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ELLIPSOMETRIC STUDIES OF OXYGEN ADSORBED ON SILVER FILMS

M. Watanabe and P. Wissmann®*

Reseavch Institute for Catalysis, Hokkaido University, Sapporo, 060 Japan
¥ Institut fur Physikalische und Theoretische Chemie der Universitdt
Erlangen-Nirnberyg, Egerlandstrasse 3, 8520 Erlangen, F.R.G.

Résumé - L'adsorption d* oxygéne sur_des couches minces d'Argent déposées par
évaporation a &té étudiée & 295 et 77 K par e111psometr1e et par mesures de
résistance. La constante diélectrique obtenue pour 1'oxygéne adsorbé sous
forme atomique, & 1152 nm, est &1 = - 1,8 - 3,51 &4 295 K et - 2,0 - 4,01 &

77 K 5 ces valeurs sont b1en 1nterpretees par 1a théorie de Bennett et Penn
qui décrit Te couplage entre 1'oxygéne adsorbé et les &lectrons de conduction.
Les valeurs 8A et sy observées & A = 633 nm indiquent 1'existence d'une cou-
che d'interface induite. La constante diélectrique de 1'oxygéne adsorbé sous
forme moléculaire & 77 K est réelle et égale & g7 = 1,8.

Abstract - Adsorption of oxygen on evaporated silver films is studied at

295 and 77 K by means of ellipsometry and resistance measurements. The dielec-
tric constant of atomically adsorbed oxygen obtained at X = 1152 nm is &1 =
-1.8 - 3.51 at 295 K and -2.0 - 4.0i at 77 K, which are well understood by the
Bennett and Penn theory describing coupling between adsorbed oxygen and con-
duction electrons. "Observed &A and 8y values at A = 633 nm indicate the exi-
stence of an induced interface layer. The dielectric constant of molecularly
adsorbed oxygen at 77 K is found to be real as 1 = 1.8.

Oxygen is atomically adsorbed on polycrystalline silver surfaces at room temperature
while at 77 K it seems to be adsorbed atomically at early stage of adsorption and then
weakly and molecularly |1-3|. We intend in this paper to compare ellipsometric respon-
se of adsorbed oxygen at 295 K with that at 77 K. A few other groups have studied this
system at room temperature by means of ellipsometry using light wavelengths of 633 nm
or shorter [4-6|. Our Tight source was a He-Ne laser of A = 1152 nm, where the metal
dielectric constant can be described by an extended Drude equation including the ano-
malous skin effect. As well we used another He-Ne laser of 633 nm to compare our re-
sults with literature work. Evaporated thin films were considered to be advantageous
for determining the life time of conduction electrons and Fuch's specularity parameter
from resistivity measurements.We measured changes in the ellipsometric angles 8A and
Sy as a function of oxygen coverage, which were converted into the complex dielectric
constants of adsorbed oxygen. They were found to be different from those of Tiquid or
gas phase oxygen.

I - EXPERIMENTS

Experimental details are given elsewhere |7,8[. A null method ellipsometer (Rudolph
43603-200E) was used in the PSCA arrangement. Samples were polycrystaliine and conti-
nuous films deposited on glass substrates.in UHV conditions. Spectrally pure silver
was evaporated from a tungsten helix heater onto the substrate which was kept at am-
bient temperature. The thickness D of the films was in the range of 25 to 50 nm, which
was determined by atom absorption spectroscopy. The resistance of the films was measu-
red by a so-called four electrode method during evaporation, annealing and gas admis-
sions. The gas dose was provided by breaking the seals of ampoules filled with 02 gas
of 99.999 % purity. The adsorbed amount of 02 was determined by monitoring increments
of the resistance using calibration curves obtained for spherical glass cells |8].
Since variations in A and i due to 02 adsorption were small,we evaluated them with the
help of computer analysis. Details of the method are given elsewhere |9].
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IT - RESULTS

Electron micrographs show that a continuous film structure with a preferred (111) ori-
entation is formed for D 2 15 nm. The films become smoother with increasing D. Obser-
ved A and Y values of the films without adsorbate are converted into dielectric con-

stant 2 by computer calculations of a two layer system including the metal films and
the glass substrate with refractive index of 1.48. Obtained dielectric constant is

€2 =(-75 £ 4) - (2.5 + 0.5)i at A = 1152 nm while the Drude equation gives €7 =

;2 5 - 2.341 with ey = 2.5 being the core electrons contribution [10]. At A= 633 nm

we obtained € = (-22 ¢ 2) - (0.4 £ 0.2)7 while the Drude value is €, = -19.5 - 0.48i.
Thus the observed & values are well described by the Drude theory.

Solid curves in Fig. la show the coverage dependence of the ellipsometrical parame-
ters SAand &y defined as
sA = A(0=0) - A (6), &Y = p(6=0) - ¥(0), (1)

where © is the degree of oxygen coverage. It was ascertained that 8A and &y are in-
dependent of film thickness D when it is larger than 25 nm. If an adlayer is trans-
parent for an incident 1ight, a simple stratified layer model predicts |11}:

o (I

SA = C(A)aB/A sy <0, (2)

where o is the atomic polarizability of the adsorbate and C(A) is a function of A,
incident angle of the light and adsorbent optical properties. Obviously the results
of Fig. la are very inconsistent with eq. (2),s0 that we may need an induced inter-
face layer and/or a complex dielectric constant of adsorbed oxygen to explain the
data. The 6.4 % increase in the resistance seems to indicate that oxygen atoms are
not adsorbed by silver for 02 pressures smaller than 1.3 Pa used in the present ex-
periments (see Fig. 1b).

At 77 K observed changes in A and &y values are 8A = 0.289, &y = 0.07°
1152 nm and 6A=1.00, &y = -0.220 at 633 nm for the coverage of Naq = 4. Ox1014 mole-
cules/cmZ, At Tow coverages,variations in

A, &Y and SR are similar to those in Fig. 1 for (533nm) for {1152nm)

though &y at 633 nm is largely negative. At 34 e
high coverages A is almost linear and &y is degree a) degree
constant. A Characteristic feature is that 0.8k « doa
sa does not tend to saturate at high covera- : ’
ges unlike that at 295 K, possibly due to 84, By —0=34 | 34,3y
weak adsorption of molecular oxygen. The ma- 0.6 > 5A 403"
ximum change in the resistance $R/R at 77 K . /-/c‘"c”'“'ed
is 7.2. % for a Ag film of D = 42 nm.- 0.4+ : -0.2
I1T DISCUSSION ,°,';'°."'°'9d_§:%3'°”
The surfaces of the evaporated Ag films are 0z By ol
treated to be flat,which is an admissible ’ SEURETL 3‘.4;(%55&;;.‘},‘,)
assumption because their bumpiness is much 0 o oz o3 o0a 20
smaller than A. Furthermore, we now take " 02 adsorbed (10" /cm?)
into account that the glass substrate only
influences the absolute values of A and ¥ % b) Jgo
but is ineffective for SA and Sy when the 8.0 me
thickness of Ag films is larger than the skin SR
depth 8s = 21 nm. Applying the model of %) 3R
Fig. 2b, 8A and &Y are expressed in simply a0k
analytical forms by the linear approxima- ’ D=52nm
tion under the condition of dad/A << 1. ({=360m 70
Non-classical expressions of SA and &y
which include the non-Tocal effects were 20F
given in a previous paper |10]:

Fig. | Changes in ellipsometric angles 3A, 3y

at 1152 0m (0,4) and 633 nm (e, A) and resist- 00 L L . L Y
ance of Ag film 3R plofted with tt,\e coverage of 00 o1 02 ,?'3 0.4 2
adsorbed oxygen at 295 K. Dotted curve shows 0z adsorbed (0™ molecules/cm®)
calculated 3¢ which arises from the p parameter

effect. Simulations of 3A ard Sy at 1152 nm

are given by chained curves.
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-4nd_ .n_cos¢
ad o 0
o = —352 0 xge |Fn| (3a)
2ud_ n_cos¢
6y = sinzy —290 "0 xn |Fn| (3b)
~ o e ~ .2 ~ P
g~ 1 -¢e (1/€,41/€,))sin ¢, + E.Q/(E;-E,)
= (L 2) (o 12T T Py, )
€~ 1 - 80(1/€o+1/£2)31ﬂ by * eoQ/(eO—sz)
Q= 2v(g, - g, s1'n2¢)0)1/2 + EZYZ, Y = ?Klf- (Eg - Eg)51'"24)0 (5)
'n € g
2 1
where definitions of variables e n
and dielectric constants are @ @ 0, 0
given in Fig. 2. (Kg), is the vacuum =Y 7
normal component of longitudi- dm—4377%¥9®f €,
nal wave vector |12,13]. When vacuum e ////Agfum ff}ﬁa
v is small, then A and 8y re- % b
duce to the classical forms. ’{jéé;/ (5) /é;
Egs. 3 are the expressions at )/Agf”m "
© = 1. Since the observed 6A 7 2 ////
and 6¢ values are non-linear /féﬁ;/ /C; \\\\\\\$ ;mz;:
with coverage, the coverage {a} —=
curves are analyzed with the jnterface laver__ (c)
help of Lorentz-Lorenz equa- Ag “Fiim, ////
tion by substituting &1 in S /é:
eqs. 4 and 5 by €1(0©) accor~ before adsorption after adsorption
ding to |10] Fig.2 Stratified layer modsl of oxygen adsorption on Ag films
and definitions of variables.
g, (0) - 1 g, -1
1 1
” = ol ) (6)
el(@) +2 €, + 2

The dielectric constant of Ag is given by the extended Drude equation including ano-
malous skin effects [10,14]| as

w, 2 w, 2 2
G- (D -1 D) = g e 2D (- HYE, ()
op S p
with
Vtgy = Utgy + Vrgg (8)

where w and wp are frequencies of incident light and the plasmon, respectively, &g
is the skin depth, p is the Fuchs specularity parameter, top = V/1gp is the opticdl
life time of conduction electrons, tgy is the static life %ime calculated from ob-
served resistance of Ag films and Tee is the life time determined from electron-
electron collisions |15| which are important when & is Targe and the Fermi surface
is non-spherical or surface scatterings of conduction electrons are effective.

Since the films are assumed to be flat, the resistance is analyzed by the Fuchs-
Sondheimer theory. Observed resistance changes are approximately expressed by [10]:

(§%) - §%) = —_g‘%g""“' (9)
23y- 1
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from which we calculated 6p by using observed (8R/R) values. D/1 is 1.4 at 295 K,
thus we obtain 6p = 0.36. After numerical calculations we found that this leads to
8¢ = 0.056 which is illustrated by the dotted curve in Fig. 1. The calculation re-
veals that ép influences only 1ittle 68A. For the 77 K results, similar conclusions
hold.

Following the above procedure we simulated observed 8A and &) curves with parametriz-
ing € and dy4, but daq is fixed around 0.2 nm for atomic oxygen and around 0.35 nm
for molecular oxygen. At 295 K adsorbed oxygen is atomic. Simulation curves of SA ]
and &y are shown in Fig. 1 at 1152 nm with best fitted €] value being €] = -1.8 ~ 3.51.
On the other hand, at 633 nm none of €] values can interpret the coverage curves, in
particular with respect to the steep rise of SA at the early coverage. Therefore, we
‘conclude that ‘at 633 nm the formation of an induced interface layer must be taken into
account, i.e. model (c) rather than model (b) should be applied. This conclusion im-
plies that dielectric constant of the interface Tayer depends strongly on A Tike €2

of Ag. In model {c), determination of €1 is impossible because of many unknown para-
meters.

Along the same lines we analyzed our Tow coverage data at 77 K. We simu]ateq coverage
curves of 8A and &y and arrived at the same conclusion that model (b) explains well

the result at 1152 nm with simulation parameters of €; = -2.0 - 4.0i and daq = 0.2 nm,
but does not explain at all the result at 633 nm, while model (c) does. Observed chan-
ges in ellipsometric angles in the high coverage range are 8A = 0.150, &y = -0.020

at 1152 nm and 8A = 0.400, &y = 0.00° at 633 nm, which can be interpreted by weakly
adsorbed molecular oxygen with €1 = 1.8 - 0.01 and dyq = 0.35 nm.

IV CONCLUSIONS

Dielectric constants of atomic oxygen on silver at 1152 nm are €1 = -1.8 - 3.51 at
295 K and €; = -2.0 -~ 4.01 at 77 K. Such complex dielectric constants with negative
real parts were predicted by the Bennett and Penn theory |16| describing possible re-
sonant bonds between adsorbates and conduction electrons. UPS spectra of adsorbed
oxygen on silver {3,17| show two peaks at 8.0 and 12 eV from Ef which iie below the
conduction band, and a peak at 3.2 eV in the sp conduction band. Dielectric properties
of adsorbed oxygen may reflect the covalent nature of electrons at 8.0 eV and the
metallic nature of electrons at 3.2 eV. The existence of induced interface layer de-
pends on A of incident light. Non-local effects in the linear approximation are as
small as 6 % at A = 633 nm and negligible at 1152 nm.

We would 1ike to thank Prof. G. Wedler for his continuous encouragement. The present
work was financially supported by the fund from Japanese Government and the Deutsche
Forschungsgemeinschaft.
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