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The adsorption of oxygen on molybdenum in the monolayer region was studied using a combination of
secondary-ion mass spectrometry (SIMS) at low primary energies and electron impact desorption. By
examining the ion yields during adsorption and desorption at various temperatures, it was possible to identify
two strongly bound states with activation energies for desorption of 120 and 107 kcal/mole. At room
temperature, these B states are populated first and afterwards there are at least two a states which are
simultaneously filled. The desorption energies for the a states were estimated to be about 37 kcal/mole. One
a state gives rise to electron-induced desorption of O, the other does not. After only partial filling of the a
states, a transformation of the state giving O/ could be observed at quite low temperatures (> 550°K). The
rate of transformation was greater, the lower the degree of occupation of the a states. The 8, B,, and a
states have quite different influences on the SIMS ion yields. The formation of the oxide produces
characteristic changes in ion yields. Secondary-ion energies were also measured. The value of low-energy
SIMS in characterizing different states of adsorption is demonstrated.

I. INTRODUCTION

Secondary-ion mass spectrometry (SIMS) is now
widely used in materials analysis, but the technique
is only at the stage of preliminary exploration con-
cerning its application to the study of adsorbed lay-
ers.!”® “Static” SIMS, carried out under ultrahigh-
vacuum conditions has given useful information
about oxygen interactions with metals®* after high
oxygen exposures. Recently, the use of low pri-
mary -ion energies has allowed quantitative SIMS
measurements in the monolayer adsorption region
and the results can be correlated with those ob-
tained using other surface spectroscopies such as
Auger-electron (AES) and appearance-potential
spectroscopy.®” The adsorption of oxygen on alum-
inum® and titanium’ has been studied in this way,
but the work was limited to room temperature with
the surfaces cleaned by ion bombardment and in
some equilibrium state of damage. In this study of
molybdenum, the target could be cleaned by heat-
ing to high temperatures and/or by ion bombard-
ment, and the damage could be annealed out. Dam-
age during the experiments should be quite low be-
cause of the low beam intensity.

Meusurement of the secondary-ion yields during
adsorption and desorption at various temperatures
showed the existence of several different states of
adsorption characterized by their activation ener-
gies for desorption. Each state has a character-
istic influence on the SIMS yield patterns. The
mechanisms of secondary-ion formation are not
well understood; no theory exists at the present
time which takes account of adsorbed layers. How-
ever, the large qualitative differences between
yield patterns for different states of adsorption

must be related to the oxygen adatom positions, and
their bonding to the molybdenum substrate. This is
the first detailed correlation of changes in SIMS
yields with specific states of adsorption. The very
complexity of the SIMS spectra presents the pos-
sibility of a powerful diagnostic technique if the
controlling factors can be elucidated. The accumu-
lation of data on different binding states of various
adsorption systems and their correlation with other
surface measurements is an important first step.

Oxygen adsorption on molybdenum has previous-
ly been examined using electron-induced desorp-
tion (EID).'°'2 The results reported here are in
general agreement with the work of Redhead,'® al-
though there are differences of interpretation based
on the simultaneous SIMS observations. The Mo-
O, system has also been examined previously using
low-energy -electron diffraction (LEED),!3"16
AES,'® work-function changes,'® and electron-en-
ergy-loss spectroscopy.'®!” Where possible, com-
parisons are made between the SIMS results and
the previous measurements.

Energy distributions for secondary ions produced
by SIMS and EID are also reported. These may be
important in the development and testing of mod-
els for secondary-ion formation. i

II. EXPERIMENTAL PROCEDURES

The experimental apparatus and its performance
have been described in detail elsewhere.® Its im-
portant characteristics are as follows. The ap-
paratus (Fig. 1) operates under ultrahigh-vacuum
conditions. The primary beam of argon ions is
mass analyzed. The primary energy is only 500
eV and the primary ion current, about 1.5X 10°° A,
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During the operation of the ion gun, the argon
pressure at the target is less than 10™° Torr so
that the pressure of reactive gas also admitted can
be accurately measured and controlled. The gas
purity can be monitored with a quadrupole residual
gas analyzer. The electron bombardment of the
target (EID) was carried out using a beam of 200-
eV energy and approximately 5 X 10”7 -A intensity.
Secondary ions were collected from a large area
of the target and from a large solid angle by a
multigridded electrode system specially designed'®
to match the acceptance characteristics of a large-
aperture quadrupole. The quadrupole was also fit-
ted with a special field modifying entrance aper-
ture.!® The gridded electrode system can be used
to perform secondary-ion energy analyses® and the
central stop also serves to prevent any direct pas-
sage of neutral sputtered particles into the quadru-
pole and the detector. By maintaining the target
a few volts positive with respect to the quadrupole
axis, an operating region can be found where the
differences in secondary-ion energy distributions
(see below) and/or changes in target work function
do not have a major influence on the ratios of dif-
ferent ions observed. That is, velocity discrimi-
nation effects of the quadrupole analyzer®® are min-
imized. However, as in all mass spectrometric
measurements, the observed “patterns” in the
spectra are functions of the particular instrument
and its operational setting (such as the de/rf ratio).
The target was a polycrystalline molybdenum
ribbon of cross section 0.005 X 0.2 cm? and about
4 cm long. It was bent so that only the central por-

tion 0.4 cm long served as a source of secondary
ions. The ribbon was heated electrically. Tem-
peratures were determined using a Pt-Pt+10-
at.%-Rh thermocouple which was calibrated with an
optical pyrometer at the higher temperatures. At
the lower temperatures, the filament leads do in-
fluence the observed temperatures and cause some
drift of ribbon temperature as they heat or cool.
This introduces a larger unceértainty in measure-
ments made below 750 °K.

III. RESULTS

The SIMS and EID measurements reveal a com-
plex picture of the adsorpticn process involving
several states of adsorption of different binding
energies. The results will be presented in sev-
eral subsections grouped according to the tempera-
ture at which the adsorption was allowed to take
place. The subsequent observations of desorption
or other thermally induced changes are given in
these same sections. Destruction of the adsorbed
layer by sputtering is described later together
with measurements of secondary-ion energy dis-
tributions.

The molybdenurm target was cleaned by a combi-
nation of ion bombardment, heating in vacuum at
temperatures of up to 1900 °K, and treatment with
oxygen. The impurity peaks normally seen with
great sensitivity in SIMS measurements on metals
at room temperature (e.g., Na*, K*, etc.) were
completely eliminated and the target reached a
steady condition reproducible after flashing at
high temperatures.
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FIG. 2. Changes in SIMS and EID ion yields during the
exposure of molybdenum to oxygen at room tempera-
ture after first cleaning by heating above 1900 °K. (a)
0—2-1L region; oxygen pressure 5.6x10" 1 Torr; (b)
0—8-L region; oxygen pressure 1x10™8 Torr; (¢) 0~60-L
region; oxygen pressure 2.1 X10"8 Torr.

A. Adsorption at 300 °K

1., Yield changes on adsorption

Unless otherwise stated, the filament was out-
gassed at about 1900 °K before each set of mea-
surements. In order that the changes in ion yields
can be seen in detail, the results for room-tem-
perature adsorption are presented on three differ-.
ent exposure scales in Figs. 2(a)-2(c). The argon
ion current was about 2.5 times higher in these
illustrations than in the subsequent measurements,
but this has little influence on the course of events.
At first sight the shape of the yield variation for
Mo" and MoO* at lower exposures differs from
those found in earlier work on other metals, such
as Al and Ti. For these metals, changes in yield
were found to be linear at low coverages. How-
ever, the curves of Fig. 2 are actually composed
of contributions from several different states of
adsorption which become occupied after’ different
exposures. This will become evident when ther-
mally induced changes in the adsorbed layer are
considered. The decline in metal ion yield, Mo*,
shown in Fig. 2(c) at high exposures has previous-
ly been associated with the beginnings of oxide
formation. Another notable feature in Fig. 2(a)
is the delay before the appearance of O,. (The
suffix e is used to indicate electron-induced de-
sorption.) This was previously reported by Red-
head in his early EID studies.'® He identified at
least two states of adsorption occurring consecu-
tively which he labelled states 1 and 2. Here we
will use the designation of two groups of states,

B and a. The a states adsorb subsequent to the
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FIG. 3. Changes in ion yields with oxygen exposure at
room temperature after first partially desorbing ‘ad-
sorbed oxygen at 1250 °K.

(partial) filling of the B states and are less strong-
ly bound. An a state isS the source of the O} emis-
sion. The o states are lost on heating to 1250 °K
in vacuum. However, on cooling to room tempera-
ture and reexposing to oxygen, there is an almost
immediate increase in the O}, accompanied by the
related changes in the other ion yields, as shown
in Fig. 3.

The delay time in the formation of the O} yield-
ing state was investigated in more detail at vari-
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FIG. 4. Changes in O, peak height with time of expo-
sure at room temperature at various oxygen pressures
(given in Torr) after first heating at 1900 °K.

ous oxygen pressures. The results are shown in
Fig. 4. Within the limits of accuracy of the pres-
sure measurement, the delay time 0 is inversely
proportional to the oxygen pressure and the slope
of the linear portion is proportional to the oxygen
pressure. A curve of similar slope for a given
pressure, butwithzerodelay time, was found if the
filament had been heated to only 1250 °K instead
of 1900 °’K after previous oxidation. Note that the
growth of O}, is more gradual at low coverages
and near saturation when the oxygen pressure is
low.

2. Thermally induced changes after 300 °K adsorption

It is simpler to consider first the most highly
oxidized condition and then to progress to lower
oxygen coverages where the thermally induced
changes are more complex. Figures 5(a) and 5(b)
show semilog plots of the variations of O} and
MoO* on heating to 1020 °K after various degrees

50\ B
10

AANRY

o
)

( ARBITRARY UNITS )

PEAK HEIGHT

.,.

Oe
»
o

50 (b) —

26

( ARBITRARY UNITS)

)/

4.5

PEAK HEIGHT

| |
300 600 900
TIME (sec)

Moo*
o=

FIG. 5. (a) Changes in O, peak height on heating to
1020 °K after different degrees of oxygen exposure of the
target at room temperature. The oxygen exposures are
given in langmuir. (b) Corresponding changes in MoO"
yields.
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of oxygen exposure at 300 °’K. The curves yield
the kind of exponential decline that might be ex-
pected for a loss process from a monolayer in-
volving an activation energy barrier, but there is
an initial delay depending upon the extent of ex-
posure or on what has been identified in Fig. 2(c)
with the extent of oxide formation. Figure 6 il-
lustrates the variations that are found in the other
ion yields. The delay before the rapid decline in
O, and MoO" is associated with the increase of
Mo,O* and Mo,".

The O} ion was monitored in order to examine
the influence of temperature on the rate of loss
after a fixed room temperature exposure of about
2 langmuir (1 L=10"° Torrsec). The results are
shown in Fig. 7. The delay is shorter at higher
temperatures and the subsequent rate of decline
is greater.

The measurements just described evidently re-
late to the loss of the oxide and the loss of the «
states. The loss of the B states on heating to high-
er temperatures is described below since the 8
states can equally well be formed by adsorption at
elevated temperatures.

A different phenomenon was observed when the
o states were only partially filled.” This is illus-
trated in Fig. 8. Adsorption was allowed to occur
by oxygen exposure at 300 °K until the O} signal
reached about one third of its saturation level.
Heating at 1040 °K, in contrast with Fig. 5, pro-
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FIG. 6. Variations in sceondary-ion yields on heating
to 1020 °K after oxygen exposure at room temperature.
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FIG. 7. Decline in O on heating to various tempera-
tures after room-temperature exposure to 2 L of oxy-
gen. (a) 1235°K, (b) 1190°K, (c) 1145°K, (d) 1115°K,
(e) 1070°K, (f) 1010°K. :

duced an extremely rapid and marked decrease in
O], butonly small changes in the SIMS peaks. After
the precipitous drop, O} continued to decline fur-
ther in the expected exponential fashion. As shown
in the figure, repeating the adsorption and heating
cycle (with no intermediate outgassing at higher
temperatures) gave different results. The deple-
tion of the O] producing state was investigated at
lower temperatures. Figure 9 shows cycles for
adsorption at 300 °K followed by heating at 640 °K.
The rate of decrease of O; was found to depend
both upon the temperature and on the degree of
filling of the state. Figure 10 compares the de-
crease of O} at two different temperatures, 720
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FIG. 8. Oxygen exposure at 300 °K until O, has
reached about § of its saturation level followed by heat-
ing at 1040 °K and repeated cycles of this treatment.
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FIG. 9. Observations on O}, and MoO" during three
cycles of heating at 640 °K following adsorption at 300 °K
carried out in the sequence (a)—(c).

and 580 °K, starting with the same initial signal.
Figure 11 shows a comparison for different initial
levels of O} and a fixed heating temperature of
640 °K.

B. Adsorption at 640 °K

After cleaning by heating to 1900 °K, the adsorp-
tion of oxygen at 640 °K, produced by exposure at
a pressure of 5% 107 Torr, caused the yield
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FIG. 10. Decline of the OF signal on heating to 580
and 720 °K after filling to the same initial condition by
adsorption at 300 °K.
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FIG. 11. Decline of the O, signal on heating to 640 °K
after adsorption at 300 °K to different degrees of satura-
tion.

changes shown in Fig. 12(b). Figure 12(a) gives
the curves for room-temperature adsorption taken
under similar conditions. After only partial filling
of the a states by adsorption at 640 °K, no decline
in O} was observed when the oxygen exposure was
terminated (in contrast with the phenomenon de-
scribed above following room-temperature adsorp-
tion).

C. Adsorption at 1250 °K

As described earlier, the a states are removed
by .heating above about 1000 °K. Exposure of the
cleaned surface-to oxygen at 1250 °K forms only S
states. The changes in ion yields when the oxygen
pressure was 5% 10™° Torr are shown in Fig. 12(c).

Subsequent changes on heating first to 1600 °K
and then to 1880 °K are shown in Fig. 13. There
appear to be at least two B states with different
SIMS characteristics.

D. Adsorption at 1600 °K

The cleaned target was heated at 1600 °K and ex-
posed to oxygen at a pressure of 6.6 X 10™° Torr
with the results given in Fig. 14. After the oxygen
exposure had been terminated, heating to 1780 °K
reversed the changes in ion yields.
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FIG. 12. Changes in ion yields as a function of oxygen
exposure at various target temperatures when the oxy-
gen pressure was 5x10"° Torr. (a) 300°K, (b) 640°K,
(c) 1250°K.
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FIG. 13. Changes in ion yields on heating successively
to 1600 and 1880 °K after oxygen adsorption at 1250 °K.

A curious phenomenon was observed with the O}
signal at high temperatures. At 1200 °K, the O},
signal was less than 0.5% of that observed with
full occupation of the a states. At higher tempera-
tures, when heating in vacuum, the O}, signal in-
creased, although rapidly reaching a steady level
at each temperature. At 1750 °K it had increased
to about 5%. This phenomenon persisted even after
a great deal of outgassing of the target. A similar
effect was evident in Redhead’s earlier work.*

The O, signal was in no way related to the changes
in other ion yields in the temperature range of
1200-1750 °K described above. The O} ion energy

- distribution was quite similar (see below) to that

found when the a states were present at lower

- temperatures. The origin of this signal is not

known. It may be related to impurity diffusion to
the surface, providing some small fraction of the
surface with a high probability of O} formation.
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FIG. 14. Changes in ion yields as a function of oxy-
gen exposure with the molybdenum at 1600 °K.



E. Sputtering of the adsorbed layer

The changes in ion yield during the adsorption of
oxygen could be reversed by continuous sputtering
at room temperature in the absence of oxygen.
Figure 15 shows some data taken after room-tem-

perature exposure of the target to about 9 L of oxy-

gen. Theprimary-ion current was about 2.5 times
higher than that used in the adsorption experiments
described above. There is a very rapid reversal
of those changes associated earlier with oxide
formation. This has also been seen in the work
with aluminum® and titanium’ and in the work of
Benninghoven.'™ The exponential decays in Fig.
15 can be interpreted!’® in terms of cross sections
for desorption and/or destruction @ since for
monolayer kinetics the characteristic decay time
T is given by 7=1/vQ, where v is the intensity of
bombardment of the primary beam. The cross
section indicated from the Mo* curve would be
about 4.4 X 10™*® ¢cm? and that from the MoO* and
MoO," about 7.7 X 107! ¢m?,

F. Secondary-ion energies

The procedure for measuring secondary-ion en-
ergies has been described in detail previously.
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FIG. 15. Changes of ion yields with the time of
sputtering after exposure of the surface to 9 L of oxy-
gen. The Ar® primary ion current was 3.5X10" % A.
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FIG. 16. Secondary-ion energy distributions after
oxygen adsorption on the molybdenum surface. The en-
ergy scale is uncorrected for contact potential differ-
ence.

Figure 16 shows measurements on O}, Mo*, MoO*,
Mo,*, and Mo,0* taken at room temperature after
exposing the target to about 3.5 L of oxygen. The
target was then heated to 1250 °K, and maintained
at that temperature while the energy distributions
were remeasured. This ensures the absence of
the o adsorbed states. All the curves (O} being
absent, of course) were identical in shape within
the experimental error, but shifted about 0.5 eV
towards higher apparent energies. This would
correspond to a decrease in the work function of
the target surface. The experimental errors in
measuring energy distributions of Mo* from the,
cleaned surface at either room temperature or at
1900 °K were large because of the low secondary-
ion yields. However, the distributions were gen-
erally similar to those described above.

The small O} signal appearing at high tempera-
tures had a very similar energy distribution to
that shown above except for a slight broadening.

IV. DISCUSSION

A. Different states of adsorption

In the preceding section the discussion of the
data in terms of two regimes involving adsorption
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and oxidation has already been anticipated. The
adsorption regime is further subdivided into two
groups of states, « and B, of quite different bind-
ing energies, each of which is made up of at least
two states of adsorption.

Referring to Figs. 2 and 12, at room tempera-
ture one can divide the oxidation into three stages
with some overlap between the stages as follows:
(a) 0-1.5 L exposure, B states, relatively small
changes in ion yields; (b) 0.75-3 L, « states, in-
cluding a state producing O} and large increases
in secondary-ion yields; (c) >3 L, oxide regime,
decline of Mo" and saturation of MoO*., The as-
sociation of a decline in metal atom yield (Mo*),
with the formation of an oxide regime has pre-
viously been suggested in SIMS measurements
during oxygen adsorption on both aluminum® and
titanium’ even though the mechanisms of adsorp-
tion appear to be quite different in all three cases.
Independent evidence obtained using other tech-
niques on oxide formation was available for these
metals. For Mo(100), recent work by Riwan ef al.
using AES, LEED, and work-function measure-
ments has also identified three stages in the inter-
action with oxygen at room temperature. From
0-1 L exposure, there is a ¢(2 X 2) structure as-
sociated with a decrease in work function. In the
second stage (1-3.5 L) a sharp initial increase in
work function was observed, followed by a plateau.
Above 3.4 L, the work function increased slowly to
saturation along with the appearance of LEED pat-
térns attributed to surface oxides. Supporting evi-
dence for the first stage comes from the electron-
loss spectroscopic measurements of Ballu and
Lecante.!” ‘It is interesting to note that the differ-
ence in work function at the end of the first stage
compared to the end of the second stage also ap-
pears to be reflected in the secondary-ion energy
distribution measurements described above. The
existence of the two groups of adsorption states
was evident in the early work of Redhead!® on EID
and was confirmed by Lichtman and Kirst'! and
by Klopfer'? although the latter did not determine
the binding energies of the states of adsorption.

Benninghoven' has also reported some SIMS
measurements on the oxidation of molybdenum at
room temperature with an unannealed target and
a primary-ion energy of 3 keV. He found a large
increase in Mo* and MoO* yields only after expo-
sures of about 50 L. Clearly, this phenomenon is
not the same as the examination of the monolayer
region reported here.

Provided no changes occur in surface composi-
tion, SIMS yields (and secondary-ion energy dis-
tributions) appear relatively insensitive to tem-

perature changes. The yields of both Mo* and Mo,* .

were found to increase slowly with the target tem-

perature. In an experiment where the molybdenum
was outgassed at 2000 °K before each measurement
at a lower temperature in order to try to ensure
similar surface conditions, the yields were found
to decrease approximately exponentially with 1/7,
but with an apparent activation energy of less than
1.5 kcal/mole. SIMS therefore provides a tech-
nique for detailed examination.of the surface itself
during thermal desorption measurements. Thus,
measurements at high temperatures during ad-
sorption and desorption clearly demonstrate the
presence of at least two different B states of dif-
ferent binding energies. Allowing for probable
variations in sticking probability with tempera-
ture, the similarity of the yield changes observed
in the initial stages of adsorption at room tem-
perature [Fig. 12(a)], at 640 °K [Fig. 12(b)], and
1250 °K [Fig. 12(c)] suggest that the observations
of adsorption/desorption characteristics at high
temperatures are relevant to room-temperature
adsorption in this particular case. The heats of
adsorption of the 8, and B, states ean be estimated
from observations of the type illustrated in Fig. 14.

' Allowing for the residual signals, the curves ap-

proximately match those for a first-order desorp-
tion. For strongly bound states a preexponential
factor of 7,=10"" sec can be assumed and this
would indicate activation energies for desbrption
of 120 and 107 kcal/mole. These are in agreement
with the 110 kcal/mole found by Redhead!® from the
observation of pressure changes.

B. o states

Analysis of the a states is more complex. Both
during adsorption and desorption measurements
(Figs. 2, 3, and 6) the O} yield variations are as-
sociated with characteristically large changes in
the SIMS yields, especially Mo* and MoO*. It is
evident that the a states are only observed after
a substantial occupation of the f states. However,

‘when the « state is oply partially occupied, heat-

ing to quite low temperatures (e.g., > 550 °K) leads
to a rapid decrease in O}, with only a small de-
crease in MoO* (Fig. 8) and very small changes in
other ion yields. This is discussed in some detail
later. The observations can be explained by postu-
lating two types of « state, one which gives rise

to O, and occupies only a fraction of the surface
and one which does not produce O,. These states
will be designated @, and a,, respectively. They
cannot be distinguished on energetic grounds in
these experiments. In the desorption experiments
from the filled « states (Fig. 6), the changes are
not exactly the reverse of those during adsorption
(Fig. 3) especially for Mo*. This may indicate that
there is a partial transformation of the a states to
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some other adsorbed state rather than fotal de-
sorption. The O] variations on heating to >1000 °K
can be readily represented by a first-order pro-
cess (Fig. 7), exceptfor an initial delay which de-
creases at higher temperatures. The delay also
varies with the degree of oxygen exposure (Fig.
5) for a fixed desorption temperature. During the
delay, the Mo*, Mo,", and Mo,0O* peaks increase,
indicating loss of the oxide regime from the sur-
face. The structures responsible for the O} pro-
duction (and the associated MoO*) are “locked” in
place by the presence of the oxide regime. At
high levels of oxidation, the transition from one
regime to the other becomes less clear-cut (Fig.
5). At lower exposures, the delay is approximate-
ly proportional to the exposure.

The inverse slopes of the decay curves of Fig. 7
are plotted versus 10*/7 in Fig. 17. They indi-
cate a desorption rate given by

R= 105.78-37 OOO/RT .

The delay times in Fig. 7 also vary approx-
imately exponentially with 1/7, especially at the
higher temperatures, and are consistent with

an activation energy of the same order of magni-
tude, suggesting perhaps that loss of the oxide
regime involves a similar desorption process to
loss of the a state. Redhead'® reported a value

of 60 kcal/mole for the heat of adsorption of the
more weakly bound state but he arrived at this
value on the basis of a fit to second-order kinetics
when the coverage 0 was less than 0.3. The more
detailed data presented here are in conflict with
this assumption. It is possible that Redhead’s
measurements were complicated by the presence
of the phenomenon of the decay of O} from the
partially filled state (Fig. 10) which does resemble
a second-order process. Low preexponential fac-
tors like the one found here have previously been
observed for various weakly bound adsorbed spe-
cies on metal surfaces.?

The most complex kinetic process observed here
was the rapid disappearance of the O}, signal from
the partially filled o state at quite low tempera-
tures. Unlike the higher temperature loss de-
scribed above, which is probably largely associat-
ed with desorption, the cycles of repeated heating
and adsorption produce a change in the surface
(Figs. 8 and 11). The phenomenon only occurred
when heating to greater than about 500 °’K after
adsorption at room temperature. Exposure of the
surface directly at 640 °K [Fig. 12(b)] gave a stable
adsorbed state when the oxygen flow was ter-
minated. This suggests that the change in O],
arises from a rearrangement of the a, state
formed at room temperature as the temperature
is raised. However, this rearrangement only oc-
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FIG. 17. The decay times derived from Fig. 7 plotted
vs 1/T.

curs if the adsorption states are not fully occu-
pied, and occurs more rapidly the less the degree
of occupation (Fig. 11). The process which af-
fects the transformation requires only a small
activation energy (Fig. 10). The final state de-
pends on the past history of the surface (Figs. 8
and 9), on the degree of saturation of the a states,
and on the temperature. The kinetics of the O
loss (Fig. 10 and 11) at any particular temperature
and degree of a coverage (6,), resemble those for
a second-order process. However, the variations
with 6, and particularly the variations in the “fi-
nal” coverage are difficult to reconcile with such
a simple process. A more likely explanation is
that the process is an equilibration. The a, state
interacts, for example, with a vacancy in the
oxygen coverage to give a thermodynamically
more stable state. This would lead to a high rela-
tive-loss rate at low coverage (high concentration
of vacant sites) and zero loss rate at complete
coverage (zero concentration of vacant sites).
Reversibility of the process has to be assumed in
order to account for the different final concentrations
for different temperatures withagiven 6, (Fig. 10).
The activation energy for the forward process (O},
loss) might then be associated with some process of
surface diffusionand rearrangement. The activation
energy canbe estimated from the initial slopes in Fig.
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10, sinceitis evident from the final concentration
thatthe “back reaction” is initially quite small. The
activation energy is only about 7 kcal/mole.

At low 6, the exponential decay times (7) are
approximately proportional to 6, as would be ex-
pected, but the times become even greater once
8,>3. It would only be possible to fit the experi-
mental curves to a detailed theoretical model if
the relative populations of the states involved
could be independently determined. Attempts to
directly verify the occurrence of a “back reaction”
by adsorbing at one temperature and then cooling
the target were not successful. Transformations
occurring at temperatures above 350 °K have also
been observed in LEED studies of O, on Mo(100).¢

C. Rates of coverage

Previous adsorption studies using SIMS on ap-
parently simpler systems® "2® have suggested that
the changes in yield of the major ionic components
(especially the metal ions M*) are linear at low
coverage. This feature is confirmed in the pres-
ent work for each of the states of adsorption. The-
yield-versus-exposure curves can then be inter-
preted in terms of the initial rates of coverage of
each adsorbed state assuming that saturation cor-
reponds to full coverage. From Fig. 14, for ex-
ample, the Mo* curve would indicate an initial rate
of coverage for the B, state of about 1 monolayer
per 6x10** collisions/cm? at 1600 °K. If the mono-
layer coverage, or more correctly, the saturation
coverage,was known, it would be possible to cal-
culate the sticking probability. Other initial rates
of coverage for the B states were as follows:

1250 °K (B, +B,), 6.3 x 10'* collisions/cm? mono-
layer; 640°K (B, +8,), 4% 10* collisions/cm?
monolayer; 300 °K (B, +8,), 3.3 % 10'* collisions/
cm?® monolayer. A certain degree of randomness
in the process of filling the a, state is indicated
in Fig. 4; the curves are less linear at lower
pressures and there is more overlap with the B
states. From Fig. 3, the initial coverage rate
at 300 °’K for the « states is also about 3.3 x 10%*
collisions/ cm? layer.

Using AES measurements on Mo(100), Riwan
et al.*® tind a total coverage of 15 X 10** atoms/cm?
after 12 L exposure. The initial stage of oxida-
tion (as described above) involved a coverage of
5x 10" atoms/cm? (6=3). The initial sticking
coefficient was 0.5 and was almost constant
throughout the first stage of adsorption. The con-
stancy of the sticking probability with coverage
despite the transition from a filling of B states to
filling of a states suggests the possibility of a
common precursor which is mobile when the B
states are not fully occupied. In principle, the

variation in sticking probability with coverage
might be determined from the SIMS yield curves
if the effects of coverage remain linear at high
coverage.

D. SIMS yield characteristics

Implicit in the discussion of the SIMS results so
far is that separate states of adsorption can be
characterized by “fingerprints” of changes in ion
yields and that these general characteristics are
retained at different temperatures. The experi-
mental data lend considerable support to this as-
sumption. The question arises of how to represent
these spectral characteristics. For example,
since the a states are never present in the ab-
sence of B states, is it sufficient to present the
overall spectrum as in Fig. 2 ef seq., or is it pos-
sible to decompose the spectrum into contribu-
tions due to the different adsorbed states? Such
an analysis might be useful in deciphering infor-
mation on adatom bonding or locations and would
be important in trying to develop theroretical mod-
els for the dependence of SIMS yields on adsorp-
tion. The most informative presentation would be
as the rate of change of ion yields per degree of
occupation of each state. Of course, as in all mass
spectrometric cracking patterns, the exact pattern
depends upon the instrument characteristics. How-
ever, relative comparisons may be useful. Fig-
ure 18 compares the changes in yield observed for
the various states of adsorption under similar in-
strument conditions. The overlap of the occupa-
tion of the various states and the occurrence of the
oxide regime prevents a more accurate compari-
son.

The increase in the yield of metal ions (Mo*) with
adsorption of some gases has been observed many
times before. It is presumably associated with a
change in the ratio of ions to neutrals emitted in
the sputtering process and: might be related to
changes in the probability of electron tunnelling in-
to the vacuum.” The strongly adsorbed B, state in-
creases all the ion yields substantially but for
Mo," the relative increase is much smaller than
for the other ions. This suggests an interference
by the adsorbed oxygen with the probability of em-
ission of the Mo, cluster.5” The B, adsorption con-
tinues to increase all the ion yields except Mo,*
which remains almost constant. This provides a
clear distinction between the two B states. It has
been suggested from LEED and work-function mea-
surements that on Mo(100),'® even at room tem-
perature, the first stage of adsorption (up to 6
=0.5) involves a reconstructed surface in which
oxygen atoms penetrate into the surface layer of
the molybdenum. The Mo," behavior is consistent
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FIG. 18. Approximate changes in characteristic ion
yields brought about by adsorption into the various «
and B states at room temperature.

with this picture. In room-temperature adsorption,
there is a steady progression in the kind of changes
in ion yields as the B,, B,, and « states are filled.
The a states are characterized by the ready pro-
duction of MoO*. MoO,* seems to parallel MoO*
but the yield is about ten times smaller. Exact de-
tails of Mo," and Mo,O* behavior are masked by

the beginnings of the oxide regime which suppress-
es their formation. Since the o states only form
after substantial occupation of the 8 states, one
might speculate in terms of some linear bonded en-
tity filling spaces in the more tightly bound layer.
However, knowledge of secondary-ion production
mechanisms is still too limited to justify such in-
terpretations in any detail. It is worthwhile re-
examining the data on the transformation of the a,
state indicated by the low-temperature loss of O}
(Figs. 8 and 9). The transformation produces a
small drop in MoO* but there are also small in-
creases in Mo,* and Mo,O*. The Mo* peak is al-
most unchanged. On refilling the a, state the Mo*
and MoO* increase to higher levels for the same

O} signal. These changes support the view that the
process is a transformation rather than a loss, and
that it is a transformation to a more strongly bound
state.
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The ionization patterns shown in Fig. 18 raise a
number of questions concerning the mechanisms
which control the secondary-ion yields. The most
intriguing one is the very great influence of the «
states on the total ion yield when the population of
the a and B states is probably about equal.'® Mea-
surements of the electronic structure of the sur-
face during oxygen desorption would provide an in-
teresting comparison. As pointed out previously,’
although the work function may be a significant pa-
rameter, itisnot the dominant one since ion yields
increase during oxidation even when the work func-
tion decreases.

E. Secondary-ion energies

The differences between the secondary-ion en-
ergy distributions for various species (Fig. 16)
show the same trends as those in the work on ti-
tanium. It is interesting that, except for energy
shifts apparently due to the work-function changes
of the target, the distributions remain similar even
though ion yields are changing by one or two or-
ders of magnitude. Various simple models have
been proposed’ for secondary-ion production at
clean surfaces, usually in terms of processes
which give a velocity dependence of the ratio of ions
to neutrals during sputtering. Different models
propose different forms of velocity dependence.
From the results presented here, whatever the
mechanism which induces the increase in second-
ary-ion yields during oxygen adsorption, it does
not involve a strong velocity -dependent factor.
Furthermore, there is no marked temperature de-
pendence of the secondary-ion energy distributions.
Any theory of secondary-ion production must take
account of these characteristics.

V. CONCLUSIONS

The study of oxygen adsorption onpolycrystalline
molybdenum at various temperatures using SIMS
and EID has indicated that: (a) Oxygen chemisorbed
on polycrystalline molybdenum at room tempera-
ture exists in two types of states, 8 and a.

The adsorption regime is followed by an oxide re-
gime. The a states are only populated after the

B states are substantially occupied. (b) There are
two B states with heats of adsorption of ~120 and
170 kcal/mole. (c) The a state is characterized
by a heat of adsorption of 37 kcal/mole and a 7,

of 1077 sec. (d) There are two a states, one giv-
ing rise to electron-induced desorption of O} but
the other not. (e) When the « states are only par-
tially occupied at room temperature, there is a
rapid transformation of the O} producing state on
heating to >500 °K with an activation energy of
roughly 7 kcal/mole. (f) The « states are associa-
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ted with the ready production of MoO* secondary
ions. For the B states, Mo,O" production is more
significant. (g) The structures responsible for
MoO* and O} production are “locked” in place by
the presence of the oxide regime. (h) At room tem-
perature, both the o and B states fill at an initial
rate equivalent to “monolayer” formation after
about 3.3 X 10** collisions/cm?®. (i) The variations
in ion yield produced by each state of adsorption
are linear at low coverage for each state. The «
adsorption produces a much larger change in sec-

ondary -ion yields. (j) In favorable cases SIMS:can
be used to examine different states of adsorption
and the kinetics of adsorption and desorption.
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