation of metals at room temperature and below, at
least at low oxygen pressures, generally occurs in three
stages: chemisorption, a fast-oxidation stage, and much
slower field-assisted difFusion. ' The first two stages are
the ones which have been studied in most oxidation ex-
periments in ultrahigh-vacuum (UHV) facilities near
room temperature. It has been proposed' that the fast-
oxidation stage occurs when a chemisorbed oxygen atom
acquires electron charge from the metal; the force be-
tween this atom and its image charge is great enough to
cause place exchange between the oxygen and a metal
atom in the substrate. The oxide layer so produced can
have a thickness of 1 —4 atomic layers before the image
force becomes too weak to break the metal-metal bond
and cause place exchange. Earlier experiments in our
laboratory indicate that this multilayer of oxide can grow
on a bulk metal as a single structure which propagates
across the metal surface. Formation of the multilayer re-
quires a rearrangement of the near-surface substrate
atoms, and it appears that it is favorable to rearrange the
lower layer(s) at the same time as the outer one. This
process will be aided by the heat of chemisorption. '

The present work extends previous studies on Pb, '

Bi, and Sn (Ref. 6) to include Sb. Pb and Bi are adjacent
elements in the same row of the Periodic Table, with Sn
and Bi lying just above them. The oxide growth on bulk
polycrystalline Sb is compared with that on ultrathin
films of Sb on a polished Au(111) surface. Since the Au
does not oxidize in these experiments, the Sb oxide can
be built up a fraction of a monolayer at a time. This pro-
vides information about the oxidation process which can-
not be obtained by oxidation of the bulk metal alone. In
particular, it is possible to determine how much Sb is
consumed in producing the oxide layer formed in the
fast-oxidation stage. In addition, using an Sb layer which
is thin enough to be fully oxidized provides an Sb Auger
line shape from the oxide which can be used in the
decomposition of Auger peaks on bulk Sb into oxidized

and unoxidized components. This is not possible with
oxidation of the bulk metal alone.

There have been relatively few experiments on the oxi-
dation of Sb. Early work by Rosenberg, Butler, and Men-
na inserted vacuum-crushed powders into a calibrated
volume containing oxygen, and monitored the pressure
decrease. Surface areas were determined using the
Brunauer-Emmett-Teller (B.E.T.) equation. However,
this work was not carried out under UHV conditions,
and surface contamination was not monitored. More re-
cently, Petit, Riga, and Caudano measured oxide growth
under UV laser irradiation, but concentrated their study
on oxide growth after the fast-oxidation stage was corn-
plete. To our knowledge, ours is the first study of the
fast-oxidation stage of Sb, under UHV conditions.

II. EXPERIMENT

It has been shown previously that Sb deposited onto
the Au(ill) surface forms an Sb film which grows in a
layer-by-layer fashion; each complete layer contains the
same number of Sb atoms, and will be called a monolayer
(ML). From this earlier work, the number of monolayers
of Sb deposited can be determined from the ratio of the
Auger amplitude of Sb to that of Au. Sb films up to 4.5
ML were used in the present experiment.

All measurements, using Auger electron spectroscopy
(AES), low-energy electron difFraction (LEED), electron-
energy-loss spectroscopy (EELS), and work-function
measurements, have been carried out with a four-grid
LEED system in an ultrahigh vacuum (UHV) chamber
with a base pressure of 3X10 ' Torr, and with the sam-
ple at 300 K. We used the same gold sample and fol-
lowed the same cleaning procedure as described else-
where. The oxide film was removed by argon bombard-
ment at 830 K. The polycrystalline Sb (99.9999% pure,
Johnson-Matthey) was mechanically cut and polished,
and then cleaned by argon bombardment while heated at
600 K. The surfaces were monitored by AES before
every experiment and no contamination was found. Sb
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was deposited on Au(111) and the quantity determined as
discussed above. Cold-trapped, ultrahigh-purity oxygen
gas was used for oxidation of the Sb.

AES and EELS were recorded in the first derivative
mode, although the EELS data are presented in the
second derivative mode after spline smoothing of the raw
data, so that the peaks occur at the loss energies. The in-

tensity of the Auger signal was measured as the peak-to-
peak height. The peaks used in the experiments were the
following: Au (Ns 7 VV, 69 eV), Sb (M4N45N4s, 457
eV), and 0 (EL& 3L23, 513 eV). For AES, the electron
primary energy was 1500+0.2 eV, the beam current was
15.0+0.3 pA, and the peak-to-peak modulation voltages
were 2.24, 8.49, and 11.0 V for the 69-, 457-, and 513-eV
peaks, respectively. For the EELS spectra presented in
this paper, the modulation voltage was 2.24 V (peak to
peak), the primary energy was 100 eV, and the beam
current 1.00 pA. For both AES and EELS, the primary
beam current was measured as the current to the sample
when the sample was held positive at 90 V. The onset
method' was used to measure the work-function change
with a 100-eV primary energy and 2.24-V (peak-to-peak)
modulation. Sb does not oxidize easily: a 10 -L (1
L=10 Torr s) exposure was required for a measurable
oxygen uptake. Therefore, relatively high oxygen pres-
sures up to 2 X 10 Torr were used for oxidation.

Singh" has reported a measurable dissociation of the
Sb203 surface to Sb after 15-min exposure to an electron
beam of 2 keV, and 50 pA in a 0.25-mm-diameter spot.
Since our primary beam current was only 15 pA for AES,
and 1 pA for EELS, with a spot size of about 1-mm diam-
eter and acquisition times of typically 5 min, dissociation
should not have been a problem in these experiments.
Indeed, no change in the Auger signals was seen for
different acquisition times in our experiments.

III. RESULTS

A. AES on the bulk surface

Figure 1 shows the oxygen AES intensity as a function
of the oxygen exposure at pressures ranging from
1 X 10 Torr at low exposures where adsorption was rel-

atively rapid, to 2 X 10 Torr near saturation; in the in-

set, the exposure is plotted with a logarthmic scale to
cover a wider range of exposures. For exposures less
than 10 L, oxygen uptake was almost unobservable. The
oxygen signal remained essentially constant after 10 L,
even for an exposure of 10' L. The data can be fitted
well assuming first-order Langmuir kinetics, as shown by
the solid line in Fig. 1. The fitting function is given as:

h (X)=h, [1—exp( X—/r)],
where h (X) is the Auger intensity at oxygen exposure
X =Pt (P is the 02 pressure), h~, is the Auger intensity
after saturation oxidation, and w is a constant. The good
fit to Eq. (1), for the range of pressure used, shows that
the adsorption rate depends linearly on the pressure for a
given oxide coverage.

Based on the above results, an oxygen exposure of
2X 10 L was used for "saturation" oxidation of the Sb in
the rest of the experiments, except when noted otherwise.

B. AES for Sb deposits on An(111)

Figure 2 is a plot of Au Auger intensity vs Sb coverage.
Before oxidation, the decrease in the Au intensity with Sb
coverage agrees well with earlier work. Saturation oxi-
dation causes little change in the Au Auger signal
strength until after an Sb deposit of 1 ML, when the Au
signal begins to drop below its value prior to oxygen ex-
posure. There appears to be a break in the curve near 1.7
ML, with the Au signal reaching essentially zero by a Sb
deposit of 2.5 ML.

Figure 3 shows the oxygen uptake for Sb films after
saturation oxidation. The oxygen uptake is roughly pro-
portional to the Sb coverage to about 0.9 ML, at which
point there is a decrease in the slope of the uptake curve.
The oxygen intensity is essentially constant after about
1.7 ML.

On deposition of the Sb, the Au Auger peak shifted 0.2
eV to lower energy, in agreement with earlier work.
After oxidation, the peak shifted back to the position for
clean gold. This implies that the Sb-Au "bonds" are bro-
ken by the oxidation, and is consistent with the LEED
observations below.
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TABLE I. Comparison of EELS peak positions for Sb oxides.

Peak positions (eV)

This work
Film on Au 8.7 11.5 16.8 21.3 28.0 33.8 37.7 41.2
Bulk 8.6 11.7 17.1 20.8 27.5 33.6 37.7 41.6
Sb203 (Ref. 11) 7.3 11.0 16.3 20.2 27.2 32.0 37.1

periment shows that the latter is Sb203.
The loss peak for pure Sb at about 35 eV is due to the

4d-to-Fermi-levt. '1 transition. " On saturation oxidation
this peak undergoes a chemical shift of 2.3 eV to larger
energy loss. This is very close to the value of 2.25 eV
found by Petit, Riga, and Caudano by x-ray photoemis-
sion spectroscopy (XPS) for the 3d level for Sb203. Gar-
bassi' found a core shift of 2.1 eV for oxidized Sb
powder. However, Garbassi has also shown that the Sb
peak positions in XPS for Sb203, Sb204 and Sb20, differ

by only 1 eV in total, so that the core shift is not very
useful in differentiating among the Sb oxides.

The bulk-plasmon energy for Sb203 can be calculated'
to be 21.1 eV. The surface plasmon is then expected to
have an energy of about 14.9 eV. These values are close
to the positions of the peaks observed at 21.3 and 16.8 eV
on the Sb film. Note that Singh" interpreted his peaks at
16.3 and 11.0 eV as being due to bulk- and surface-
plasmon peaks of pure Sb, resulting from the dissociation
of Sb203. However, as discussed above, dissociation
should not be significant in our experiments. This con-
clusion is supported by the absence of the pure Sb peak
near 35 eV after saturation oxidation in either Fig. 4 or 5.
However, a rough calculation using electron attenuation
lengths approximated by their inelastic mean free path
(IMFP) values' shows that the bulk plasmon in the un-

derlying Sb could contribute as much as 20% to the am-
plitude of the peak at 16.8 eV. We have been unable to
locate a band structure for Sbz03, and so cannot address
the possible origins of the other peaks.

B. Auger line-shape decomposition

The kinetic energy of the Auger electrons from pure Sb
is 457 eV, measured at the deepest lobe of the peak. The
IMFP of these electrons in the oxide is about 14 A, '

while the thickness of the oxide layers produced in this
experiment is about 8.5 A, as shown below. Consequent-
ly, the oxide layer on bulk Sb is not thick enough to
screen out the entire Auger signal from the underlying
unoxidized Sb, even after saturation oxidation. There-
fore, to extract more information about the oxidation
from the Auger data, it is necessary to decompose the Sb
signal into a pure Sb component and an oxide com-
ponent. To do so, one has to know the line shapes of
these components. Since the Auger line shapes of thick
Sb films on Au(111) and of bulk Sb are identical, either
can be chosen for the pure Sb component. The line shape
of 1 ML of Sb on Au(111) after saturation oxidation has
been chosen to represent the oxide line shape, because it
has no component from unoxidized Sb, as shown below.
The oxide component will be referred to as the SbO sig-
nal.

LLJ

U

CO

C

C

D
C

N

Ql

(b)

(c)

435
I

445
I

455 465 475
Electron energy (eV)

485 495

FIG. 7. Sb Auger line shapes. (a) Clean bulk Sb. After satu-
ration oxidation: (b) bulk Sb, (c) 2.5-ML deposit of Sb, and (d)
1-ML deposit of Sb. (-), experimental; ( ———), fitted.

1.8

o 1.4-
N

U
E

1.0-

CO

g 0.7-
C

47

0 4

oooo00
SbOx

Sb
~ ~ ~ ~ ~ ~

0.0
3

Logarithm of oxygen exposure (L)

FIG. 8. Bulk Sb: Auger intensity of Sb and SbO„as a func-
tion of log&0 (oxygen exposure).

The coefBcients of the pure Sb component and oxide

component of an observed Auger line shape are calculat-
ed by least-squares fitting. Typical results for the decom-
position are shown in Fig. 7. The fitting, for different film
thicknesses and oxidation doses, is good overall. This
supports conclusions that the same oxide is formed in the
films and on the bulk and only one kind of Sb oxide
occurs. We cannot be absolutely sure, of course, that the
line shape for the 1-ML oxide is the same as for the oxide
on the bulk metal. However, a number of facts support
this assumption. (1}The use of the 1-ML oxide line shape
gave a good fit to all of the composite oxide/metal line
shapes. (2) The oxide line shape was the same for both 1-
and 2-ML deposits on Au. (3} The EEL spectra were
essentially identical for saturation oxidation of bulk Sb
and of films of Sb-on-Au more than 2 ML thick, indicat-
ing that these oxides were chemically the same.

The Auger intensities of the Sb and SbO components
for the bulk surfaces are plotted in Fig. 8, as a function of
oxygen exposure. The SbO intensity is expressed as a
multiple of the SbO intensity for 1 ML of Sb; the Sb in-
tensity is given as a multiple of the intensity of the clean
bulk Sb signal. The oxide signal becomes saturated at
about 2X10 L, which is consistent with the oxygen up-
take curve of Fig. 1. For the films (Fig. 9), the oxide sig-
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As discussed above, a complete oxide layer is formed
for a deposit of 1.7 ML of Sb. The attenuation of the Au
signal at this point can be used to calculate the thickness
d of the oxide layer since

—0.5
0.0 1.0 2.0 3,0 4.0 5.0 h ~„=h ~„exp [

—d /(0. 75K, )], (2)

nal increases in the region of Sb coverage less than 1.7
ML, while the pure Sb signals are essentially zero in this
region. Above 1.7 ML, the oxide component remains
constant and the pure Sb component begins to increase.
This implies that films which are thinner than 1.7 ML are
completely oxidized, while thicker films are not.

Figure 10 contains two plots: (1}the Auger amplitude
of the Sb oxide vs that of oxygen for Sb films on Au(111)
after saturation oxidation; and (2) the counterpart for the
bulk surface, but at various oxygen doses. The data
points for bulk Sb fall very close to a straight line; those
for the Sb film show more scatter, which may be due to
lack of reproducibility in the movement of the sample be-
tween the evaporator and the Auger analyzer for each da-
tum point. The linearity of both plots shows that the
stoichiometry of the oxide does not change as the film
thickness changes. (By comparison, a similar plot for the
oxide on Sn, which contains both SnO and Sn02, did not
appear linear at all. ) In addition, the two slopes differ
by only 20%, which is not enough to indicate a difference
in stoichiometry between bulk Sb and the film. There-
fore, we conclude that only one kind of oxide formed at
room temperature for both the Sb films on Au(111) and
the bulk Sb surface. There is no obvious explanation for
the slight differences in the slopes of these two plots.
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where h A„and h „„are the gold Auger intensities for the
clean surface and after attenuation by the oxide layer, re-
spectively. A, is the attenuation length of 69-eV electrons
in Sb203, and the 0.75 accounts for the large collection
angle of the analyzer used. ' ' The attenuation length
can be approximated by the theoretical value for the
IMFP. ' Using the energy gap for Sb203 of 4.20 eV, '

the IMFP of 69-eV electrons in Sb203 is 5.4 A, which
from Eq. (2) yields d =8.5 A.

The thickness of the oxide layer on bulk Sb can be cal-
culated in the same way. After saturation oxidation, the
oxide layer has reduced the pure Sb signal to 45% of its
value before deposition (see Fig. 8). The theoretical for-
mula' yields an IMFP of 14.4 A for the 457-eV electrons
in Sb203. Substituting into Eq. (2) gives d =8.6 A, in ex-
cellent agreement with the earlier calculation. The abso-
lute values of the theoretical IMFP (and hence the calcu-
lated values of d} may be larger than the values for the
attenuation length by up to 35% because of elastic
scattering. ' However, this will not seriously alter the
good agreement between values calculated above for the
oxide thickness on bulk Sb and Sb films.

The density of Sb atoms in the oxide can be calculated
from the knowledge that the density in one atomic layer
is about —,

' of the Au density on the Au(111) surface; i.e.,
9.3X10' Sb atoms/cm . Therefore, 1.7 ML of Sb will
contain 1.6X10' Sb atoms/cm . Since this much Sb
forms an 8.5-A-thick layer of oxide, the atomic density of
Sb in the oxide will be 1.9X10 cm, although this
value may be too small by up to 35% because of the ap-
proximation of the attenuation length by the IMFP. This
agrees within the uncertainty in the IMFP with the Sb
density of 2. 31 X 10 atoms/cm for the bulk structure of
cubic Sb203. '

D. Oxide growth mode

As discussed above, the thickness of the saturation ox-
ide layer is about 8.5 A both for bulk Sb and Sb films
thicker than 1.7 ML. Since the final oxide layer incorpo-
rates almost two layers of Sb atoms, this raises the ques-
tion of whether this oxide forms one layer at a time, or as
a double layer. For the bulk sample, this oxide clearly
grows laterally across the surface as a double layer, rath-
er than layer by layer. This is shown by the fact that the
oxygen uptake curve in Fig. 1 follows first-order Lang-
rnuir kinetics, which requires that the surface layer forms
in a single step.
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However, as found for Pb and Bi in earlier work, ' we

suggest that the oxide growth on the Sb film on Au(111)
follows a two-step process: it develops as a monolayer
until about 0.9 ML of Sb is deposited, and thereafter as a
double layer of oxide in the region where the original Sb
film is two atoms thick. The growth continues until the
double layer is complete at a deposit of about 1.7 ML.
The main evidence for this model comes from two
sources. The first is the 0.5-ML EELS curve in Fig. 5. If
the oxide were developing as a double layer, only about
0.5/1.7=0.29 of the Au surface should be covered at this
point. Therefore, one would expect to see significant loss
peaks from both the Au bulk plasmon at 25 eV and the
Au N6-to-03 transition at 33 eV, yet neither has apprecia-
ble strength. The two-step oxidation process on the films
is also seen in the oxygen uptake curve in Fig. 3. There is
a clear decrease in slope for films thicker than about 0.9
ML of Sb, where the double layer of oxide begins to form,
with no further uptake after a deposit of about 1.7 ML
has been reached; i.e., at roughly twice the coverage
needed to complete the first layer.

It also appears that, for a Sb deposit of less than 0.9
ML, the oxygen lies at least partly above the surface,
whereas for thicker films the oxygen moves below the
surface. The location of the oxygen is suggested by the
work-function changes of Fig. 6: the work function in-

creases until an Sb deposit of about 0.9 ML is reached,
followed by a decrease until the oxide layer saturates near
1.8 ML. As the oxygen moves from outside the surface
to inside, the surface dipole layer will change from nega-
tive outwards to positive outwards, producing this
behavior.

We will now show that the other experimental results
are consistent with this proposed growth model. If it is
assumed that the decrease in slope after 0.9 ML in Fig. 3
is due solely to the formation of the second oxide layer,
one can calculate the thickness of this second layer. This
calculation gives about 8 A, based on the Sb signal ampli-
tudes for the 0.9-ML deposit and for the saturation oxide,
and using the theoretical value for the IMFP calculated
earlier. This is clearly much too large; the full thickness
of the double layer has been calculated earlier to be only
8.5 A. However, this rapid decrease in slope can be ex-
plained by the transfer of oxygen from above the surface
to below it, as suggested by the work-function measure-
ments.

The beginning of the double layer would also be ex-
pected to cause a break in the SbO„curve in Fig. 9, as
seen in the cases of Pb (Ref. 4) and Bi. Indeed, a weak
break is seen at 0.9 ML, where expected. That this break
is not stronger can be explained again by the incorpora-
tion of oxygen below the surface; this would cause an ap-
parent increase in the Sb AES signal over what would
otherwise be expected, opposite to the effect seen for oxy-
gen. The fact that this break is weaker than in corre-
sponding plots for Pb and Bi is explained by the much
shorter IMFP's for the Auger electrons used for Pb and
Bi.

One would also expect that a two-step process would
cause a noticeable break near 0.9 ML in the plot of Au
Auger intensity vs Sb coverage after oxidation in Fig. 2

[and as seen for Bi (Ref. 5)], whereas this plot is quite
linear in this region. However, this curve is anomalous in
another way. The data for Sb deposits of less than about
1 ML show little reduction in the Au intensity from the
oxidation, whereas beyond 1 ML this reduction is sub-
stantial. This increase in the attenuation of the Au signal
after completion of the first oxide layer would tend to
reduce the magnitude of the expected break near 0.9 ML,
possibly enough to make the curve appear linear.

Some discussion is required of this absence of an at-
tenuation of the Auger signal from the Au substrate,
after adsorption of oxygen on the first deposit layer, since
this effect was also seen for Pb (Ref. 3} and Bi. The
effect is surprising at first consideration, since the addi-
tion of electron density from the oxygen might be expect-
ed to reduce the IMFP of transmitted electrons. One
possible explanation is that, for deposits of less than
about 1 ML, the oxygen atoms adsorb on top of the sur-
face in a chemisorbed state with the electrons in a local-
ized bond. Therefore these electrons would not partici-
pate in the dominant loss processes of plasmon and
electron-hole pair production which require an electron
gas. Only after the deposited layer is about two atoms
thick can the oxygen move below the surface and an ex-
tended oxide be formed, with a decrease in the IMFP of
the Auger electrons from the substrate. This hypothesis
is supported by the behavior of the Sb203 surface-
plasmon peak at 16.8 eV in Fig. 5, if we note that an
Sb203 surface plasmon might be expected for less than a
complete monolayer of oxide but not for a chemisorbed
oxygen layer. For an Sb deposit of 0.5 ML, a peak near
16.8 eV is barely visible above the noise; at 1 ML it is just
becoming significant, but by 1.9 ML it is fully developed.

However, the similarity in the Sb Auger line shapes for
oxygen on top (chemisorbed) and underneath (surface ox-
ide} remains a little surprising. Presumably this occurs
because the atomic states involved in the M4N45N45
transition in Sb are not valence states, and so are insensi-
tive to the differences between a localized chemisorbed
bond and a less localized bond in the extended oxide.

Finally, Fig. 1 shows that the initial sticking probabili-
ty for oxygen on the Sb surface is about 10,since 1 L is
roughly the gas exposure required to deposit one mono-
layer of atoms on the surface when the sticking probabili-
ty is unity.

V. CONCLUSIONS

It has been found that the adsorption of oxygen on
bulk polycrystalline Sb follows first-order Langmuir
kinetics at 300 K and for oxygen pressures in the range of
1X10 —2X10 Torr. The same initial oxide Sb203
forms on Sb films on Au(111) and on bulk Sb. At the
completion of this initial fast-oxidation stage, the oxide
layer is about 8.5 A thick, and completely covers the sur-
face for a Sb deposit of 1.7 ML. For Sb deposits less than
about 0.9 ML thick, the oxide seems to grow initially
with the oxygen on the surface; for Sb films thicker than
1.7 ML and for bulk Sb, the oxygen probably moves
below the surface and the oxide develops as a "double
layer" about 8.5 A thick.
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