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Gas Adsorption Studies By Ellipsometry In Combination With Low

*.
Energy Electron Diffraction and Mass Spectrometry

R. H. Muller, R. E. Steiger, G. A. Somorjai, and J. M. Morabito

Inorganic Materials Research Division, Lawrence Radiation Laboratory

University of California, Berkeley, California
ABSTRACT

Isotherms for physical adsorption on a silver single crystal sur-
face from ultréhigh vacuum have been determined by ellipsometry. Molé-
cular volumes, derived from the optically determined monolayer film thick-
ness, indicate that the classical macroscopic theory of ellipsometry for
film covered surfaces is suprisingly well suited for physically adsorbed
coverages of molecular.dimensions. For a fractional monolayer coverage,
the electron diffraction pattern has been found to remaln characteristic
of the clean substrate surface. The results also show the difficulties
in the preparation and defihition of clean solid surfaces, and indicate

a sensitivity of the ellipsometer for surface roughness on an atomic -level.

*
Work performed under the auspices of the U.S. Atomic Energy Com-

mission.
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Ellipsometry and low energy electron diffraction (IEED) have some
complimentary propefﬁies, which make it desirable tc combinel the two for
resolving uncertainities inherent in both techniques vwhen employed sepe-

rately. For use in adsorption studies, ellipsometry is basically coverage

.sensitive while LEED is structure sensitive. Two recurring problems in

ellipsometry ﬁay profit from such a combination of capabilities, namely:
(l) The question as tc when a clean surface haé been obtained and
what its optical prcperties are, and
(2) The question‘as to how well the classical theory of ellipso-
lmetry,ﬂwhich is based on a_coﬁtinuum model of matter and employs
macroscopic physical properties, apclies to films of molecular
ccverage. |
In recent years, a considerable technology has been developed for
the preparationbof single cfystal»surfaces, determined to. be atc%icelly
clean in ultrahigh vacuum‘by,low energy.eiectron diffraction. .Iﬁ appeared
desirable to eﬁploy these techniques for preparing ellipsometerbreference
surfaces. On the basis of additional diffraction features, ordered ad-
sorption can often be ascfibed to one or more poesible coverages. A com-
parison of these coverages with simultaneous eilipsometei results may result
in a preferred alternafive and thus, provide valuable crossechecks_between

both techniques. The measurement of disordered adsorbed layers by ellipso-

'mefry,'at present not quantitatively observable by LEED, would further the

interpretation of diffraction data from such surfaces. @

Equipment

The equipment built for this study2 is sketched in Fig. 1. Ellipsometer
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components from a commercial instrument have been mounted on a
Table E which can be rolled over part of the LEED apparatus N and is re-
producibly’positioned by means of spacers and tapered vins between both
frames, Thié arrangement avoids repetition of the time-consuming optical
alignment process every time the ellipsometer has to be removed for baking
out’ the vacuum system. One can recognize the collimator with the polarizer
circle F followed by the compensator G, and the telescope with the analyzer
circle K., A mercury arc C with glass filters has mostly been used as a
light source. The beam is modulated with a rotating chopper D which
provides a reference signal for a phase-gsensitive detector A which in turn
measures the signal from the photomultiplier L. Except for minor adjust-
menté, collimatorqand compensator are mounted in fixed positions. The
telescope is‘provided with rotatory and translatory degrees of freedom in
vertical and horizontal direction for optical alignment, and can be laterally
moved out of the way on the garrier 0 for observation of the diffraction
pattern through the front window of the vacuum chamber. The optical
arrangements allows azimuth measurements, as determined from two off-
minimum readings, which are reproducible to * 0.01°.

The LEED system has been laboratory-built from commercially avail-
able components. The chamber H (Fig. 1) contains the electron optics and
the specimen on a specially built holder, which allows temperature variation
between about -195° and-+200°C. Gases to be adsorbed are admitted by a vari- .
able leak value; the resulting atmosphere, as well as the residual vacuum
constituents, afe monitored with a quadrupole mass spectrometer, connected

to the flange M on the bottom of the ILEED chamber below the specimen.
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The windows on the LEED chamber zre made of Corﬁing 7056 borosilicate
glass, selected for lack of birefringence and optical inhomogenities.
A frequently neglected problem of ellipsometry concerns the orientation
_ of chamber windows with respect to the light beam. Measurements with the
unmounted 3/8" thick windows are shown in Fig. 2. They demonstraté'that'
within one degree of normal incidence (¢ = Oo), the measured relative
phase and amplitude parameters O and ¥ are affected_by lesé than 0.01°
by the presence of a window. Its alignment i§, therefore, not very critical
as long as ifuis oriented normal to the*optié axis. However, any non-normal
orientation would have to be determined with extreme accuracy, in order to

quantitatively account for the effect of windows on the measurements.

Specimen Preparation

- The preparation of crystal surfaces for the simultaneous use in
ellipsometry and low energy electron diffraction can present considerable
problems, because the chemical etching, routinely used in LEED studies to
expose the undisturbed lattice, does not result in the flat, optically
polished surfaces desirable for ellipsometry. Adequate3 silver surfaces
have been obtained by chemical polishing with mechanically controlled
mass transfer.,

Bare Substrate

_.Basic'to any adsorption experiment are the properties of the
bare substrate. For measurements by ellipsometry, the optical constants
of the bare substrate must be known at the temperatures to be employed.

5

Optical constants of metals, particularly of silver,” found in the litera-

ture, show considerable scatter and very little data on temperature depen-
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dence6 are available. For surfaces shown to be clean by electron diffrac-
tion, the determination of optical constants by ellipsometry was expected
to give unambiguous results. Howéver, different complicating factors have
been enééuntered in this measurement. Two of them, namely the problems
of surface contamination and topography, will be discussed here, because

7

they relate to important questions in ellipsometry. The results shown

in Fig. 3 have been obtained with one particular surface under the best
possible exclusion of contamination effects.9
it is useful to remember .that, even in ultrahigh vacuum, an ideally
clean surface becomes contaminated in a finite period of time. These
times can approximately be calculated for low specimen temperatures, where
the sticking coefficient for the impinging gas molecules can be assumed

to approach unity and to be independent of coverage. Then the rate of

condensation R (milligrams/cm2 sec) is given by
R = (p/1.72 x 1072) x ~M/T

where p - (atm) preswre in torr, M- molecular weight, T - gas temperature
in °K. Results obtained by this expression for butane and water are shown
in Fig. 4 in the form of the time required for monolayer formation as a
function of gas pressure. It can be seen that with 4 10-10 torr of
~ water a monolayer is formed in thirty minutes. A cold surface can, there-
fore, be expected to remain clean only for times in the order of three
minutes, when 0.1 monolayer, the approximate detection limit in these
experiments, has been formedolo

An instructive example of contamination is documented by the next
three figures. Figure 5 shows the increase in film thickness computed

from the ellipsometer measurements. The origin of time and thickness
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'(curfe ‘5), "cou;d therefore be mistaken ae-fhatvof a éiean‘sufface )
(curve 1). | B |

Apart from_cohtamiﬁation, surface topographymaj'afféctvthe'opticai,
constants of bare substrates determined by ellipsometry. The (110) face |
of silver cfystale is known to be tmsta‘olc—:".l4 " Facets of (lll)‘and (100)
orientation have been shcwn in the literature to appear upon prolonged
heating in vacuum above 600 C, and this process is accelerated by the
presence of certain gases.12 It appears that.elllpsometry is able to
detect a preeurser to this microscopically visible faceting after mﬁch'
milder treatments: A‘systematie difference in the relative phase change
A of 0.3° has been found in the optical ﬁroperties of elean silver (110)
surfaces, depending on whefher-they had been heated balow 85° or above

140° in the cleaning process. The exposure of other crystal faces by

this treatment can also be inferred from surface-Debye temperatures '

- derived from LEED intensity measurements. The results from such measure- - -

ment s, showﬁ in.Fig. 9, fall into two categories which coincide with tﬁe
different surface treatments,
If the optical effects of surface raughness on a scale belov the f
wavelength of light can‘be represented as g transiﬁional layer between '
the bulk substfate and the vacuum, with optical ﬁfoperties intermediate_
- between the two phases and a thickness correspondiﬁg to avmean variation
in the surface profile, the expected effect of surface roughness on the
measured relaﬁive phase change & can be computed.. Iﬁ this modelaof sur-
'faee roughness,'a smooth surface with few groovee is represented by a:
' transi%ional layer of more metal-like properties (large frectionel metallic
properﬁies) vhile few protrusioné from a plane are described by more vacuum-
‘like properties of this hypothetwca1 1ayey.13 Resu]ts of computations ‘for

41 fferent fractional metall1c properties of the transitionel layer, deter- -
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mined with the Clausius~Mosottil equation}h are given in Fig. lO.15 It can
be seen that the observed change in A of O.5° corresponds to changes in
surface roughness in the Angstrom range for all assumed opticél properties
of the transitional layer.

If the above interpretations are correct, then two conclusions with
serious consequences for the use of ellipsometry must be drawn:

(1) Ellipsometry may not be a suitable technique for the precise
- determination of optical constants of solid materials, even if all the
instrumental sources of error for absolute measurements were eliminated.

(2) The cleanliness of a surface cannot be judged a priori from
the measured ¥ and & values.

In the case of our measurements on silver, an uncertainity of 0.3°
in 4, presumably due to minute changes in surface roughness, corresponds
to errors in n of 3% and in K of 2%, as can be derived from Fig., 1l. In-
strumental factors which affect the absolute accuracy of ellipsometer
measufements, particularly non-ideal compensator,l6 are analyzed 1in de-~
tail in the literature. Little attention has been given, however, to
azimuth errors of the fixed ellipsometer element, which are not diminished
by the simple four zone averaging procedure, and to deviation from the
nominal angle of incidence, particularly the spread of angles due to finite
source size., Birefringence in cell windows can also rebult in absolute
errors of several degrees. While the absence of birefringence in windows
can be established with reasonable certainty by comparing the azimuth

7 with and without windows, the effect of inadvertently

circle alignments1
present birefringence is difficult to account for. A possible technique
for this purpose involves the use of an environment-independent reflect-

ing éurface, for which a metallized totally reflecting prism has been



used with good success.
Adsorption

The adsorption experiments to be reported have all been conducted
under conditions of physical adsorption, i.e. weak interaction between
film and su’bé’cratec Because of the contamination of vacuum chamber and
electron optics and the release of previously pumped constituents, particu-

larly CO, Ar and H

5 from the ion pump, the pressures employed have usually

been restricted to below 10-6 torr. The lowest temperature used has

been limited by contamination rates from the residual atmosphere and
ahosen to be -70°C. At this temperature, the effect of contamination
remained below the detection limit of the ellipsometer during about 15:
minutes. For the interpretation of adscrption measurements, it is import-
ant to differentiate between the usually rapidly reached equilibrium thick-
ness of the adsorbed layer of admitted gas and a steady state thickness
primarily due to contaminants and reached after much longer times. All
the film thicknesses were computed from the ellipsometer measurements
according to the classical theory with refractive indices for the bulk

liquid phasel8’l9

at the temperatures involved. (Table I). From the
'first.step of film thickness-time relationships, like the one shown in

Fig. 12, adsorption isotherms. in terms of optical thickness have been
derived. Typical results for krypton, oxygen and acetylene are given in

_ Fig. 15. Every data point has been obtained by first desorbing contaminants
from the crystal at 85é in vacuum, then admitting a given gas pressure and
rapidly cooling the specimen to the desired temperature., From families

of isotherms, heats of adsorption as a function of coverage have been derived

by use of the Clausius-Clapeyron relation (Fig. 1&). The results confirm

the weak interaction between adsorbate and substrate. Thus, thermodynamic



-9~

data for single crystal surfaces can be obtained by ellipsometry.

Correction of the indicated pressure by a constant factor, to
account for a possible pressure gardient betﬁeen épecimen and gauge,
will shift the adsorption isotherms but not affect the heats of
adsorption. Errors in the absolute values of ¥ and 4, although serious
in the determination of optical constants, aré not of importance for film
thickness determinations within any likely error limits. Computations
given in Fig., 15 show that_the thickness of an n-butane film, derived
from relative A measurements, is affected by only T by the substantial
variations in substrate optical constants which result-from an absolute
error in A of 7°.

A comparison of coverages by adsorbed molecules, as determined by
éllipsometry and IEED has not been possible because no ordered adsorp-
tions have been obtained so far. Another, less direct test of the
classical theory of ellipsometry has been carried out and seems to con-
firm the measured monolayer film thicknesses: If one determines the mono-
layer fil@ thickness from the pressure-independent part of the adsorption
isotherm, and derives the molecular area in the filmh by use of the bulk
density of the adsorbed material (Table I), the results compare well with
literature data from volumetric adsorption work (Table II) based on
nitrogen as a standard. Similar conclusions on the applicapility of the
classical theory of ellipsometry for determining the amount of the material

- 5
in partial monolayers have been drawn by Smithl8 and Bootsma and Meyer. ©

-Discussion

Ellipsometry has been successfully employed for the determination of
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adsorption isotherms, heats of adsorption and molecular areas of differemt
gases at low'temperaturés‘on a single crystal surface. The sensitivity of
ellipsometry to fractional monolayer coverages, expected on theoretical

grounds and found with other systemsl8’21

has been confirmed. However,
ellipsometer measurements seem to depend also on surface roughness and it
may be possible to develop submicroscopic roughness measurements from this -

dependence,

An important conclusion from this study is that the preparation of clean - :"

_suffaces, even in ulprahigh vacuum envfronment, is by no means a trivial '
problem, The principal limitation of the optical arrangement used,iies in
Rthe h5°vaﬁgle of incidence{ which is due to the arrangemént of window
vports in the LEED chamber.‘ Computationsnillustrated in Figs. 16 and 17
show that for both, the determihation of otpical constants of the ba?e
substrate and the thickness of dielectric films, a three tiﬁes higher
sensitivity can be obtained at an angie of incidence of 80°.

A possible explanation for the apparent_l&ék_of‘senéitivity of the
low energy electron diffraction technique to fractional monoiayefs of
physically adsorbed species lies in a patch coverage of the surface.
Witﬁih certain limits, the size of such patches ray be amenable to analy-

sis by ellipsometry with variable lateral coherence of the ihcident beam.



TABIE I.

Physical Properties of Adsorbates

Used in Computations

~11-

4710

o . Refractive
Gas Temperature, C Density Index
Xe _70 2 08 lo)"'6
0, -118.8 0,43 L.22
CH)_,_ -T2 0.22 1.13
¢, 1, 66 0.51 1.52
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TABLE II.

Cross sectional areas of adsorbed molecules. Comparison of results

. . . . 2
derived from ellipsometer measurements with literature values (& “/molecule)

Gas Ellipsometry Literature
Kr 25.6 21.5
Xe 19.6 22.5
0, 26 17.4
CoH, 18.3 22.0
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has been used,

R. H. Muller, Conventions and Definitions in Ellipsometry, this
volume .

The optical constants shown must still be considered approximate be-
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P
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10.

11.

12,

13.

14,

15.

16,

17

18.
19.

20.

21.

22.

1o

Due to the simplifying assumptions used in this computation, somewhat
longer time§ can be expected in practice.

A. J. Van Bémmel and F. Meyer, Surface Sci. 8, 381 (1967).

A. J. W. Moore, Thermal Faceting, Metal Surfaces Am. Soc. Metals
(1963).

A more sophisticated approach of this kind, which employs continually
changing optical properties, represented by multiple layers, has
been reported by Fenstermaker and McCrackin.l

Ce A. Fenstermaker and ¥, L. McCrackin, Errors Caused by Surface
Roughness in Refractive Index Measurements by Ellipsometry, this
volume.

Qualitativel& the same results have been obtained with optical
constants for the transitional layer derived by linear interpolation
of n and K between metal and vacuum.

D. A, Holmes, J. Opt. Soc. Amer., 54, 1115 (1964).

F, L. McCrackin, E. Passaglin, R. R. Stromberg and H. L. Steinberg,
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National Bur. Standards, Misc. Publication 256 (1964).

E. R. Jones, J. T. McKinney and M. B. Webb, Phys. Rev. 151, 476 (1966).
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Figure Captions

Fig. 1. Ellipsometer for atfachment to LEED equipmeﬁt.
A, Phase sensitife detector
B. Remote read-out for A
C. Mercury arc light source
D. Light chopper
E. Top of movable ellipsometer table
F., Polarizer azimuth circle on collimator
Q. Compensator azimuth circle
H. LEED chamber
I. Specimen holder
K. Analyzer azimuth circle on telescope
L. Photomultiplier housing
M. Flange on IEED chamber for connecting mass spectrometer
N. Table top of LEED apparatus
0. Telescope carrier with lateral translation
P, Retractable swivel caéters

Q. Adjustable legs

Fig. 2. Errors in ellipsometer measurements ¥ and A due to non-normal
incidence ¢ on a plano parallel window: of 3/8" thick glass
(Corning T056).
Fig. 3. Complex refractive index n(l + i k) of a silver (110) surface
© -3
for wavelengths of 5U61A and 5893 A.
Fig. 4., Low temperature contamination of silver (110) computed for stick-

ing coefficient = 1, gés temperature 25°C, monolayer coverages
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Ag:HEO = 2:1, Ag:butane = 4:1, number of silver atoms 8.5 X lolh/cm%

Fig. 5. Water contamination of a silver (110) surface at -195°C, indi-
cated pressure, an loflo torr, refractive index used.l.309.

Fig. 6. Water content of residual atmosphere during formation of contami-
nation layer in Fig. 5, indicated pressure 4 X lO-'lO torr.

Fig. 7. Specular reflection of 94 Volt electrons during formation of

~ eontamination layer in Fig. 5. Optical intensity measurement of

the zero order diffraction spot by means of a telephotometer.

Fig. 8. Specular reflection of electrons during formation of c¢ontami-

nation layer

Curve ~ Time (min.) Temp.(°C)
1 0 : . 26

2 25 ~196

3 Lo ~196

b 75 -196

5 105 -196

6 135 ~196

7 150 | -196

Fig. 9. Surface Debye tenmperatures for a silver (110) face after
different surface treatments, indicating precurser to faceting due
to heating above 140°C. Broken line literaturgzdata for (lll) face.
Bulk Debye temperature = 225°K,

Fig.10. Surface roughness of silver (n = 0.082, « = 4L.,0) tréated ag |

transitional layer with optical properties intermediate between
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metal and vacuum. Wavelength 5461 K, angle of incidence 45°,
Fraction of metallic properties of transitional layer indicated on

the curves.

1/ -  n=1.54 k= 0.0045
1/2 - n = 2.47, K = 0.012
3 /4 - n=7.05 K= 0,092

Fig., 11l. Compufed relationship between ellipsometer parameters ¥ and A
and optical constants n and K of a bare, smooth reflecting surface.
Angle of incidence 45°, complex refractive index n(1l + ik).

Fig. 12. Contamination of a 6 K thick monolayer of krypton on silver (100)

10 torr, -53°C.

by residual hydrocarbong, 5 X 10°

Fig, 15. Adsorption isotherms of krypton, oxygen and acetylene on silver
(llO) in terms of film thickness determined by ellipsometry.

Fig. 14. Isosteric heats of adsorption derived from adsorption isotherms
with extrapolation to zero coverage.

Fig. 15. Effect of a 7° error in the absolute value of & on the optical
congtants n and K of a silver substrate and the measured film
thickness of n-butane (n = 1.3) derived from the change in A due
to the adsorption. |

' Fig. 16. Sensitivity for the determination of the optical constants of
bare silver (n = O.14%,k = 34.0) from ellipsometer meésurement of
¥ and 4‘ |

Fige 17 Sensitivity far the determination of the thickness of a dielectric
film (n = 1.55) on a silver substrate (n = 0.14, K = 3L4.,0) from

ellipsometer measurement of ¥ and & .
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission"” includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.





