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Abstraét

An Auger electron spectrometer is combined with a modulated molecular
beam system and the time-dependenf concentration of adsorbed oxygen on a
molybdenum surface subject to a chopped 02 beam is measured and compared
to predictions of a reaction kinetic model derived from modulated

molecular beam spectroscopy alone.



Introduction

Although modulated molecular beam mass spectrometry is a useful
technique for the study_of gas-surface reaction kinetics(1), it is

incapable of directly determining the identity and the time-dependent

‘concentrations of reaction intermediates on the surface. Rather, this

information is deduced from a reaction model constructed to fit the

‘modulation frequency, temperature and pressure dependenée of the

reactant and reaction product signals measured by a mass spectrometer.
Recently Steinbach and Schatte(Z) have shown that XPS and UPS used
in conjunction with a modulated molecular beam are powerful tools for
measuring the time-dependént behavior of surface species which is
inaccessible by mass spectrometric detection. The purpose 6f the present
work is to illustrate the use of modulated Auger electron spectroscopy
(AES) to_supp]ément modulated molecular beam spectroscopy in a relatively
simpTe gas-solid reaction system. The low-spatial-resolution AES used
here can detect the time-dependent surface element concentrations
induced by the incident modulated reactant beam, but un11ke'XPS, can
only with difficulty provide chemical identification of the adsorbed
species. In addition the AES technidue is more likely than XPS to
disturb the reaction mechanism (by photon-stimulated desorption). On

the other hand, the higher sensitivity and moduiation frequencies

achievable by AES represent significant advantages over XPS. Combination

of time-resolved surface analysis by AES with conventional mass spectro-

metric molecular beam spectroscopy in principle permit both the surface
concentration of the intermediate and reaction product emission to be
measured in the same apparatus. Whether both techniques can be used

simultaneously depends on the reaction conditions.  Low temperatures



generally resu]ﬁ in high surface concentrations and slow product desorption,
a situation best suited to AES. Af high temperatures, on the other hand,
surface concentrations tend to be low and the reaction rapid. This
combination is best exp]oifed by mass spectrometric detection of the
desorbed products. The AES and mass spectrometric measurements consist of ™\
both amplitude and phase, and because they probe different aspects of the Y
reaction, provide complementary but independent data from which the
mechanism can be deduced.
We demonstrate the utility of this combinétion by an AES studyvof a
gas-solid reaction (molybdenum oxidation) which has previously been investigated
by modulated molecular beam mass spectrometry(3). -The approach is to measure
the time-dependent surface intermediate concentration for this reaction
(which is adsorbed oxygen) and compare the results with a theoretical
prediction based solely on the kinetic parameters of the reactibn determined
in Ref. 3.v No parameters of the reaction model are adjustable, so that the
experiment constitﬁtes a test not on]& of the applicability of the AES

technique, but also of the validity of the reaction model presented in Ref. 3.

Experimental

‘ The conventional mass spectrometric portion of the modulated molecular
beam apparatus fs shown in Fig. 1. To the basic system, which has been
previously described in Ref. 1, a cylindrical mirror analyzer has been added

inside the vacuum system and the electronics of the AES system have been

—~

added to the analogous electronic components for the mass spectrometer part.
The gaseous reactant molecular beam is formed in the diffusion-pumped source Y
chamber, where beam modulation and collimation take place. The solid

reactant (the target) is located in the differentially-pumped térget chamber in

one of two possible positions. In the lower position (shown by the dashed

-2-



a

rectangle in Fig. 1) the reactant impingement spot is viewed by the mass
spectrometer located in the differentially-pumped mass spectrometer chamber;
this is the conventional configuration of the apparatus. Wheh the target is

moved in situ to the upper position (indicated by the solid rectangle), the

reacting surface is exposed to the Auger analyzer which has been placed in
the target chamber. The electron beam of the analyzer impinges on the
center of the mo]ecuTar Seam spot on the target and the analyzer is tuned
to the Augér peak of interest. The output sigha] from the analyzer (tuned
to the 503eV peak of oxygen) consists of i) the periodic waveform from the
surface species corresponding to the modulation frequency of the beam
chopper (7 - 80 Hi), and ii) superimposed on this signal is the ripple due

to the 10 kHz internal reference of the AES system. The total signal

(shown schematically in Fig. 1) is - not visible on an oscilloscope because

it is swamped by noise. The type of output from the lock-in amplifier in
the AES electronics (No. 1) due fo this input signal dependé on the time
constant 11'se1ected for processing the input waveform.

To determine the steady-state component of the surface intermediate
concentfation induced by the incident modulated reactant beam, a 10 s time
constant is used on this lock-in amplifier. The long time constant relative
to the period of the input signal provides a temporal average of the latter
as the output of lock-in No. 1 (denoted by V). This measurement, in conjunc-
tion with measurement of the steady-state AES signal from the substrate
metal perhits determination of the time-averaged coverége of the surface
intermediate by the usual method(4). To méasure the phase and amplitude‘of
the first Fourier component of the time-dependent surface intermediate

concentration, a time constant T = 1 ms is used on Tock-in amplifier No. 1.

The time éonstant T is much smaller than the periodicity of the input



signal; which meahs that in this case, the AES system output is the same
shape as the input with only the 10 kHz ripple removed. This signal is
routed to Tock-in ahp]ifier No. 2 where it is processed with the reference
signal drawn from the chopper modulating the molecular beam. The time
constant fz of the No. 2 1ock—ih is set at 10 s to provide accurate measure-
ment of the phase angle and amplitude of the first harmonic of the signaT
coming from lock-in No. 1. This signal contafns the time response of

the surface intermediate conéentration on the reacting solid.

In order that the phése measured by 1ock-inANo, 2 be properly reférehced
to reactant beam impingement on the target (so that it can be compared with the
theory in absolute terms), the mechanical phase lag in the chopper motor and
the phase lag due to beam transit from the chopper to the target in its upper
position must be eliminated. This correction is achieved in separate experi-
ments with the target in the lower position in Fig. 1, which scatters the
ihcident reactant beam into the mass spectrometer (reaction product signals
are not measured because this information is available from Ref. 3). The
output signal is fed to lock-in No. 2. Because the beam path length when the
target is in the Auger-measuring position is very nearly the same as the sum
of the distances from the chopper to the target in the lower position and
from here to fhe mass spectrométer, this measurement serves to eliminate the
parasitic pHase lags. However, no attempt has been made to determine the absolute
amplitude of the first Fourier component of the surface intermediate signal
because no convenient reference signal (such as was provided by the substrate
metal signal for thé steady-state determination) is available.

Results
To illustrate the AES technique, we investigated the oxidation of

polycrystalline molybdenum, which has been studied by Ullman and Madix(3)
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using modulated molecular beam mass spectrometry exclusively. The surface
temperature (1800 K) and the incident oxygen beam intensity (1.2x]0]6
mo1ecu1es/cm2~s on the target in the upper position) were choseﬁ because the
AES signal waseasi1y'measurab1e with the oxygen beam on and disappeared
immediately when the Beam was turned off. -

Using the 10 s time constant on lock-in No. 1, the steady-state

‘spatially-averaged oxygen peak height was determined. This measurement,

along with that of the molybdenum peak height,'gave a time-averaged oxygen

coverage of the surface of v 5%.

The absolute phase lag and the relative amplitude of the first Fourier

~ component of the oxygen surface concentration measured by the AES method

described in the preceding section are shown in Fig. 2. Because the spot
size of the incident electron beam is ~1.5mm, these measurements represent

spatial averages over local surface concentration distributions on

_ individual grain faces. They are plotted as functions of the nondimensional

frequency w a2/D, where w-is the modu]ation'frequency of the oxygen

molecular beah (35 to 415 radians/s), a is the radius of the grains (measured
from photomicrographs to be ~ 5um) and D is the surféce diffusion coefficient
of oxygen adatoms on the molybdenum surface. Although the phase lag shown

in Fig. 2 is absolute (i.e., it is relative to the impingement of the

oxygen beam on the surface), the lowest amplitude point has been matched

to the theoretical prediction (described below) at an abcissa value of 1.5.

Comparison with the Ullman-Madix Model Predictions

Ullman and Madix(3) found that the rate-controlling step in the high-
temperéture oxidation of molybdenum is the diffusion of oxygen adatoms across
the grain surface to the grain boundary where the product oxide(s) rapidly
form and desorb. From their molecular beam data, they deduced the oxygen

surface diffusion coefficien;'at 1800 K (6 x 1076 cmz/s as well as the temperature
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depehdent oxygen sticking'probabi1ity (0.3) at 1800 K. We use
these values in the following calculation of the spatiaT]y—averaged surface

oxygen concentration, which is what the AES measured.

Following the usual procedure in molecular beam ana]ysis(]), the oxygen

adatom concentration in the gfain surface is represented by the truncated A
Fourier expansion: : (
n(r,t) = n (r) + (r)e'®* (1)

- where r is the radial position on the grain surface, which has been
modeled as a circ]e. Applying the surface mass balance for oxygen adatoms on
the Qrain surface as developed by Ullman and Madix, the steady-state

component is found to be:

n(r) = 7 22 (0 -5 | (2)

.where n is the O2 sticking probability and I is the incident molecular beam
intensity. Because the spatial resolution of the AES system is low, the
measurement represents the average oxygen concentration over the surface of
the grain, which can be obtained theoretically from Eq(2):

Lre>= 2 - (3)

Dividing(n()) by the density of molybdenum atoms on the surface (n 10]5

-2
cm
(4)) gives a theoretical coverage of ~ 2%, which is in fair agreement with
the experimental value of ~ 5%.

The first fourier component of the surface concentration, %(r), is given

a—y

by:
A" ] v
ML < 4 (tan © ber(x) - bei(x)) - §(1 - Alber(x) - tan © bei ()1} (4)

‘where x = (m/D)%r, ber and bei are the Kelvin functions(5) and 6 is the phase

' ' 4 ) . .
of the Kelvin function at (w/D)“a. The coefficient A is:

2
4 cos 6
- e (5)

A= 1
ber[(w/D)?a]
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The average of Eq(4) over the circle representing the grain is obtained from:
a

v [ rit o
a0 |
which we do not explicitly display here.

The calculated phase and amplitude of(ﬁ} are shown in Fig. 2 as
solid lines. Both the absolute phase lag prediction and the shape of the
theoretical amplitude are in excellent agreement with the AES data over a
a factor of 10vvafiation of beam modulation frequency.

We also show as the dashed curve in Fig. 2 the calculated value of
the phase of the oxygen adatom concentration at the grain boundary (1.e.,
the 1imit of the phase lag of ﬁ(r) as r ~ a). Because reaction at the grain
boundary and subsequent desorption are rapid compared with diffusion over the
grain surface, this phase lag should be identical to the product desorption
phase lag deduced theoretically by Ullman and Madix(3) - that is, the dashed
éurve in Fig. 2 fs the same as the theoretical curve in Fig. 3 of Ref(3).

Display of the dashed curve does not demonstrate further agreement of our

data with the Ullman-Madix que}.' Neither does the difference between the

phases given by the solid and dashed curves represent a discrepancy between
the AES and the mass spectrometric analyses df this reaction. The difference
between the two phase lag curves in Fig. 2 simply demonstrates that AES and
mass spectrometry probe different aspects of the surface reaction. The
application of these two techniques in the same vacuum system, although not
necessarily simultaneously, provides a very potent tool for mechanistic

studies of gas-solid reactions.

Conclusions

This investigation has shown how to measure the time-dependent concentra-
tion of a surface intermediate in a modulated molecular beam experiment by

uéing Auger electron spectrometry and how these results are related to
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reaction kinetie information obtained by detection of reaction product emission
by mass spectrometry. The AES measurements also provided independent confirma-
tion of the mechanism of the oxygen/molybdenum reaction proposed by Ullman
~and Madix.

It is apparent that an Auger system with high spatia1 resolution
(microns rather than mi11imeters) would permit similar measurements to be
made locally on the reacting surface. Such a capability could be very
valuable in some reactions on heterogeneous surfaces.

Acknowledgement

This work was supported by the Director, Office of Energy Research,
Office of Basic Energy Sciences, Materiels Sciences Division of the U.S.

Department of Energy under Contract No. DE-AC03-76SF0098.

-y



References

R. H. Jones, D. R. Olander, W. J. Siekhaus, and J..A. Schwartz, J. Vac.

Sci. Technol. 9, 1429 (1972).

F. Steinbach and J. Schutte, Rev. Sci. Instrum. 54, 1169 (1983).

A. Z. Ullman, R. J. Madix, Higﬁ Temp. Sci. 6, 342 (1974).

L. E. Davis, N. C. MacDonaTd, P. W. Palmberg, G. E. Riach and R. E. Weber

eds. "Handbook of Adger Electron Spectroscopy," Physical E]ectronics Ind.,
Eden Prairie, Minn. (1972).

M. Abramowitz and I. A. Stegun eds. "Handbook of Mathematical Functions."

Dover Publications, Inc. N.Y. (1972).



Figure Captions

1.

Schematic of the modulated molecular beam reaction apparatus incorporating
both mass spectrometric and time-resolved AES detection techniques.
Amplitude and phase of the first Fourier component of the oxygen

adatom concentration averaged over the grain surface - measured by

AES (points); calculated using reaction parameters from Ref. 3 (solid
curves); phase lag of the reaction product oxide emission rate from

Ref. 3 or equivalently of the oxygen adatom concentration at the grain

boundary from Eqs.(4) and (5) (dashed curve).
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