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A STUDY OF THE OPTICAL PROPERTIES AND OF THE PHYSICAL
ADSORPTION OF GASES ON SILVER SINGLE CRYSTAL SURFACES
BY ILOW ENERGY ELECTRON DIFFRACTION AND ELLIPSOMETRY
* **
R. E. Steiger, J. Me Morabito, Jr., G. A. Somorjail and R, H. Muller
Inorganic Materials Research Division, ILawrence. Radlatlon Ieboratory,

Department of Chemistry and Chemical Engineering,
University of California, Berkeley, California

ABSTRACT

:The physical adsorption of Kr, Xe, 02, CHA, CQHé, C2H£, n-ChHlo_on

the (110) and (100) faces of silver single crystals has been studied by low

_energy électronjdiffracﬁion,(LEED) anhd ellipsometry in the temperature range

from -195°C td 0°C and pressure range lO_lO to 10"6 torr. Adsorption
isotherms”in'te?ms of optical thiékness have been measured and from these
.data; heats of adsorptibn,‘the cross'sectional areas of the adsorbed
mblécules and covéfage:rafios have been derived. ZEED meaSuréments
indicate that the adsorbed phaseris disordéred on the gilver éurface.A
»Ellipsometry is sensitive to ﬁhe presence of the adsorEed gasés in frac-
tiénal monolayer coverages, while the LEED diffraction patterns were
réther insensitive to this disorderedvadsorptidn below .and up to the

monolayer in the beam voltage range 50‘to 150 eV.

* ' '
Present addressi CIBA Photochemical Ltd., Fribourg, Switzerland

*%
Visiting sc1ent1st to Philips Research Laboratorles, Eindhoven, The

Nétherlands
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I. INTRODUCTIQN'

There has béen littie‘work on the physical adsorption of gases on
cleén single crygtal metal surfaces, ﬁowever, it is now possible to
obtain a ciearérvunderstanding of physicgl adéorption, il.e. its dep¢n~
dence ép suifacé strucﬁure, the degree of ordering in the adsorbéd phase,
aasorptibn énergetics, etc. wifh techniqueé such as field-emission- and
fie.‘l.dlf-iion‘-mic:lr'osc:opy,:l‘»---LL microbalance,5 low energy electron diffraction6
(LEED), ellipsometry7 and éthers. Vacuuﬁ microbalance techniques are

. A .
sufficiently sensitive only'at pressures where contamination effects are

appreciable, . The limitations of the field ion microscope have been

discussed byﬁBrenner.8 Neither fieid jon- nor field emission microscopy

can be used to obtain accurate measurements of heats of adsorption or

adsorption isotherms on clean single crystal surfacess However, both

11=13

ellipéometry9’lo and low~energy‘eléctron diffraction techniques which

héve recently become available, can be used to monitor gas adsorption on

11-1h to be sensitive to the presence

of adsorbed gas layers. In addition, by monitoring changes in the diffrac-
tion patterns, LEED.has.been used to study the degree of ordering in the
adsOrbéd phase and appearénce of surface Structureé as a function of
coferage.__lt igkfor this reason th;t we have combined LEED and ellipso~
mefryito gtudy the physidal édsorption of several gases on (110) and

(lOO) silver at low temperatures (0°C to -19560) and pressures (ILO_lO

'to 10'6 torr). Mass spectroScopy_has been used to determine the composi-

ﬁion:df the ambient during themeasui*ements° Ellipsometry has been used
. _ |
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to study the optical propefties of the clean silver surface and their
variation'as‘a fUncfion of temperature. In addition, ellipsometry cbuld
not’oniy detect the presence and amount of ax adsorbed gas belOW’ﬁhe
monolayer,lbﬁt could also determine when & monolayer,is'completed on

- the clean single crystal surface. Isotherms (film thickness versus
pressure) could be measured by ellipsometry and heats Qf adsorption, the
; gross sectiona1 areas of the_adsorbed gases and,covérage ratios have been

calculated from these measurements.

©
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II. EXPERIMENTAL

A, Iow Energy Eleétfon‘Diffraction Apparatus

" A modified Varian LEED apparatus using the posﬁ'accelerationitech~
nique has been used for our measurements. The intensity of the individual
diffraction spots has been ﬁonitored with a spot photometer;* ”Tﬂéipartial
pressure of the gases, introduced into the LEED chamber by means of a
Granville-Philips variable leak valve, has been measured with a hot fila-
ment ionization gauge (Varian Type UHV-ll4, calibrated for nitrogen). No
correétion has been applied for the different gases used, or for the

difference (due to pressure gradients in the LEED diffraction chamber)

between the recorded pressure and the one existing at the specimen. Al-

though the measured pressures may be erroneous by as much as a factor bf 10,
this does not influence the ghape of the adsorption isotherms, which were
derived from relative measurements, to a noticeable extent because of the

15

linear dependencé between pressure and ion current within the_ﬁressure
range use&, |

A low temperétufe crystal mﬁnipulatbr16 which allowed for easy
movement§ in all'difections (necessary for opfical adjdstments) énd for
good visibility of the fluprescént screen has been designed. The crystal
temperature has been held constant to il§C (measured with a calibrated
chromel=alumel fhermocouple) by mean§ of}é cryostat. (Type. LAUDA, liquid‘
circulation with methanol) br’by a.contrqlled inW'of liquid nitrogen.
Heating to maximum.6QO°C ﬁas possible by electrical heating of the crystal

holdez. *

" - - _ o
Model 2000 Telephotometer, Gamma Scientific Instruments
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B, Ellipsometry

L3

An isotropié and absorbing medium can be.described by two characteristic
constants: refractive index n and ahsorption index K, which can be deter-
mined experimentally by ellipsometry which is a meagurement of the change
in polarization upon reflection. These two optical constants have been
derived fr&ﬁ ellipsometer measurements performed at the lowest pressure
obtainable., By resolving the electric vector‘of the incident polarized
light‘into two components Ep.and Es (parallel and perpéndicul@r to the plane
of incidence, see Fig. 1), the.state of polarization can be defined by
the phase diffefence A between the parallei and perpendicular components

upon;reflection'

’. A = 5,p"5s _(1)

and the amplitude ratio tan ¥

tan ¥ = —F ' (2)

where E" stands for the electric field amplitude of reflected wave.

;Upon reflection, the two components of the electric vector are re-.
tardéd in phase and reduced in amplitude to different extents which is
charéctéristic of the optical properties of. the reflecting surface. Since
_.¢ aﬁd A can be measufed accurately (with an error of +0,02° in our | N

case)vby means of an ellipsometer, the optical properties of the reflect-

¥

ing metal surface can.be determined. If the metal is covered with a
éurfgce layer, the reflection formulae have to be modified and can be

derived from Maxwell's equations. For the case of a thin, uniform,



"d,

‘less than one monolayer thick, theoretical

-5 UCRL-18480

non-absorbing'and isotropic film on an absorbing substréte; this leads
(as a first approximation) to a linear relationship bétWeen'film'thickness

d and ¥ and &
' A=pN-0d . : (3)
¥ =9 +pd | | (&)

(where A and @W refér.to the film free metal surface), < and B in equations
(3) and (4) are constants which are functions of the opficai constants

of the pure metal surface, the refractive index of the film, the angle of
incidence, the wavelength of the incident light and the refractive index

of the incident medium (air). Values of ¥ and A are calculated for

different film thicknesses d by means of a computer program similar to

. the one described by‘McCracken,17 and the measured film thickness

d is détermined by comparison of the’ computed with the experimental values.
The”equations used are baséd on thg classiéal eiectromagnetié theory of
continuous, isotrbpic media énd plano parallel films of constant refrac-
tive index; Although it is not obvious that this model holds fqr filﬁ

18,19 and-experimentaleo_22

- evidence have been presented in the literature that the film thickness thus

derived is proportional to the amount of material adsorbed.
0

. C. Ellipsometer

In order to avoid time consuming alignments caused by the need
to remove the optical components from the LEED system each time the bakeout

shroud-is placed around the ultrahigh: vacuum system, the optical components
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ofvthe eliipsometer* have been mounted on a movable table which can be
rapidly placed over the frame of the LEED apparatus (Fig. 2). All our
measurements have been obtained at A = 5h613 using a fixed quarter wave
comﬁensator producing elliptically polarized incident light. Due to the
geometry of the LEED diffraétion chamber, an gngle of incidence of 45° had
to be chosen, although computations shOW‘(Fig. 3) that the.relative phase
shift A upon adsorptioﬁ would be approximately three times larger and thus
the measurements would be more sensitive at an angle of incidenceﬁof 75°.°.
The refractiVe index of the adsorbed phase has always been assumed to be

~that of the liquid at a temperature close to that of our measurements.

D. Gas Analysis

zA qﬁadrupole mass‘spectrometer** was connected to the diffraction
'champer (sge:Fig. 2) and plaéeddirectly béIOW'fhe sample. The'masé
séecfra alioﬁea Ehe‘characterization of residual gases present '
in»tﬁe diffraéfion.chamber <ptot >v10"lo torr) and the determination of
the compositioﬁ of the gases*** usea in the adsorption studies. No

gaseous impurities .were present in concentrations greater than 1% of

the gés flux duping our adsorption measurements.

* Model 1119, Gaertner Scientific Instruments, Chicago, Illinois.
** Type EAI,‘mass range 1-500, sensitivity ca. lOA/Torr, minimum
_partial pressure. of residual gases measureable ca lO_-15 torr.

*¥%% A1l gases used were Matheson high purity (> 99.8%).°
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E. Crystal Preparation and Properties

Single crystal.fods (3/8") of pure silver* have been oriéﬁtsd by
X-ray diffractioﬁ to within 1° of the desired surface_plane'tfllo), (100)
etc.], sectioned by spark cutting, ground parallellto the‘surface plané
and‘mechanically pélished. A major difficuity in combining LEED‘énd
ellipsbméﬁry liesvinthe preparationtof a‘surféce suitable for bbth TEED
and optical measurements. The silver surface was chemically pdlished 
with a éolutioﬁ of lOO ce b.é M. KCN and 2 ¢§ 30% HgOE'F Argon or xenon ion
bombardment (in the range 130-3L0 eV), foliowéd‘by annealing at 150°C
to remove any cryqtal damage ,has been used for the final surface treat-
ment;f The resultlng surface was highly reflectlng, and gave sharp
dlffractlon patterns.

-The quality of the siiver surface used in our adsorption experi-

_ments has also been investigateéd by electron microscopy { See Fig.. h),

and interférence microphotography (Fig. 5). Chemical polishing re-
sulted in a microstructure with an average de?th of approximately 600-
900 ﬁ, and scratches which occured occasionally were ca. 20008 deep.

Furthérmore, the investigated surface was slightly curved as shown in

- Fig. D

The (110) surface of silver is unstable and highly susceptible to
thermél faceting.25} ‘ This is particularly true in the presehce of

-oxygén, but this orientation showed signs of faceting even at temperatures

* Ag 99.999% (Mat. Research Corp.), total impurity content: 11.16
ppm. Impurities as determined by mass spectroscopy: Cu 0.3 ppm,

Cd < 1.0, Sn < 0.3, Au < 2.0, Ta < 1.0, Fe 0.8, Nd < 0.4, Pd < 0.k,

C 1.24%, 0p 0,07, No 0.2 ppm. Other impurities were present in amounts
< 0.1 ppm. : '
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> 140°C in ultra high‘vacuum, Figure 6 shows the extra diffraction features
which are due to the exposure of additional crystal planes under more

severe thermal heating (451°C). Therefore, in order to bring the (110)
surface to the same reproducible state; to preserve the crystal orientation 0
and maintain optimum sﬁrface order, the following procedure was adopted;

the crystal was heated to no higher than 85°C and cooled in the presence

of the'gas to be uséd in fhe adsorption study. The LEED diffraction
pattérnxwasLalso checked prior to a sefies 6f measurements as a precaution
agaihst,any:grosé coﬁtamination. However, the diffraction pattern was
fairly insensitive to the presence of adsorbed amorphous contaminants
preéént invamounts leés than a monolayer., Only oxygen formed an ordered °

structure Qn’silver (llO)»at temperatures higher than 25°C as previously

25

)

observed by Mﬁllerzu and Pritchard and Jeanes on thin films of evaporated

silver.
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IIT. CONTAMINATION PROBLEMS

Lander6 has shown that contaminatioﬂ from thé residuai gases ?resent
in the ultra high vacuum can be a serious problem ét low températures.
The curves in Fig.A7, calculated on thé basis of the.kinétic theory of
gases, shOW‘that'tﬁe crystai surface could be covéred with a monblayer
within a relatively short period.of time even at very lOW'preésureé. This
was also confirméd'by'ellipsometer méasuremenfs which'indiéated a rapid
contémination (mostilikély by water vapor) ofvthe'silver sufface. Figure
8‘sﬁows'the variation of the optical thickness with the time at -195°C
(Célculated for water). It is apparent from this curve that ét this low
temﬁérature, the silver surface becomes contaminated aimost immediately
tb an appréciable extent. The differences between calculated and measured
contamination fimé (see Figs. 7,8) is most pfébably due to the uncertainty

on our pressure measurements (see Section ITA). That the contamination

~is most probably due to water vapor has been shown by mass spectroscopy.

Figure 8b illustrates thebintensity variation of mass peak 18 (water)

with temperaturé while the contamination curfe of Fig. 8a was recorded
elliésometrically. The decrease 1in intensity of the zero order diffraction
spot with time at -195°C (Figs. 9a,9b) shows fhat the rapid contamination
of ﬁhe silver_suffaéé can also be observed with LEED. The initial increase
ofkthe spot intenéity with a change invtemperaturé.from +26°C to -195°C

is dﬁe to a strong'DebyeFWallef effect (see Fig. 9b). A large broadening

-of the diffraction spots upon coverage of the surface with water (see

Fig.flO).hasﬂalso beeh'observed. This may be due to a deflection of
eleectrons by an electric field parallel to the crystal surface., This

deflection may originate from domains of oriented surface dipoles (water)
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és,suggested‘by Miller and Chang26 who observed a similar_effect on
freshly cleaved mica crystals.

Figure 11 also shows that the buildup of an adsorbed gas layer is
slower if the crystal teﬁperature is -40°C. The fact that this curve
presents an inflectibn_point after about 15 minutes may be explained by a
nucleation phenomenon. Such infleetion points have been observed in |
almost all cases which may indicate that the contamination becomes

appreciable after a stable nucleus of a critical size has formed.

. : . *
. It has been possible to keep the metal surface free of contamination

in o@r adsorption measurements during the time necessary for eliipsometer
measurements (5 to 20 min. ) down to a temperature of -72°C. vTherefore,.
all our measurements were pgfformed in the temperature range -T2 to -10°C.
Furtﬁermore; all adsorption studies were carried out using a steady flux
éfvgas-in order to maintain‘the-plrity‘of the gas even at low.pressures

10 torr), Both the continuous flux and the low pressure of the gas

I(> 10~
minimized the possibility of back streaming which was mostly due to CO,
argoﬁ, and Hé from the Vac—Ion** pump as shown by mass.sPectroécopy;
‘Typical results of the phase shift A versus time for krypton at _
varioﬁé pressures are shown in Fig. 12. The contamination at p= 10*10
torr:is more appreciable due to thé greater percentage of the residﬁal

10

gases at low pressures compared to higher pressures (>107"" torr) where

the percentage of residual gases is lower.
* ‘ . ' : _ o
The resolution of our:;optical thickness measurements is 0.3-0.5A,

_Ultek Corporation

&
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IV. ELLIPSOMETRY RESULTS

The optical constants n and K, measured on the (110) surface of
silver, are shown in Fig. 13 as a function of temperature at two diffe-
" rent Wavelengths._ Similar measurements on the (100) face indicated that
the temperature dependencé of the optical constants is similar to that
of (llO)-face of silver. These curves have been corrected for birefring-
encefeffects due to anisotropies in the LEED Windows.* [Correction: d¥ =
0.00, dA = L4.,92°, equally applied to all measired values of Al. This
corréction has Been épplied after comparison of the optical constants of
é standard surface measured successively when this surface was placed-in-
to the LEED diffraction chamber at atmospheric pressure, reduced pressure
(10—5 torr) and ouﬂéide the LEED chamber. As a standard surface, we
used‘fhe'hypothenuse of a right angle prism which had been covered With
- a thih layer of aluminum. (by metal evaporation) and protected against
élteration‘gnd contémination by a thin layer of silicon.monoxide. Periodical
measurements of thié surface showed that its opticai constants did not
change to an app}eciable extent over a period of several months, (change
in A1 0.04°), Removal of the windows showed tlat the birefringence
' oftfhe Windqws was due to mechanical strain which occurred primarily in the
fronﬁ window. No error has been introduced by the presence of a metallic grid
between crystal and front window of the diffraction chamber. All measure-

ments of ¥ and A& have been obtained in four zones as described by

¥Selected 7056 glass of 3/8" thickness, flat to 5 wavelengths and
parallel to 1 minute of arc over a 5/@' diameter circle in the center
has been sealed to the 8" and 6" flanges of the LEED diffraction chamber.
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27

McCrackgn et al. and an average value was used for the computation of
the optical constants of the pure metal surface.

Adsorption measurements in the pressure range 10-10 to 10-6 torr
have shown that ellipsometry is sensitive to less than 10-8 gcm"2 of
adsorbed gas., Thereforé, from the measurement of fhe phase shift A
between the two component wéves at different pressures (as shown for
krypﬁén in Fig. lha), optical thicknesses could be calculated and ad-
sorption isotherms plotted (see Fig. 14b). That these measurements are
relaﬁive to the clean silver surface follows from Eq. (5) where.ﬁ is the
measured phase shift for the clean surface at temperature T and residual
pressure P, (in order of 10710 tofr) recorded before admissiohbof the
: gas,”_A is the measured phase shift at temperature T and pressure Py of
the gas. The éurves in Fig. 15 show also that our optical thickness
calcglations are stili valid even>if the measured relative phase gaée
~ for thg silver_surfacé.;re_erronéous by as much as 7 degrees. Errors
introduced by gffefringence effects due to the LEED windows do therefore
not_afféct the values'qf our optical thicknesses beyond the error limit
of 0;5 to 0.5 z.

Measurements on the (100) surface of silver indicated that the form

of thé isotherms is similar to those obtained on the (110) surface., This-
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has been confirmed for the adsorption‘of krypton, acetylenevénd XEenon,
and indibated that the magnitude of the heats of adsorption is the same
on these two faces of silver, as was also observed by Rhodin on different
crysfal faces of copper,5

Adsorption isotherms hawve also been-cglculated from the measured
values of A versus pressure for oxygen,fxenon, methane, ethylene; acetylene
and n-butane and are similar in shape (Type I, Langmuir) to those shown

in Fig. 14b for krypton. From the temperature dependence of the obtained

. adsorption isotherms, loglo P VSe l/T can be plotted (as shown for krypton

in Fig. 16a), and isosteric heats of adsorption (AHSt) calculated at each

coverage from the slope of these curves (see Figs. 16a, 16b, and 17).

A. Discussion of Ellipsometry Results

1. Optical constants of the pure silver surface

As mentioned previously (see Section IID), the (110) surface of
silver is highly susceptible to thermal faceting. Direct evidence of
faceting could only be obtained by a change in the LEED diffraction
pattérn Which oceurred when the crystal was heated to above 300°C in
ultrahigh vacuum (see Fig. 6). Ellipsometer measurements, however, showed

that the crystal surface was altered when heated to only 140°C in ultra-

- high vacuum, that is, the relative phase was approximately 0.3° more

positive than in the case of normal surface treatment (heating to 85°¢C)

In agreeﬁent with_this,resulﬁ, we also noticed thermél instaﬁiiity of the
silvér (110) surféce when Debye-Waller measurements28 were initiated at
higher temperatures (> 140°C) instead of 85°C, In order to explain the
ellipéometry results, the overheated sﬁrface has been consideréd theofeti—

cally as a pure silver'surface (having the optical constants indicated
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in Fig. 13 ) covered with a transitional layer characterized by different
fractions f of the metal opt ical constants (see Fig. 18). These curves
show that the rélative.phase A becomes more positive if the optical
constants of the transitional layer lie between those of the pure metal

and those of vacuum. The optical film thickness of this layer is in. the
Angstrom~range fdr a change in relative phase of the order of + 0.3 degrees
as measured ellipsometrically, which suggests that the overheated silver
(110) surface behaves like a dislocated roughened surface (on an atomic
scale).r This interpretation agrees with the fact that no sign of classical

29

thermal'facefing could be observed within the resolution of the electron
: micréscope.;éplicav(apprdximétely 150K).

The accurate measurement of metal optical constants is of considerable
Aimporfance in the calculafion of energy bands and the evaluation of inter-

30

band transition and free electron effects. Our measurements of the

' optiéal constants of the pure silver (110) surface have been obtained
under'COnditions of minimum surface contamination. Although we have no
information on the influence of the surface roughness on the measured
6ptical coﬁstants, the large scattering between the previously published51

,thigél eonstants of silvef-suffaces suggests that_these constants may be

. strbngly dependent on the quality of the surface. Our values (Fig. 13) lie between
those:obtainedVpreviouslng on thick, annealed and aged silver films

(n
(n

31

0.0554 nK = 3.32) and those for -thin films of evaporated silver

0.17, nk = 2.94).
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The principal,uncertainty in the measured. constants may be due to
birefringence effects in the cell windows. Additional errors are prob-
ably caused by the thermal instability of the silver (110) surface above

140°¢  and the rapid contamination of the bare surface below -100°C.

2. Heats of adsorptlon for Xe, Kr, 02, CeHé; C2Hh and CHM

The gas~surface interaction is closely related to the heat of ad~-

‘sorption at zero coverage (8 =0), These heats, which have been calculated

by assuming linear extrapolation to 6 = 0, are summarized in Table I for

the gases studied, together with the polarizabilities (parallel to the

 sigma bond for ethylene and acetylene) and the heats of condensation.

The latter marks the upper limit to the lateral (gas-gas) interaction
energy. The initial heat of adsorption may in reality start at higher

values, decrease in the very low film thickness range (S 1 A), and then

33

bégiu_to increase ag observed previously by Aston,”~ However, we could not

o

‘calculate accurate heats for coverages below 1A from our experiments. , Nevertheless,

it can be seen from Table I;that the energies of the gas~surface and the

gas~-gas interaction are of the same order of magnitude on the (110)

vsurféce_of silver (with the exception of xenon). The fact that the initial

heat of adsorption for xenon is considerably greater than that of krypton
may be related to the large difference in the polarizabilities and the
atomic diameters of these gases. Asa.comparison, we 1list the initial

heats of adsorptlon for xenon on tungsten (9-10 kcal/mole) and for

“'krypton on tungsten (h 5 -~ 5.9 kcal/mole), as reported by both Gomerh

and Ehrllch 1,54 using fieldw~ion and field emlssion microsc0py; Further-
more,. the magnitude of the initial heats of adsorption for the gases studied

(see Table I) indicates that the forces involved are of the van der Waals

type.
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The vafiation ih ﬁhe isosteric heat of adsorption which, at any
coverage G; COrréspénds to the sum of the potential and kinetiec energy
changes (due to the adsorption process) of the gas, depends on the
cooperative effects between these energy terms. The gaé~metal interaction
decréaSes with surface coverage while the gas-gas interaétion increases.

It can be seen from Figs. 16b, 17 that for silveér (110), the absolute change

in the gas-gas inte;éétion with co#erage is greater than the absolute

changé in the gas-métél interaction.* Rhodin,5 uéing the miérobalance

fechniéue, also observed an increase in the isosteric heats of

adséibtion'with coverage for nitrogen on single crystal copper surfaces

and for argon on zihc at ibW'temperatures. He observed a maximum in

the heaf curverét monolayer coverage followed by a sharp decreaée, but

our ﬁeasurementsvdid not allow accurate heat calculations at higher

coverage as measurements close to the vapor pressure of the gas at!the
température of the experimenf p‘>,1 atm. for all the gases studied would

be réquired.. The heat of adsorption should approach the heat 6f conden-

'sationv(indicatéd on the'gréphs in Figs. 16b, 17) as the partial pressure of

the gas apprééches the equilibrium vapor pressure and as the thickness

of the.adéorbed layer incréaseg. ‘It can be expected then that a physically

adsorbed layer of gas severél molecular diameters thick.behaves like a

liqﬁid.' Gomeijsihas preseﬁted evidence for this fact using field ion

microscopy.

*  The rather high gas-gas interaction for acetylene may be fictitious
as our calculations have been based on two temperatures only.
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3a Cdmparison of optical thickness and molecular dimensions

The adsorbed phase has been considered as a non absorbing, three
dimensional liquid characterized by a constant index of refraction (the
validity of this assumption has been discussed in Section IIB,). The
optical thickness of the adsorbed layer at monolayer co&erage meastred by
ellipsometry (which corresponds to the flat, constant portion of the:

adsorption isotherms) can be compared to an effective molecular diameter in

s | )
o - L (5)

where M is the molecular weight and p the density of the liquid at the

A is Avogadro's number., The

calculated and the measured thicknesses are listed in Table IT, columns

3 andrh,.and show good agreement which supports the use of the classical

theory for monolayer films. No‘agreement would be observed in using
}either gas densities for the calculation of do’ or the refraction index

“of the gas in the caleulation of optical thicknesses. The difference

between the calculated and measured values for n-butane may be due to

 the orientation of the n~butane molecule on the silver éurface. Similar

‘agreement between ellipsometrically measured thickness at monolayer

coverage and the dimensiong Qf thé adsorbed molecules has been obtained

by Archer36

ori etched surfaces of silicon with several gases adsorbed
(HéO, CCl), acetone)s

The measured thickness of the adsorbed layer, d, can also be con~

-verted to a surface concentration of atoms or molecules by the formula,

!
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: pd N . A
atom/cm2 = ——-—Tfi;—— ' (6)

and compared to the number of silver atoms on the ideal (110) surface
which'is reported té be 8.5 X lolu. 51 The ratio of these two numbers
(coverage ratio)~indiéétes the number of silver atoms covered by each
atom or molecule of the adsorbed gas. Table II, column 6, shows that
ethylene, kry?ton, xenon and oxygen cover roughly two silver atoms,
while n-butane covers 4 silver atoms when adsorbed under our experimental
cbnditions. |

v Effective areas o% coverage for adsorbed molecules.can'be calculated
under‘the same'assumptioﬁ.as that used in the calculation. of the éurface
éoncentration. Experimentally, cfoss sectional areas are generslly mea-
sured by adjusting the surface areas as détermined.with other gases until
théi_yield,thé same Value as.nitrogen which is éssumed to give the.most

38

accurate surface areas.- However, McClellan and Harnsberger” have re-

. qehtly concludéd that the gsize of the adsorbed molecule depends not oniy
on the nature of the adsorbent, but on the tempefatdre and the refer-
ence substance aiso. | J
.The optical th;cknesé';t.monolayer coveragé has been determined
from the adsoréfion isotherms which_appeéred to be of Type I. (langmiir
seexFig.19¢)The.thickness could then be converted into a mélecular ares
by taking the reciprocal value of Eq. 6. In Column 7, Table II we
compare our experimental results with th ose reported in the literature

for metal substrates. When velues were available on several metals, an

average was taken (Column 8).
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The relatively  good agreement between these values shows.that ellipso-
metry provides an independent measurement of cross sectional areas with-

out depending on an internal standard such as nitrogen.
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V. LLED ANALYSIS OF PHYSICAL ADSORPTION

A. Results

The absence of extra features in the diffraction patterns recorded
during our physical adsorption measurements indicates that the adsorbed . ;
.phasé is disordered on silver in the temperature range (0°C to6 -195°C)

10 10 1070 torr) studied. This lack of ordered

and pressure range (10-
strhqtures could be explained by desorption or perturbation of the weakly
boundiarray by the electron beam. However due to the small specimen area
cove?ed by the electron beam, desorption cannot be detected byimass spec-
troscopy as the gas pfessures coming off the surface is negligible (10_1‘3
torr). In égreement with our obsérvations, Pritchard and Jeanes25 did
not ébserve'any change in the LEED pattern when molecular oxygen at a
preSSure of 10-6 torr was adsorbeé on the (llQ) plane of- evaporated silver
beﬁ%een.20°c and -100°Cs A change in the work function by +150 mV indicated,
hdwe§;r, that adsorpfion of.oxygen on Ag.(llO) occdrred.

. -Landei"5 reports that physically adsorbed_xenon on graphite is ordered
at -183°C and lO-B-torr, but no ordered phasé>has'been observed under
thosé;conditions on silver., Only a gradﬁai increase in the background
inténéity and a blurring of the normal diffraction feétures due to the
‘ disdfdered nature of the adsorbed xenon results in our experimenté"-other
ofdéred adsorption structures are reported by Lander for substances which
sho@ld be classified_as wéakly chemisorbed ratﬁef.than physically .
adsorbe&; “ : |

“Although eliipsometry‘indicatéd that gas adsorptdion close to a monalayer g

had taken place belowlo_'8 torr and 0°C, the background intensity increased

and the (00)-diffraction spot intensity decreased to an appreciable extent only at
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preésures higher tﬁan 10-73 torr and beam Véltages.of'about 50 eV. Both
the‘intensities of the background and the (00) spot returned to their
original values when the gas was removed, which is in agreement with the
small heats of-adsorption (weak bonding) as measured by ellipsbmetry.
These measurements'also suggest that the adsorption is reversible under

our experimental conditions (this could not be confirmed ellipsometri-

~ cally because of the rapid contamination of the surface )a

Bs Discussion
Allbmeasurements were performed at beam voltages of 50>eV Or mMoOre.
Similar results may not‘bevobtained whén a Faraday cége is used for spof
intensity meésurements as this method ﬁay-be a more‘senéitive measure of
very small variations in spot intensities,l Also, these intensity varié—
Lions dué fo gas adsorption may be sfronger at lower beam voltages

(5 10 eV) as suggested by Lander and MbRae.59

Nevertheless, our experi~
ments‘showed that ellipsometry is more sensitive than iEED in the raﬁge
> 50 ev fOr'the detectionvdf disordered gas adébrption at ﬁoverages below
and‘up to one mondlayer, and that LEED is not a sufficient criterion to
define surface cleanliness in this voltage range. The high sensitivity
of‘eilipsometry in the submonolayér range should mske this technique suit-
abié7for the calibration of the Auger secondary electron emission, the
senSiﬁivity of which is still uncertain for gaseous impurities adsorbed
to lesé than a monolayer. |

vThe magnitude of the measured heats of adsorpfion‘suggests that the

adsorbed molecules are not bound to any particular surface atoms, but move °

freely over the surface of the metal. This ocecurs when the energy
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required for motion is appreciably lower than the energy of desorgtion‘
However, at lower temperature (< -195°C) and higher pressures, ordering
should occur due to the restriction in free motion, but refractive index
measurements of'adsorbed gases at liquid helium température on copper

and gold single crystals by Krugerho indicated that a iiquid-like state

of the adéorbate pérsists. Nevertheless it would be interesting to
extend our measurements to . lower temperatures and higher pressures for the
Vstudy'of multilayer formation, two dimensional cohdensation and phase
traﬁsférmations in the adsorbed layer.

: Finally, the fact that the LEED diffraction pattern remains charac-
asﬁéristic of-a clean surface even after adsorption to a moholayer’seeﬁs
'to indicafe thaﬁ the gas is adsorbed in "éatches" on the metal*surféce.
_Theiincrease of the isosferic heat of adsorpfion at fairly low ¢overages

.alsc suggests that the adsorbed molecules or atomS‘readily‘associate.
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VI. CONCLUSIONS

The éombinatibn of structure sensitive LEED and coverage sensitive
ellipsometry has provided unique information on the adsorption of several
gases on clean.single crystal silver surfaces in the temperature range
from 0°C to -195°C and at pressures between lOf6land 1070 torr. A LEED
analysis of allvthe>adso¥ptioh results on (110) and (100) silver indicated
that the physically adsorbed phase is disordered under the pressure and
temperature conditions of our experiments. This is not surprising due to
the'ﬁeak binding between the adsorbed phase and the silver surface as

calculated from ellipsometer measurements. In cases of weak binding between

‘the adsorbed phase and the metal, ordering can perhaps only occur at .

temperatures and'pressurechonsiderably_below the triple point of the

gas. ‘The adsorbed gas is then more localized on the surface and may order.

Ellipsometry was found to be sensitive to coverages below the monoiayer

.and’ useful in determining when a monolayer forms on a single crystal surface.

LEED was rather insensitive to this disordered adsorption at beam voltages

> 50'§V'and is therefore not a sufficient-criterion. for surface cleanliness

- in this voltage range. LEED méy be more sensitive to the presénce of this

disdiﬁered adsorptibn in the raﬁgé 0O to 10 eV and measurements should be
ihitiatedwin tgis range.

The fact that the LEED diffraction'patfern remained characteristic
of”a‘clean surfaceeven éfter the>adéorption of a monolayer of gas seems
to indicate that the gas atoms are adsdrbed in:fpatches",bn the silver
surféee.

Contamination from the residual gases present in the ultra high vacuum v
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(~ 10720 tdrr) was appreciable at temperatures below -100°C as indicated
by ellipsometer measurements. The removal of such contamination is.
essential fér the low temperature studies (below -100°C) of clean metal
suszécesf

Both LEED and optical measurements confirmed the instability of the
‘silver (110) surface. Tt seems that this instabiiity and the phySical.
quality of the surface are important considerations for optical measure-
menté.

-'From the adsorption isotherms measured by ellipsometry, isostéric
heats Qf adsorption and their variatién with surface coverage, Cross
secﬁional éreés of adéorbed moleéules and CO§erage ratios (number of
surface atoms covered by adsorbed molecules) have been determinéd.v The
calcﬁlated cross sectional areas were independent vaany standérd such as
‘nitrégen. The magnitudé of the heats of adsorption confirmed ﬁhat the
interaction between the studied gases and silver: [both (100) and (110)]
is érimarily due to Vanvder Waals forces. The increase in the heat of
adSOfpfion.With filmvthickness is dué‘to the lateral interactions between
the adsorbed molecules on the'surface which increase more rapidly with
>coverage than the decrease in the gas-surface interactions. The_fact that

zthisfincrease,occurs at low coverage indicates that the surface is rela-
tivély hémogeﬁeous in energy and that the storbed molecules have a tendéncy
to associate (clustering). This fufther subsﬁantiates the possibility of
:a "pétéh-like" adsorption model. |
Finally, the thickness of the adsorbed phase at the monolayer was
founérto be comparable to thé diameteryof ﬁhe molecules in the liquid

state. - This suggests that the presence of cracks, flaws, etc., as indicatedvby
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both electron and interference microscopy, does not significantly'affect

the optically determined film thickness.

This is the first attempt to study physical adsorption with both
LEED and ellipsomeﬁry. The results obtainedvin this study:of physical
adsorption indicate that the cdombination of LEED and ellipéometry‘will
proVide interesting information on a large variety of other surface
phenbmené suchvas epitaxy, éhemisorption and on the intérpretation of

LEED diffraction patterné.
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 Table I
. adgifﬂbed AHSt (9=O) ' O‘Xlogh (cm3) cond.,
' (kcal/mole) (keal/mole)
Kr  L.b 2,16 2,31
Xe 6.1 ).].‘OO 3.02
% 1.8 5.88 (0°7) 1.65
CH), 1.0 | 2.60 i.96
oy 1.0 2.3 b2t
CoH), 1.6 3.59 3,0l




TABIE TI.

1 : ~2,:;,'. '3 i | : u.-.-m - ’ 5 » 6

_ 7 8
‘gas surface”. - dgy calc. dg measured Molec./cm? _Covefage Cross Section Cross Section
adsorbed temperature : ' ‘ ratio meas, Lit
o ° ° - 1k Co7 - . )
<°Cc> <A > <A> .. %10 Ag : gas < A/molec. > < A®/molec.>
Kr - 68 5.4 6.0 5.9 2.2:1" 25.6 21,5 at
I - -183°c, -196°C
Xe -T2 L.3 Lo : 5.1 1.7:1 19.6 22.5 at
A _ : -183°c, ~196°C
0, -T2 5.0 L7 3.8 2.2:1 o6* 17.4 at
. , -183°c, -196°C
CH, -T2 b1 o 3.8 5.4 1.6:1 18.3 22.0 at 78°C
n-CH, - b2 5.3 3.6 - 2.1 3.5:1 2 43.4 at -78°C
* . ‘ o .
Calculated from density at T . = -118.8°C.
A crit.

..Og..

0ghgT-TdON
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. FIGURE CAPTIONS

Fig. 1 Schematic of incident (E) elliptically polarized and reflected

Fig. 2

Fig. 3

(E") plane polarized light with electric field components par-

allel (subscript p) and normal (subscript s) to the plane of

incidence. A-phase difference between the two components in

incident light, chosen to be eliminated by reflection.

Combination of LEED and ellipsometer.

A,

N.

He-Ne

. Light chopper

. (
Polarized circle
Compensator circle
LEED c;hamb er

AnalyZer circle -

-+ Photomultiplier

Camera
Low temperature crystal manipulator
Liguid nitrogen cold trap-

Cryostat
Quadrupole mass spectrometer

Mobile. table

Sensitivity of relative phase A and ampiifpde ¥ for film

thiékness d on silver as a function of angle of incidence

(film refractive index 1.35, optical constants of the sub-

strate: n_ = 0.1k 1+ 34i]).



Fig. L
Fig. 5

. Fig. 6

Fig. 7

Fig.l8a

Fig;Ag(a)

Fig. 10

Figs 11

L4xi0~
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Electron micrograph of a.carbon replica of a chemically polished
silﬁér.(ilo) surfacé. Meximum depth of pits 600A.

Interference micrograph of a chemically polished (110) silver
surface. Thallium light, \ = 5350A.

LEED diffraction pattern of the faceted (llo}vsurfaCe of a
silver single cfystal:as obtained after heating to 451°C during

9

12 hours in a vacuum of 2X10 7 torr (energy of the incident

electron beams 105 eV).

Contamination time for monolayer formation as a function of the

gas pressure, calculated for sticking coefficient éf‘unity..
Measured contamination curve on silver (110) at -195°C and
10 torr. TFig. 8b..f(Ins¢rﬁ) Variation of mass ‘peak 18

for the ambient during build up of the contaminant layer.

The intensity of the specular reflection vs. beam voltage during
formatioh.of water layer on silver (110) as recorded as a
function of contamination time, (AXlO-lO torr).v Fig. 9b Varia-
tiqnbof the intensity of the specular reflection for 9k ev.
elecﬁrons as é function of time.

LEED diffraction pattern of the (llO) surface of a silver

sinéle crystgl-covered with a 19R thick. layer of wéter (energy
of the ineident electron beam: 125 eV).

Contamination in ultrahigh vacuum af -195°C and ~hO°Cv(assuming
a refractive index of 1.25 for the calcﬁlation of_the optical

thickness d).



Fig. 12

Fig. 13

Fig. 1L

Fig. ‘15

Fig. 16

Fig. 17

Fig. 18

‘layer, AH

‘the following formula}
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- Measured phase shift A versus time for the adsorption of

krypton on the (110) face of silver at -54°C. Partial pressures

9 9 torr, c) 1.0x1071°

of krypton: a) 6.6X10° torr, b) 1.2X10~
torr.

Opticai constants né.= n(1l + ik) for silver (110) as a functional
temperature at.wavelengths of 5461& and 5895&.

Relative phase, A, and optical thickness versué pressure for
krypton at various temperaﬁures as obtained on the (110)

surface (closed circles) and the (100)‘surface of a silver

single crystal. [(100) data shifted to account for differing

substrate properties.] Imsertt. Adsorption isotherm calcu=~

. lated from measured phase shifft.

Effect of a 7° error in absolute value of A on measured film

thickness as calculated for n-butane on Ag (110). (n = 1.3)

(a) Log p versus 1/T plot for krypton. (b) Isosteric heats.

 of adsorption_Versus optical thickness for krypton and xenon.

dXe and dKr cbrrespond to the measured thickness of the mono-

= heats of condensation.
cond, - T _
Isosteric heats of adsorption versus optical thickness as
calculated from the adsorption isotherms for oxygen, methane,
ethylene, and acetylene.

Surface foughness of silver treafed as transitional‘layer with

indicated fraction, I, of metal optical constants célculated by

n

)

+ (l"f)(l"nsubstra._

)

n .
“substra.

K ={f«

substra.
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Fig. 19. Optical thickness d versus partial pressure of acetylene at

T = 60°C and -72°C on Ag (110).
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Angle of incidence, ¢ (deg)

XBL 687-3398-A

Fig. 3
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300 T %l T
“ . Specular reflection of electrons
“ during formation of Ice layer
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during formation of ice layer
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, 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 informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, 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 Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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