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ABSTRACT 

The physical-adsorption of Kr, Xe, O2 , CH4, C2~' C2H4, n-C4~Oon 

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

energy electron diffraction (LEED) and ellipsometry in the temperature range 

o ci -10 -6 from -195 C to 0 C and pressure range 10 to 10 torr. Adsorption 

isotherms in terms of optical thickness have been measured and from these 

data, heats of adsorption, the cross sectional areas of the adsorbed 

molecules and coverage ratios have been derived. LEED measurements 

indicate that the adsorbed phase is disordered on the silver surface. 

Ellipsometry is sensitive to the presence of the adsorbed gases in frac-

tional monolayer coverages, while the LEED diffraction patterns were 

rather insensitive to this disordered adsorption below and up to the 

monolayer in the beam voltage range 50 to 150 eVe 

* Present address: eIBA Photochemical Ltd., Fribourg, Switzerland 

** Visiting scient:i..st to Philips Research Laboratories, Eindhoven, The 
Netherlands 
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I. INTRODUCTION 

There has been little work on the physical adsorption of gases on 

clean single crystal metal surfaces. How'ever, it is now possible to 

obtain a clearer understanding of physical adsorption, i.e. its depen-

dence on surface structure, the degree of ordering in the adsorbed phase, 

adsorption energetics, etc. with techniques such as field-emission- and 

field-ion-micrOScopy,1-.4 microbalance,5 low energy electron diffraction6 

(LEED), ellipsometry7 and others. Vacuum microbalance techniques are 

sufficiently sensitive only at pressures where contamination effects are 

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

8 
discussed by Brenner. Neither field ion- nor field emission microscopy 

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

adsorption isotherms on cl,ean single crystal surfaces. However, both 

ellipsometr;,lO and low'ehergy,electron diffractionll .. 13 techniques which 

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

11-14 single crystal surfaces and are reported 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 

adsorbed phase and appearance of surface structures as a function of 

coverage. It is for this reason that we have c'ombined LEED and ellipso-

metry to study the physical adsorption of several gases on (110) and 

(100) silver at 
. 10 

low temperatures (O°C to -195°C) and pressures (10-

-6 ) to 10 torr. Mass spectroscopy has been used to determine the composi-

tionof the ambient during the measurements o Ellipsometry has been used 
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to study the optical properties of the clean silver surface and their 

variation as a function of temperature. In addition, ellipsometry could 

not only detect the presence and amount of a~ adsorbed gas below the 

monolayer, but could also determine when a monolayer. is completed on 

the clean single crystal surface. Isother'ms (film thickness versus 

pressure) could be measured by ellipsometry and heats of adsorption, the 

cross sectional areas of the adsorbed gases and. coverage ratios have been 

calculated from these measurements. 
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II. EXPERIMENTAL 

A. Low Energy Electron Diffraction Apparatus 

, A modified Varian LEED apparatus using the posi acceleration tech-

nique has been used for our measurements. The intensity of the individual 

, * diffraction spots has been monitored with a spot p:Ootometer~ The ,partial 
I 

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-14, caiibrated for nitrogen). No 

correction has been applied for the different gases used, or for the 

difference (due to pressure gradients in the LEEDdiffraction 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 of 10, 

this does not influence the shape of the adsorption isotherms, which were 

derived from relative measurements, to a noticeable extent because of the 

linear dependence15 between pressure and ion current w'ithin the pressure 

range used~ 

A low temperature crystal manipulator
16 

which allowed for easy 

movements in all directions (necessar'y for optical adjustments) and for 

good visibility of the fluorescent screen has been designed. The crystal 

terriperaturehas been held constant to ±loC (measured with a calibrated 

chromel-alumel thermocouple) by means of a cryostat, (Type LAUDA, liquid' 

circulation with methanol) or by a controlled flow of liquid nitrogen .. 

Heating to maximum 600°C was possible by electrical heating ,of the crystal 

holdero 

* Model 2000 Telephotometer, Gamma Scientific Instruments 
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B. Ellipsometry 

An isotropic and absorbing medium can be described by two characteristic 

constants: refractive index n and absorption index K, which can be deter-

mined experimentally by ellipsometry which is a measurement of the change 

in polarization upon reflection. These two optical constants have been 

derived from ellipsometer measurements performed at the lowest pressure 

obtainable. By resolving the electric vector of the incident polarized 

light into two components E and E (parallel and perpendicular to the plane 
p s 

of incidence, see Fig. 1), the state of polarization can be defined by 

the phase difference b. between the parallel and perpendicular components 

upon reflection 

and the amplitude ratio tan 7/' 

tan 7/J ::::: 
!. 

= 0 -0 p s 

E" E" 

E~ s p 

where E" stands for the electric field amplitude of reflected waveo 

(1) 

Upon reflection, the two components of the electric vector are re-

tarded in phase and reduced in amplitude to different extents which is 

characteristic of the optical properties of· the reflecting surface. Since 

7/J a.nd b. can be measured accurateq (with an error of ±O.02° in our 

case) by means of an ellipsometer, the optical properties of the ref1ect-

ing metal surface can be determined. If the metal is covered with a 

surface layer, the reflection formulae have to be modified and can be 

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

" 
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non-absorbing and isotropic film on an absorbing substrate, thfs leads 

(as a first approximation) to a linear relationship between film thickness 

d and 'I/J and D 

.6 = D - ad 

'I/J = * + f3d 

(3 ) 

(4) 

(where Zi and 'iF refer to the film free metal surface). a and f3 in equations 

(3) and (4) are constants which are functions of the optical 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 'I/J and .6 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 determined by comparison of the' computed with the experimental values. 

The equations used are based on the classical electromagnetic theory of 

continuous, isotropic media and plano parallel films of constant refrac-

tive index. Although it is not obvious that this model holds for film 

18 19 ,20-22 less than one monolayer thick, theoretical ' and experlmental 

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

derived is proportional to the amount of material adsorbed. 

"-co 

Co 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 

s,hroud is placed around the ultrahigh vacuum system, the optical components 
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* of the ellipsometer have been mounted on a movable table which can be 

rapidly placed over the frame of the LEED apparatus (Fig. 2). All our 
o 

measurements have been obtained at A. = 546lA using a fixed quarter wave 

compensa tor producing e:Uiptically polarized incident light. Due to the 

geometry of the LEED diffraction chamber, an angle of incidence of 45° had 

to be chosen, although computations show (Fig. 3) that the relative phase 

shift 6 upon adsorption would be approximately three times larger and thus 

the measurements would be more sensitive at an angle of incidence.of 75°.<0" 

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 A:halxsis 

** A quadrupole mass spectrometer was connected to the diffraction 

chamber (see Fig. 2) and placaidirectly below the sample. The mass 

spectra alloWed the characterization of residual. gases present 

, -10) in the diffraction chamber (Ptot > 10 torr and the determination of 

*** the composition of the gases used in the adsorption studies. No 

gaseous impurities w'ere present in concentrations greater than 1% of 

the gas flux during our adsorption measurements. 

* Model Ll19, Gaertner Scientific InE?truments, Chicago, Illinois. I 

** Type EAI, mass range 1-500, sensitivity ca. lOA/Torr, minimum 

partial pressure· of residual gases measureable ca 10-13 torr. 

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

Single crystal rods (3/8") * of pure silver have been oriented by 
) 

x-ray diffraction to within 1° of) the desired surface plane T(110) , (100) 

etc.], sectioned by spark cutting, ground parallel to the surface plane 

and mechanically polished. A major difficulty in combining LEED and 

ellipsometry lies::!nthe preparation of a surface suitable for both LEED 

and optical measurements. The silver surface was chemically polished, 

with a solution of 100 cc 0 .. 2Mo KCN and 2 cc3Cf'/o ~02. Argon or xenon ion 

bombardment (in th~ range 130-340 eV)" followed by annealing at, 150°C 

to remove any crystal damage,has been used for the final surface treat

ment. The resulting surface was highly reflecting, and gave sharp i 

diffraction patterns. 

The quality of the silver surface used in our adsorption experi

ments has also been investigated by electronniicroscopy ( See Fig., 4). 

'and interference microphotography (Fig. 5). Chemical polishing re-

suIted in a microstructure with an average depth of approximately 600-

900 X, and scratches which occured occasionally were ca. 2000X deep. 

Furthermore, the investigated surface was slightly curved as shown in 

The (110) surface of silver is unstable and highly susceptible to 

, 23 
thermal faceting. " This is particularly true in the presence of 

oxygen, 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 < LO, Sn < 0.3, Au < 2.0, Ta < LO, Fe 0.8, Nd < 0.4, Fd < 0.4, 
C 1.24, 02 0.07, N2 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 .~ 

and maintain optimum surface 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 used in the adsorption study. The LEED diffraction 

pattern· was also checked prior to a series of measurements as a precaution 

against any gross contamination. How·ever, the diffraction pattern was 

fairly insensitive to the presence of adsorbed amorphous contaminants 

present in amounts less than a monolayer. Only oxygen formed an ordered 

structure on silver (llO) at temperatures higher than 25°C as previously 

If 24·. 25 observed by Muller and Prltchard and Jeanes on thin films of evaporated 

silver. 

. . 
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III. CONTAMINATION PROBLEMS 

6 
Lander has shown that contamination from the residual gases present 

in the ultra high vacuum can be a serious problem at low temperatures. 

The curves in Fig. 7, calculated on the basis of the kinetic theory of 

gases, show that the crystal surface could be covered with a monolayer 

within a relatively short period of time even at very low pressures. This 

was also confirmed by ellipsometer measurements which indicated a rapid 

contamination (most likely by water vapor) of the silver surface. Figure 

8 shows the variation of the optical thickness with the time at -195°C 

(calculated for water). It is apparent from this curve that at this low 

temperature, the silver surface becomes contaminated almost immediately 

to an appreciable extent. The differences between calculated and measured 

contamination time (see Figs. 7,8) is most probably due to the uncertainty 

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

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

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

with temperature while the contamination curve of Fig. 8a was recorded 

ellipsometrically. The decrease in intensity of the zero order diffraction 

spot with time at -195°C (Figs. 9a,9b) shows that the rapid contamination 

of the silver surface can also be observed with LEED. The initial increase 

of the spot intensity with a change in temperature from +26°c to -195°C 

is due to a strong Debye-Walier effect (see Fig. 9b). A large broadening 

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

Fig. 10) has also been observed. This may be due to a deflection of 

electrons by an electric field parallel to the crystal surface. This 

deflection may originate from domains of oriented surface dipoles (water) 
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26 
as suggested by Muller and Chang 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 temperature is _40°C. The,fact that this curve 

presents an inflection point after about 15 minutes may be explained by a 

nucleation phenomenon. Such inflection 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 our adsorption measurements during the time necessary for ellipsometer 

measurements (5 to 20 min.) down to a temperature of -72°C. Therefore, 

all our measurements were performed in the temperature range -72 to _10°C. 

Furthermore, all adsorption studies were carried out using a steady flux 

of gas in order to maintain the purity of the gas even at low pressures 

. 10 
(> 10- torr)~ Both the continuous flux and the low pressure of the gas 

minimized the possibility of back streaming which was mostly due to CO, 

, ** argon, and ~ from the Vac-Ion pump as shown by mass spectroscopy. 

Typical results of the phase shift l:::, versus time for krypton at 

various pressures are shown in Fig. 12. The contamination at p = 10-10 

torr·is more appreciable due to the greater percentage of the residual 

gases, at low pressures compared to higher pressures (>10-10 ,'torr) where 

the percentage of residual gases is lower. 

* 
'** 

, 6 
The resolution of our~optical thickness measurements is 0.3-0.5A. 

Ul~~k Corporation 
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Dr. ELLIPSOMETRY RESULTS 

The optical constants nand 1(, 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 dependence of the optical constant s is similar to that 

of (110) face of silver. These curves have been corrected for birefring

* enceeffects due to anisotropies in the LEED windows. [Correction: d~ = 

0.00, d6 = 4.92°, equally applied to all measured values of 6]. This 

correction has been applied after comparison of the optical constants of 

a standard surface measured successively when this surface was placed in-

to the LEED diffraction chamber at atmospheric pressure, reduced pressure 

(10 -8 torr) and cut s'ide theLEED chamber. As a standard surface, we 

used the hypothenuse of aright angle prism which had been covered with 

a thin layer of aluminum. (by metal evaporation) and protected against 

alteration ~nd contamination by a thin layer of siliconomonoxide. Periodical 
, 

measurements of this sur'race showed that its optical constant s did not 

change to an appreciable extent over a period of several months, (qhange 

in 6: 0.04°)0 Removal of the windows showed that the birefringence 

of the windows was due to mechanical strain which occurred primarily in the 

front 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 ?f and l5. 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 3/4' diameter circle in the center 
has been sealed to the 8" and 6" flanges of the LEED diffraction chamber. 



-12~ UCRL-18480 

McCracken et al. 27 and an average value was used for the computation of 

the optical constants of the pure metal surface. 

Adsorption measurements in the pressure 10-10 to -6 range 10 torr 

have shown that ellipsometry is sensitive to less -8 -2 of than 10 gcm 

adsorbed gas. Therefore, from the measurement of the phase shift 6 

between the two component waves at different pressures (as shown for 

krypton in Fig. 14a) , optical thicknesses could be calculated and ad-

sorption isotherms plotted (see Fig. 14b). That these measurements are 

relative to the clean silver surface follows from Eq. (3) where Z. is the 

measured phase shift for the clean surface at temperature T and residual 

( -10) pressure Po in order of 10" torr re~orded before admission of the 

gas. ""6 is the measured phase shift at temperature T and pressure PI of 

the gas. The curves in Fig. 15 show also that our optical thickness 

calculations are still valid even if the measured relative phase base 

for the silver, 'surface are erroneous by as much as 7 degrees. Errors 
, ,: 

introduced by birefringence effects due to the LEED windows do therefore 

not affect the values of our optical thicknesses beyond the error limit 
o 

of 0.3 to o. 5 A. 

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

of the isotherms is similar to those obtained on the (110) surface. rus 
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has been confirmed for the adsorption of krypton, acetylene and xenon, 

and indicated 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 

crystal faces of copper~5 

Adsorption isotherms have also been calculated from the measured 

values of 6 versus pressure for oxygenJ~enonJ 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 isotJ:1erms, 10glO p vs. liT can be plotted. (as shown for krypton 

in Fig. 16a), and isosteric heats of adsorption (Lilist ) 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 IIDO, the (no) surface of 

silver is highly susceptible to thermal faceting. Direct evidence of 

faceting could only be obtained by a change in the LEED diffraction 

pattern which occurred 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 agreement with this result, we also .noticed thermal instability of the 

silver (110) surface when Debye-Waller measurements28 were initiated at 

higher temperatures (> 140°C) instead of 85°C. In order to explain the 

ellipsometry results, the overheated surface has been considered theoreti

cally as a pure silver surface (having the optical '~onstants indicated 
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in Fig. 13 ) covered w'ith a transitional layer characterized by different 

fractions f of the metal opt ical constants (see Fig. 18). These curves 

show that the relative phase 6 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 fOT a change in relative phase of the oTder 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). This interpretation agrees with the fact that no sign of classical 

thermal faceting29 could be observed within the resolution of the electron 
'." 0 

micros cope replica (approxiIruite ly 150A). 

The accurate measurement of metal optical constants is of considerable 

importance in the calculation of energy bands and the evaluation of inter

band transition and free electron effects. 30 Our measurements of the 

optical constants of the pure silver (110) sur:face have been obtained 

undeT conditions of minimum surface contamination. Although we have no 

in:formation on the in:fluence o:f the sur:face roughness on the measured 

optical constants, the large scattering betw'een the previously pUblished31 

optical constants of silver sur:faces suggests that these constants may be 

strongly dependent on the quality of the sur:face. Our values (Fig. 13) lie between 

those obtained previousl;2 on thick, annealed and aged silver films 

(n = 0.055, nK = 3.32) and those :for thin :films o:f evaporated silver 31 

(n = ,0.17, nK = 2.94). 
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The princ1.pal 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 (llO) surface above 

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

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 8 = 0, are sumrnarized,inTable I for 

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

si~ 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 
• 0 

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

begin to increa~e as observed previously by Aston:. 33 However, we could not 
o 

calculate accurate heats for coverages below lA 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 (llO) 

surface 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. As a~comparison, we list the initial 

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

, krypton on tungsten (4.5 - 5.9 kcal/mole), as reported by both Gomer4 

and Ehrli'chl ,34 using field-ion and field emission microscopy. Fu~ther-

m9re, 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 varia,tion in the isosteric heat of adsorption which, at any 

coverage e,corresponds to the sum of the potential and kinetic energy 

changes (due to the adsorption process) of the gas, depends on.the 

cooperative effects b€tw·een these energy terms. The gas-metal interaction 

decreases w·i th surface coverage while the gas-gas interact ion increases. 

It can be seen from Figs. l6b, 17 that for silver (110), the absolute change 
., 

in the gas-gas interaCtJon with coverage is greater than the absolute 

change in the gas-metal interactiono* Rhodin,5 using the microbalance 

technique, also observed an increase in the isosteric heats of 

adsorption with coverage for nitrogen on single crystal copper surfaces 

and for argon on zinc at low· temperatures. He observed a maximum in 

the heat curve at monolayer coverage followed by a sharp decrease, but 

our measurements did not allow· accurate heat calculations at higher 

coverage as measurements close to the vapor pressure of the gas at!the 

temperature of the experiment p >1 atm. for all the gases studied would 

be required. The heat of adsorption should approach the heat of conden

sation (indicated on the graphs in Fig,s. 19b, 17) as the partial pressure of 

the gas approaches the equilibrium vapor pressure and as the thickness 

of the ad:sorbed layer increases. It can be expected then that a physically 

adsorbed layer of' gas several molecular diameters thick behaves like a 

liquid.· Gomer35 has presented 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 tw'o temperatures only. 
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30 Comparison 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 coverage measured by 

ellipsometry (which corresponds to the flat, constant portion of the 

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

the liquid state (d ) as obtained from 
o 

d = o 

1/3 

where M is the molecular w'eight and p the density of the liquid at the 

temperature of measurement (see Appendix), NA is Avogadro's number. The 

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

3 and 4, and show good agreement which supports :the use of the classical 

theory for monolayer filmso No agreement would be observed in using 

.either gas densities for the calculation of d , or the refraction index o 

of the gas in the calculation 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 surface. Similar 

agreement between ellipsometrically measured thickness at monolayer 

coverage and the dimens ions of the adsorbed molecules has been obtained 

by Archer36 on etched surfaces of silicon with several gases adsorbed 

(H2O, CC14, acetone). 

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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2 
atom/em = (6) 

and compared to the number of silver atoms on the ideal (110) surface 

which is reported to be 8.5 X The ratio of these two numbers 

(coverage ratio) ,indicates the number of silver atoms covered by each 

atom or molecule of the adsorbed gas. Table II, column 6,. shows that 

ethylene, krypton, xenon and oxygen cover roughly two silver aiD ms, 

while n-butane covers 4 silver atoms when adsorbed under our experimental 

conditions. 

Effective areas of coverage for adsorbed molecules can be calculated 

under the same assumption as that used in the calculation of the surface 

concentration. Experimentally, cross sectional areas are generally mea-

sured by adjusting the surface areas as determined with other gases until 

they yield the same value as nitrogen which is assumed to give the most 

, 38 
accurate surface areas.' However, McClellan and Harnsberger have re-

cently concluded tha tthe size of the adsorbed molecule depends not only 

on the nature of the adsorbent, but on the temperatUre and the refer-

ence sUbstance also. 

The optical t14ckness 'at monolayer coverage has been determined 

from the adsorption isotherms which appeared to be of Type I. (Langmuir 

see Fig. 19,. ) The thickness could then be converted into a molecular area 

by taking the reciprocal value of Eq. 6. In Column 7, Table II we 

compare our experimental results with fu ose reported in the literature 

for metal substrates. When values 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-
.0 

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 ad'sorption measurements indicates that the adsorbed 

phase is disordered on silver in the temperature range (O°C to -195°C) 

( -10 -6 ) and pressure range 10 to 10 torr studied. This lack of ordered 

structures could be explained by desorption or perturbation of the weakly 

bound array by the electron beam. However due to the small specimen area 

covered by the electron beam, desorption cannot be detected by mass spec

troscopy as the gas pressures coming off the surface is negligible (10-1'3 

torr). In agreement with our observations, Pritchard and Jeanes25 did 

not observe any change in the LEED pattern when molecular oxygen at a 

pressure of 10-
6 

torr was adsorbed on the (110) plane of evaporated silver 

between 20°C and -100°C. A change in the work function by +150 mV indicated, 

however, that adsorption of oxygen on Ag (110) occurred. 

Lander5 reports that physically adsorbed xenon on graphite is ordered 

at -lB3°C and 10-3 torr, but no ordered phase has been observed under 

those. conditions on silver. Only a gradual increase in the background 

intensity and a blurring of the normal diffraction features due to the 

disordered nature of the adsorbed xenon results in our experiments. Other 

ordered adsorption structures are reported by Lander for substance~ which 

should be classified as weakly chemisorbed rather than physically 

adsorbed. 

Although ellipsometry indicated that gas adsorptiion ~loseto a monolayer 

-B ' 0 i d had tal,en place below 10· torr and 0 C, t.he backgr~mnd intensity ncrease 

and the (OO)-diffraction spot intensity decreased to an appreciable extent only at 
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pressures higher than 10-7 : torr and beam voltages .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 elJ.,ipsometry. 

These measurement.s 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). 

Bo Discussion 

All measurements were performed at beam voltages of 50 eV or more. 

Similar results may not be obtained when a Faraday cage is used for spot 

intensity measurements as this method maybe a more sensitive measure of 

very small variations in spot intensities. Also, these intensity varia

tions due to gas adsorption may be stronger at lower beam voltages 

(:::, 10 eV) as suggested by Lander and McRae. 39 Nevertheless, our experi

ments showed that ellipsometry is more sensitive than LEED in the range 

~ 50 eV for the detection of disordered gas adsorption at aoverages below 

and up to one monolayer, and that LEED is not a sufficient criterion to 

define surface cleanliness in this voltage range o The high sensitivity 

of ellipsometry in the submonolayer range should make this technique suit

able ~for the calibration of the Auger secondary electron emission, the 

sensitivity of which is still uncertain for gaseous impurities adsorbed 

to less than a monolayer. 

The magnitude of the measured heats of adsorption suggests that the 

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

freely over the surface of the metal. This occurs when the energy 
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required for motion is appreciably lower than the energy of desorption. 
i 

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 temperature on copper 

and gold single crystals by Kruger40 indicated that a ~iquid-like state 

of the adsorbate persists. Nevertheless it would be interesting to 

extend our measurements to . lower temperatures and higher pressures for the 

study of multilayer formation~ two dimensional condensation and phase 

transformations in the adsorbed layer.. 

Finally, the fact that the LEED diffraction pattern remains charac-

teristic of-a clean surface even after adsorption to a monolayer seems 

to indicate that the gas is adsorbed in "patches" on the metal' surface. 

The increase of the isosteric heat of adsorption at fairly low coverages 

also suggests that the adsorbed molecules or atoms readily associate. 

J 
<. 
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VI. CONCLUSIONS 

The combination 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 

o 0 -6 -10" from 0 C to -195 C and at pressures between 10 and 10 torr. A LEED 

a?alysis of all the adsorption 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 weak 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 pressures considerably 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 monolayer 

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

LEED was rather insensitive to this disordered adsorption at beam voltages 

2: 50 ,eV' and is therefore not a stifficient'c.tite.rion for surface cleanlines's 

in this voltage range. LEED may be more sensitive to the presence of this 

disoraered adsorption in the range 0 to 10 eV and measurements should be 

initiated,'in this range. 
/' 

The fact that the LEED diffraction pattern remained characteristic 

of a clean surface even after the adsorpt~on of a monolayer of gas seems 
; 

to indicate that the gas atoms are adsorbed in "patches" on the silver 

surface. 

Contamination from the residual gases present in the ultra high vacuum 
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(::::::: 10-10 torr) was appreciable at temperatures below -100°C as indicated 

by ellipsometer measurements. The removal of such contamination is· 

essential for the low temperature studies (below -100°C) of clean metal 

surfaces. 

Both LEED and optical measurements confirmed the instability of the 

silver (110) surface. It seems that this instability and the physical 

quality of the surface are important considerations for optical measure

ments. 

From the adsorption isotherms measured by ellipsometry, isosteric 

heats of adsorption and their variation with surface coverage, cross 

sectional areas of adsorbed molecules and coverage ratios (number of 

surface atoms covered by adsorbed molecules) have been determined. The 

calculated cross sectional areas were independent of any standard such as 

nitrogen. The magnitude of the heats of adsorption confirmed that the 

interaction between the studied gases and silverjboth (100) and (no) J 

is primarily due to Van der Waals forces. The increase in the heat of 

adsorption with film thickness is due to the lateral interactions between 

the adsorbed molecules on the surface which increase more rapidly with 

covelj'sge than the decrease in the gas-surface interactions. The fact that 

. this. increase occurs at low coverage indicates that the surface is rela

tively homogeneous in energy and that the adsorbed molecules have a tendency 

to associate (clustering). This further substantiates the possibility of 

a "patc·h-like" adsorption model. 

Finally, the thickness of the adsorbed phase at the monolayer was 

found to be comparable to the diameter of the molecules in the liquid 

state •. ' This suggests that the presence of cracks, flaws, etc., as indicated by 
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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 ellipsometry. The results obtained in this study of physical 

adsorption indicate that the combination of LEED and ellipsometry will 

provide interesting information ona large variety of other surface 

phenomena such as epitaxy, chemisorption and on the interpretation of 

LEED diffraction patterns. 

Acknowledgements: .Th1s work was performed under the auspices of the 

United states Atomic Energy Commission. 
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. Table I 

~ 

gas lilist (8=0) 24 3 lili 
adsorbed cxxlO (em) condo 

(keal/mole) (keal/mole) 

Kr 1.4 2.46 2.31 

Xe 6.1 4.00 3.02 

O2 1.8 3.88 (02-) 1.63 

CH4 1 .. 0 2.60 1.96 

C2~ . 1.0 2.43 4.27 

C2H4 1.6 3.59 3~24 

,,", ,~ 



TABLE II. 

1 2 3 4 5 6 

gas surface' .. do calc. do measuJ'ed Molec.!em2 Coverage 
adsorbed temperature 

° ° x 1014 ratio 
< °c > <A> <A> Ag : ~as 

Kr - 68 5.4 6.0 3.9 2.2:L 

Xe - 72 4.3 4.0 5.1 1.7:1 

O2 - 72 5.0 4.7 3.8 2.2:1 

C2H2 - 72 4.1 3.8 5.4 1.6:1 

n-C4H10 - 42 5.3 3.6 2.4 3.5:1 

* -11808°c. Calculated from density at T 't crl • 

, 

7 8 

Cross Section Cross Section 
omeas. 

< A2/mo1ec. >. 
oLit 

< A2jmo1ec.> 

25.6 21.5 at 
-183°C, -196°c 

19.6 22.5 at 
-183°C, -196°c 

26* 17.4 at 
_183° c, -19~ C 

18.3 22.0 at 78°c 

42 43.4 at _78°C 

I 
VJ 
0 , 

?5 
~ 
t-f , 
I-' 
co 
&; 
G 
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FIGURECAFrTONS 

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

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

allel (subscript p) and normal (subscript s)to the plan~ of 

incidence. ~-phase difference between the two components in 

incident light" chosen to be eliminated by reflection. 

Fig. 2 Combination of LEED and ellipsometer. 

Fig.. 3 

A. He-Ne 

B •. Light chopper 
( 

C. Polarized circle 

D. Compensator circle 

( 

E. LEED chamb er 

F. Analyzer circle 

G.- Photomultiplier 

H. Camera 

I. Low temperature crystal manipulator 

K. Liquid nitrogen cold trap-

L. Cryos~at 

M. Quadrupole mass spectrometer 

N. Mobile table 

Sensitivity of relative phase f). and amplitude ?jJ for film 

thickness d on silver as a function of angle of incidence 

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

strate: n = 0.14 c 
[1 + 34iJ)., 



Fig. 4 

Fig. 5 

Fig.· 6 

Fig. 7 

Fig. 8 a 
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Electron micrograph of a carbon replica of a chemically polished 

silver (ilO) surface. Maximum depth of pits 600A. 

Interference micrograph of a chemically polished (110) silver 

° surface. Thallium light, f... = 5350A. 

LEED diffraction pattern of the faceted (110) surface of a 

silver single crystal as obtained after heating to 451°C during 

12 hours in a vacuum of 2XIO-9 torr (energy of the incident 

electron beam: 105 eV). 

Contamination time for monolayer formation as a function of the 

gas pressure, calculated for sticking coefficient of .unity. 

Measured contamination curve on silver (110) at -195°C and 

·4XIO-IO torr.:Fig. Sb.(Insert) Variation of mass 'peak 18 

for the ambIent during build up of the· contaminant layer. 

Fig. 9 (a) The intensity of the specular reflection vs. beam voltage during 

formation of water layer on silver (110) as recorded as a 

function of contamination time, (4XlO-10 torr). Fig. 9b Varia-

tion of the intensity of the specular reflection for 94 eV 

electrons as a function of time. 

Fig. 10 LEED diffraction pattern of the (110) surface of a silver 

° single crystalcover.ed with a 19A thick layer of water (energy 

of the incident electron beam: 125 eV). 

Fig. 11 Contamination in ultrahigh vacuum at -195°C and _40°C (assuming 

a refractive index of 1.25 for the calculation of the optical 

thickness d). 

.' 



Fig. 12 

Fig. 13 

Fig. 14 

Fig. 15 

Fig. 16 

Fig. 17 

Fig. 18 
'lr 

" 
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Measured phase shift 6 versus time for the adsorption of 

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

of krypton: a) 6.6XlO-9 torr, b) 1.2X10-9 torr, c) 1.OX10-10 

torr. 

Optical constants n' = nCl + iK) for silver (no) as a functional 
c 

o ° 
temperature at wavelengths of 546lA and 5893A. 

Relative phase, 6, and optical thickness versus pressure for 

krypton at various temperatures 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.] Insert'r Adsorption isotherm calcu-

lated from measured phase shift. 

Effect of a 7 0 error in absolute value of 6 on measured film 

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

(a) Log p versus liT plot for krypton. _ (b) Isosteric heats, 

of adsorption versus optical thickness for krypton and xenon. 

d
Xe 

and d
Kr 

correspond to the measured thickness of the mono-

I\U h t f d t' 41 layer, [~L d = ea so' con ens a lon. con .. 

Isosteric heats of adsorption versus optical thickness as 

calculated from the adsorption isotherms for oxygen, methane, 

ethylene, and acetylene. 

Surface roughness of silver treated as transitional layer with 

indicated fraction, .0 of metaL optical constants calculated by 

the following formula: 

n = nsubstra. + (l-f)(l-nsubstra.) 

K = (f: K substra. ) 
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Fig. 19· Opticc'ol thickness d ver sus partial pressure of acetylene at 

T = 60°C and _72°C on Ag (110). 
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Fig. 2 
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Fig. 4 
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Fig. 5 
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300~--------------~---------~---------------~ 

200 

100 

50 100 

Specular reflection of electrons 

durln9 formation of Ice layer 

Curve Time (min) Temp. ("C) --. 
I 0 26 
2 25 -195 
3 40 -195 
4 75 -195 

5 105 -195 

6 135 -195 

7 150 -195 

200 
Electron energ y 

150 
(eV) 

KSl6S7 - 3"00 

Fig. 98 
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Specular reflection of 94 V electrons 
during formation of ice layer 
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Time (min) 
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Fig. 9b 
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Adsorption isotherms of Ace'tylene 
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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 or 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 prepare$, 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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