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Abstract

Differential reflectivity A R/R measurements between a smooth {

Ag surface and the same surfacs covezzd oy silver deposits of ]
1 various thicknesses were performed in uvltra high vacuun over "

thel,5 - 5 eV spectral range for different Ag substrate temperatures. 1

One silver monolayer on silver substrate at 125 K gives rise to

573 »

relativaly laryg2 changes in xeoflootivizy

For thicker deposits (from 4 ronolaycrs up) a well defined
absorption at 3.5 eV due to surfacs nlaszzon excitation is found. 4
The experimental results are comparel to computed values of
A R/R. Some structures found in the vicinity of the Ag surface
plasmon freguency are interpreted as a surface plasmon splitting i

duc to the surface roughness. .

A R/R variations during samnples annealing to room temperature are
g 2 !

also investigated and compared to the repnorted

.Cc resistance and

4d
SERS measurements. Roughness was also investigated by electron
microscopy by "pinning" the surface at T = 140K with a superficial
oxyde. An additional absorption found for thick (v 103 R) quenched

silver films is attributed to a surface effect.
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I - INTRODUCTION

A large amount of work has been alrz.ady
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understand the optical properties of e flat surface. This problea

is particulary complicate for p-polariz_.d lig: nd
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analysis requires a non-local formalicon

region via a dielectric function depending on freguency and wave

vactor. Nevertheless in most practical casas the classical Fresnel

formulas are a good description of the reflecticn of lignht on a good :
metallic mirror. In fact a flat surface is an abstraction and all

real surfaces have some rouginess, on tnz ligh

]
(i
s

ave-length scale, and
this is the real incentive to the study sf roughness efiects on surface

phenomena, like electronic or vibraticn:zl propertizs of molecules on

a rough surface.
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ates the observed
absorptions to electronic transitions betwzen electronic states of

the adsorbate and/or tne surfacz. The ortlcal absorprion of a rolecule
is given by Im (o) E2 , where 0 1s the rolecule polarizability and

E the field seen by the molecule. Feraflat surface £ can be known

from the Fresnel formulas and it is usually slowly varying with frequency.
This is not the case for a rough surfaces where optical absorption
depends, besides the values of Im ( 0)on the valuss of E at the molecule
site, the resulting effect depending on the average of the local fields
for all adsorption sites. The local field E is in general a complicated
function depending on the suriace shap2. It can reach vory high valucs,

for instance in the neighbourghood of a needle like in lightning-rod effec:.

There are a large number of theorical methods to investigate the

electromzgnetic properties of rough surfaces and much of experimental

work has already been Gevoted to the caracterization of different

kinds of roughness using light waves. Very often these
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studies are related to surface polaritons excitat:ion or interaction
with roughness. A recent theoretical review can be Zound in the paper
by Maradudin(l) and experimental aspects are discu:ized by Raether (2).
A simple theory very often used is the "Scalar scattering theory ™.
This considers only the phase modulation of the incident and outgoing
light by interface shape. In the fram= of the scalar theory, the scat-
tered lignt and the specular beam are independant of light polarization
depending on the roughness height only. This tiieory is a long wave
limit theory and does not take into account the possible excitation

of surface modes which are the main effect found in the experiments
discussed in this paper. In contradistinction, rigourous theories
vased on tiie extincilon theocon, reguires 2 large anount oI conpuia-
tional work even for periodic gratings lzading to numerical results
which are not always very accurate.In order to intorpret the results
to be presented here, we have made use of a porturbative theory due

to Krdger and Kretschmann (3).

In the past most investigations were devoted to electromdgnetic

fields far from the surface, but in ordur to underotand the optical

properties of adsorbates some authors have studied the near field
on reflecting rough surfaces. The necar field for silver grating

surfaces of different shapes was already compated (4,5).
- P4 X ’

An other approach of a rough surface is to consider a protuberance
on a flat surface. Berreman (6,7) considered a hemispherical bump on
otherwise smooth surfaces for several dielectric material in the elec-
trostatic approximation. He found resonant frequencies related to
the bump moces. Ruppin (8) computed, again in the electrostatic appro-
ximation, the electromagnetic fiecld at the surface of a hemispherical

bump on a flat surface for Ag, Au, Na and found fields enhancement

strongly depanding on the light freguency. Gersten and Nitzan (9) studied,
also neglecting retardation, the case of an hemiellipsoid on a perfectly

conducting plane and found very high values of the extinction coefficient

and of the alectric field at the surface depending on the hemiellipsoidal

-




shape. Kerker et al (10), using electromiaznietic theory studied the uecat- y
tering of plane wave by a Ag sphere and found agalin a resopant behaviour

as a function of frequency. With minor modifications Kerker et al (10)

results can be applied to a hemisphere on a perfectly conducting

medium. Obviously, in the gcneral case,a rough surface cannot be

considered as being made of isolated protuberances,because each irregula-

rity receives the fields which are scattered from the neighbouring bumps.

This should be particularly truz at thz rosonance freguency of the bumps. :
Nevertheless it is clear that a rough surface can support localized
electromagnetic resonances (surface polaritons resonances localized
at the surface irregularities) in a manrer similar to the well known
resonances on colloidal particles (11). Tris point was probably first
demonstrated experimentally in the work oZ Beaglenole and Hunderi on
light scattering by rough surfaces (12,13). Recently we wereable to
estimate the field enhancement at the quz=nched silver film surface by
measuring the reflectivity changes induced by Cu adsorbates for 0.1-1

monolayer coverage (14).

An other effect related to rough surfaces is the possible exci-
tation of surface plasmon waves. Thesea propagating surface modes exist
at the flat surface of a free electron ma2tal, but cannot be excited
by light. For a rough surface this posibility exists as first pointed
out by Fano (15) in order to explain ne Wood anomalies of gratings.
For a wave impinging a flat surface at an angle C the wave vector k
parallel to the surface is in all cases equal to w/c sin® whereas on
a rough surface there are, beside the diffrated orders, with wave
vector k<w/c leading to the scattered light, other wave with k<w/c
which are evanescent in the direction normal to the surface and

with a wave vector parallel to the suriace large enough to excite

surface plasmon waves. It must be underlined that this kind of
excitations are propagating modes travelling along the surface in
contradistinction to the already mentioned 1localized modes at the

bumps.

Another interesting phenomen_on occurring at rough surfaces only

and not yet well understood is the surface enhanced Raman scattering
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(SERS) crfect.

Tt is clear now that a routh snrrace is a prereguizite ;
to the occurence of SERs, but not all rougn surfac2s give rise to
SERS and a point still under discussion is what kind of roughness is
involved in SERS. An overvicw of the actual situation in SERS investiga-

tions can be found in a recent paper by Otto (18). SERS was first

observe:d on Ag surfaces roughened by an eclectrochomical treatment (17),

then it was reported on silver deposited on CaF2 (18) and in some cases ,
on mecnanically polished Ag (19). Another method to obtain surfaces '
with very high (~ 106) Raman cross-section enhancezent is by quenching ;
Ag on substrates cooled in liguid nitrogen tempsratures (20). An optical
study of this kind of surface has already bzen briefly reported (21),
and will be developped in details in this paper. In particular ve are
interested in the rougnoning of silver surfaces oy guenculing at anout
140K small Ag deposits (few monolayers).At this terperature, many faults
are created during the crystal growth producing some roughness on the
atomic scale, tue rouyghness becoming macroscopic for thicker deposits.
To study very small roughness producing very small rodifications of
reflectivity(~ 10_4)Iwe employed a differential technic Differential
reflectivity measurements were first employed to investigate the ¢

e¢lectronic propactices of diluted allovs (22,23) ang also for surfacue

roughness studies (12). The avantages of differential measurements of
reflectivity were used by several groups (24,25,26) to investigate

gag adsorption on surfaces kept under ultra-high vacuum.

In section II we describe the experimontal set-up : the ultra-

high vacuum system and the differential reflectomster. Section III

is devoted to a discussion of roughening induced by thin silver

deposits,the annealing of these deposits being examined in séction Iv,
Section V contains a comparison between experimental results and
numerical calculations performed with the Krdger and Kretschmann
formalisn, Finally we investigate in section VI the topography of
quenched silver surfaces and their relationship with the observed

optical absorptions.




II EXPERIMENTAL

a) The ultra high vacuum chamber

Our samples are prepared and studied in a stainless steel
ultra high vacuum system working at pressures in the low 10_10
torr range. Pumping is assured by a 2001/scc ion pump, a titanium
sublimation pump and liquid nitrogen cryotraps. A four-grid LEED-
Auger spectrometer with a grazing incidence electron gun is currently
used for Auger surfaces analysis. Details of this equipment can be
found in ref (27). A high precision goniczmeter (Vv 4 10—2 degrees)
allows to perform optical measurements as a function of the angle
of incidence, for different polarizaticns of light, as described
in ref (27), but the results which will be presented in this paper
were performed at normal incidence only . another facility of this
equipment is to allow Raman studies with a spectrograph especially

attached to the vacuum chamber.

b) Samples preparations

The Ag surfaces and superficial layers of Ag Al and Cu

»
have been prepared evaporating these metals on glass or fused silica
substrates with two crucibles located at a distance of approximately
33 cm from the substrates. Carefully polished glass or fused silica
plates are placed on a copper holder cooled by a copper plate in
contact with a small liquid nitrogen reservoir. To ensure a better
thermal contact several indium tips are inserted between the Cu holder
and the silica substrate. The temperature is measured at the glass/
vacuum interface by a Cu-constantan thermocouple. Temperatures as low
as 120 K are generally obtained. When stopping the pumping on the
capilar ensuring the filling of the liquid nitrogen recipient, room

temperature is reached in about 3 hours. Glass or silica substrates are




e T o

't

cleancd with a method currently employ=d ir the latoratory. It
consists in rubbing the surface with a mixture of scdium hydroxyd:
and calciun carbonate, then rincing with E NO3 ard finally with
desionized water. The crucibles are shieldad by cold liquid nitrogen
walls. The pressure during metal depositicn is lower than 10-9 torr.
The nonitoring of the thickness of the meczl deposits is performed
with a 5 MHz sloan oscillating quartz located at azout 21 cm from
the crucibles in order to increase the sensizility of the thickness
measureients. A shutter allows to evarorate on tnii2 whole surface of
the sample or just on one half as needed for diffcrential reflecti-
vity measurements which will be discussad later. D2pending on the
position of this shutter it is possible to evaporaze at the same time
on the sample and/or on a spare glass plate. The thickness of the
metal film on the spure glass is determined with approximately 1%
accuracy by X-ray interference in reflection at grazing incidence
(Kiessig method (28) ). These measurermsnts allow the accurate cali-
.
bration of the quartz microbalance. Typical values of this calibra-
tion ave 14 fz/ A for Ay, 12 Hzfi fos Cu end 3,7 Hz/A for Al. In
the present experiments we did not perforam ths guartz microbalance
calibration for each experiment, therefore the indicated thickness
are estimated to 5 %. The surfaces under investigation are those of
Ag films about O.1 pm thick evaporated on substrates kept at room
temperature. The silver films are made of many microcrystals with
lateral dimensions about 0.5 pm with the axis [11!)] nearly perpen-
dicular to the substrate surface but randomly oriented on the
substrate planes. Therefore our surfaces will bobave esseontially
as (1,1,1) single crystals surfaces. Microsterszographicstudies
of carbon replicas of samples similar to ours (29) indicated that
oughness is definitely smaller than 30 R, the main irregularities
occurring at the grains boundaries. The investigation of the rough-
ning of these rather smooth surfaces by quenching at T = 140 K

various amounts of silver is one of the aims of the work described

in this paper.




C- Optical set-up

The principle of the set-up used for diff-reatial reflectivity
experiments is represented on fig.l. A monochronzatic bean is focused
on a mirror vibrating at 800 Hz (manufactured by general Scanning, model
G 112) which sends the beam up and down o *lv: rellecting sanple,
The beam is alternatively reflected on two halvas of a sample (A and B)
having a small difference on reflectivizy (R, / Eg! before being
forsused on a photomultiplier (Pi), The vizrating mirror and the phote- '

multiplier being optically conjugated, the beans roflected by the A

and B areas of the sample impinge on tihe

me point of the photomul-
tiplier and this is a necessary conditicn in order vo avoid spurious
signals. A feed back on the high voltage c©f the ghotomultiplier
maintains a constant mean value of the Jdolivered current as usual in
modulation spectroscopy. A lock-in ampliZicr Jutoction at the freguency
of the vibrating mirror, combined with the montionzd feed back on

the PM high voltage supply gives a signal proportional to A R/R = 2
(RA—RBL/(RA+RB). In order to have absolui=s valuas of A R/R, we nead

a calibration operation. This is performed with a spectrophotometoer
included in the apparatus and allowing teo zeasure absolute values of

the reflectivity. We will return to thiis point later. The insert indi-
cates the shape of the photomultiplier output. The details of the optical
mounting are represented in figure 2, Tho sample is located at the

center of the U.H.V system and the same window is used for the entrance
into and the exit of the light. We have used a Xe lamp(Osram X BO75)

in the 0.28 - 0.4 um spectral range (81) and a W-ribbon source (Qsram
250 W)(Sz)hxthe 0.4-0.9 um région, The monochromatar is 4 Coderg

(f = 0.3 m) of aperture f/s equippad with a holographic grating

(1800 lines/mm) with great efficiency at 250 na and a grooved
grating (1800 lines/mm) blazed at 550 nmi. Tha nirrors m, and m2
provide an image 0' of the monochromator slit 0 on the vibrating
mirror M, The vertical dimension of the ouput slit was limited

to approximately 0,5 mm and the image 0' on the vibrating mirror

M is about 2x2 mm. The mirrors m, andm5 focuse the oscillating
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beam,after reflection on the sample, on the P.M (EXNID 905901). A

ground fused silica plate is located in Iront of the PM photocathod:
in order to minimize any spurious effocis due to the vibrating bean
A beam-splitter M' can be insertad in the ratii of the optical

beam to collect part of the incident light and to allow measurineg with
a double beam techniqua the absolute wval

chopper C modulates at different fregquerncies the twd beams before

reaching the photomultiplier and lock-in amp!

feed-back preamplifier control allow to obtain the intensity ratio

Jae

of the beams (see ref. 27). Calibraticns oI differential
are obtained with mirror M at rest by maasuring

areas A and B of the sample (zosition up and

tivity difference botween them is nigh znou good accuracy
(typically 10 to 20 %).\Ve should like to point ouz this method which
allows calibration of differential specira generally a difficult task

with a reasonably good accuracy (v 2 %)

III - THIN SILVER DEPOSITS ON SILVER

In a first series of experiments, w2 have

'a

rezared thin films
about 0.1 upm thick by condensing silver onto well polished fused si-
lica substrates kept at room temperaturc. The structure of these films
was discussed in chapter II. We will indicate later that in the
neighbourhood of the plasmafrequency films even as taick as 0,1 um
cannot be considered, from the optical point of view, as semiinfinite
media, but this fact is irrelevant for tns problems investigated on
this paper. We did not prepare thicker films in ord~r to avoid tranuc-
mitted light at the plasma frequency because we were interested in
starting with a surface as flat as possible and generally roughness
increases with film thickness (30). In order to investigate the early
stages of roughening of a Ag surface we have prevared simultaneously
at room temperature two Ag surfaces which were afterwards cooled to

about 140K. At this temperature we have quanched on half of the

i
I
{
!
H
{
1




rfare various an inur -y Ty cavsy

reflectivity moasurenents.
o
N

Ag substrate 830 A thick au
19 A of silvaer (ono monoluye
To understand the real signi:

in mind that A R/R gives also the

-

of the plasmafreguency (  buw

values of A R/R even for very

i.1) the slight di
e gquencined

)

i.i.1) roughness inducoed by thne silver ds

ps
It

S

The main contribution to the N R/R structura around

surfacs effact and are of no

tais point again in chapter

in this paper, nevertheless

V with the help of some numerical calculations. In

absorption is clearly due to surface plaspcn excita
a point well

show that the minimum is not influcnced by the fin

of the substrate and is nearly
It was indicated abova that our suriaces have
(about 0.1 pm diam

boundaries, each single crystal

Wnen a foreign atom is adsorbed on a terrace it has

\Y t
1 o

migrate to an other site given by ViV,

reflectivity or pulk Ag reaches very smail values In the

cut Adlrierontial

i

bulk silver reflectance R vs T, The two shars zoulis with odposite signs
1) °
in A R/R (for 10.8 A and 1% A *ho>y ave g of Irawing) are malinly

3.9 ev arises

from the first two contributions. The two peaks do not describe any

investigated

fig. 3 we

notice that an optical absorption dus to thno surtrace deposit itself

starts at hw = 3.6 eV for the two thicker lavers (10.8 A and 19 ﬁ)

tion by roughness,

documanted today (31). In chapter V we will clearly

ite thickness

of the optical constants.

mainly a cristal-

lographic (1,1,1) structure. Besida faults mainly located at grain -

2ter) has large

terraces separated by atomic steps with a large nurber kiak sites.

a probability

exp(-B/XT) wherco




Lot T Lultsmann constant and

Lurement (32)

1} viciral surfuces

Ve =il

migrate at temporatures T3 20:H. e oon ¢z zinllar values of

T G U S PRSI ST I S HEL

“os the growtin of

a superricial layer is a dynamic plonon-non with ©wo competing processes
nam2ly the atoms cond=2nsition on an adxt.om zooivizn glven by the
cvaporatlon rate £ - dn and attatoms nijration to a kink site positicn

R . . ar L. .
coverned by tho Jjump probavilicy v

1

tomperature, Chouvineasu (33) nas

laticn of crystal growth on vicinal
b S|

increases as the square root of the
that even for a monolayer coverage
important opticael effects. For this coveraye surface plasmons are apga-
rently not efficiently excited. We estizate that at this low coverage
the observed effect is related to the surface electronic structure
induced by atomic faults like atoms with broken bonds. This is an

interesting point which should be investigated at liquid He temperature

o]

izolarted acdatons

which one nais for low coveragas

on the terraces.

To illustrate tnhne influence of the mobility on roughness growth
we have pzrformed the same kind of experircents at room temperature and
the results are indicated in fig.4. At 3.9 eVand 4.lev We have again the
two peaks which are irrelevant for the questions discussed here, but we
have aléo an optical absorption starting at 3.7 eV with a maximum at
3.6 eV, and clearly related to surface plasmon excitation. Ve have
thoroughly investigated whether this structure originates from unex-
pected reasons like roughness of the starting surface combined with

size effects and we have concluded that the minimum at 3.6 eV is, indeed,

<]
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nlevline here L5 that <his efiool s vaery nuch
smaller than at T- [H0K as can Lo seorn on comnar.ny, in fig. 3

and 4 the thicknesses and intensitices of tne 2.6 ¢V neak, For
T = 300 K whereas a quite sizoable sigi:t 1o obsiel at T = 140 2,
It is known that the d.c¢ resistance of thin Jilms (a few hundrod

o
A thick) depends not only on the metal rosistiviiy but also on tie

rore or less  spocular reflection of wiie conducrzion electrons on the

.ree

t

surrac? teeatl Is o 34y on Tho aloMic roujanwes Sl DY e

electrons (34).

If the absorked atoms on a tiiin film surfoce induce a less

specular reflection of the conductiomel:iczorons, e d.C resistance

o

can increase even 1f the mean tnhin film chilickres. increases also.
Resistance measuremonts at 300 K during Au deposition in U.H.V on
Au thin {ilms (35) and of Ahg on Ag thin Ixlms (386) aives a deucreasn

oL the rosistance with Inoroaning

thicanoas , . result peing

assigned to the increase of thickness only. From 2 Drisent experi-

ments it appears that some roughness occurs, which is measurable for

large enough thicknesses.For high mobility and for

ideal crystal ,
crystal growth can take place,in principle, without faults, but, in our
case , on the one hand we do not have an iieal crvital but rather a
polycrystal with many faults and, on the other hand, a possible
contamination of the surface, even with a very low coverage, can

disturb the growth mechanism. Another itzortaont point to be underiined is
that the optical absorption due to surface plasarn oxcitation is located
over a narrow spectral region, probably indicating a roughness with rela-
tively small scale, i.e with great wave munbor Fourier components. This

is a surprising result that we do not wall understand, because one would

rather expect a large scale roughness whnen silver i3 deposited at room

temperature.pig, 5 shows experimonts analogous to those of fig. 3 but




for thicker films. With increasing thickness, the ninimun at 3.6 eV
broadens and simultancouslly another absorrtion of lower energy becoms

more and more important eventually becoming the most important for

e

the thi I tno anomalous absorption

. 1 AN
st denosit (G V2000

first found by Hunderl and Myers (37) on quenchad silver films and

assignod by Hunlori to bulk defecos. Nowadays there is a renewed

"

interest concerning the physical origin of this optical absorption,
because it is present for silver films displaying SERS and disappears

0. warming up the sample in the same way as SERS. iMoshkovits et al

(38) claimed that this anomalous . absorption is due to surface irre-
gularities; anomalous abisorption and surface enhanced Raman effect being
two aspects of the sames problem. Ve have shown (39) and we will discuss
in section VI that anomalous absorption of quencneld silver films is,

indeed, a surface effect.

On the flank of the high-energy negative peak (corresponding to

small values of silver reflectivity) a shoulder can be observed in fig. 5

ind

GLoanoun 307 eVl It

a spilitting oI
surface plasmon excitation as pointed out by Kretschmann et al (40).
For a smooth surface one has a single surface electromagnetic mode,
but for a rough surface, like a grating , a gap can appear in the
surface dispersion curves (41). The reason of this splitting is that
the incoming light can excite two surface plasmons with the same
energy but with wave vectors of different directions; for instance,
for a one dimensional grating two surface plasmons with opposite wave
vectors. For a statistical roudhness a similar effect can occur as
investigatm]by Kretschmann et al. (40) and Maradudin et al. (42).
Experimental evidence for this splitting was provided by Kots

et al. (43) for electrochemical roughening of a (1,1,1) silver
electrode by anodic dissolution and subsequent redcposition of
silver with a standard method employed to obtain SERS active

surfaces. Roughness induced surface plasmon splitting on a K



surface was observed by Williams et al. (44) in plasmo radiation
excited by fast electrons (1.5 KV). In fly. 6 we examine more closely
the structures in the vicinity of the Ag plasma freguency, reproducing

part of fig.5( on an expandad scale in orler o coo bartor tho Jor ity

In the present case, R is rapildly doceronsing with increasing @ and as

we have m2asured A R/R, the possible alsor:

appears just as a shioulder on the J RB/R oo

for a free electrons metal the two peaxs a
situated around the surface plasmon freguency for a flat surface

(€ = - 1), This is not the case here du2 to tha d-umand contribution

to the dielectric constant of silver, Tiiz two possible plasmon absorp-
tions are tentatively indicated by arrows. The s
increasing with the thickness of the depcsitad silver overlayer from
0,15 ev for 4 = 19 ; to about 0,22 eV for 4 = 187 ;. The spectral
position of the shouldoer Is difficult to ascertain Lecause it is

situated on a sharply decreasing curve.

Lot us, now, recall some thoeoritic:l asn=cus o6 thoe probhlon
at hand, taken from the work of Kretschwainn et al, (40). For a flat
interface between a metal with dielectric constant € (W) and vacuun ,

one has a single surface plasmon mode with a dispsrsion relation given

by w/c. n_ (wW,k) = e k., +k, =0 (1)

v
N
—

¢ 2 2
where k= fe (232 - x? [V2 o122 2|V
1 c c

and k is the surface plasmon wave vector parallel to the surface.
For a rough surface, the surface plasmon disporsicn is mo more given

X2

by eq. (1) but by :

—
]
~—

n_ (w,k) = n_ (w,k) - (C—l)2<52> I (k)
r s

2
where n (w,k) is given by éq. (1),<s"> is the rnean-square roughness

heighv and I (k) is an integral over all first order scattering pro-
cesses with final wave - vector k. For large wave-vectors (k> 2 w/c)

some simplifications can be performed on the integral I (k) and

the dispersion relation for a flat surface can be approximated




by n (k) =~ k( ¢ + 1) leadiny to

(& =
n
"'2*) * "'r— T (r + 1 ) - ( - <»--—-’:» )2 12 (;:
o 1
2 2
with a = <s™> 1 (k)

I, (k) = c%2 a® kv g (Jk - K']) kk' (1 - cos ¢)2

L (W]
kr >2 ¥
C

where g is the surface-roughness correlation functicn and I1 (k)
describes all possible first order scatcoring processes with wave

W, - PR .
vector E'> 2 - inte surface plasmons withn wava vactor k., ¢ is the

= . o . i
angle betveen X and k', For a given value of o, the disopersion relation
given ¢g. 3 can bue verified for two valuvs of the dielectric constant
£+ = (1 +4a) / (1 + a) indic tinT a surfwe plasmon snlitting., Rahman
pX} H

nd Moarodudin(ald) have found slnilay resulis with oaa equivalent surtace

layer rodel,

To obtain more informarion about our experinental results, we
have computed, using eg, 3, the response function cz/u)2 Ik/nrl2 for
different values of a and using the bulk silver dielectric constants
(45) ., The results axe shown in fig, 7. The curve corresponding to a
smooth surface (a2 = 0) 1is represented by the discontinuous line and
the values of tne real part of the dicloctric consizant 1 ndicated
on the uppar scal ., We see that the high fregquency peak shifts slowly
in energy with increasing values of a like in our exporiments ; even it,
as already pointed out, it is ditfiicult to {ind tivir spectral
position, they seem to have the same behaviour. The lower energy peak
shifts, in our experiments, in the same way as expected from the theory. Thoe
experiments of K&tz et al., (43) were porformed at a metal electrolyte
interface and their surface plasmonsare shitfted to lower energies
farther from the silver volume plascon and from the Ag absorption edge,
vhere surface plasmon absorption can be easier obiserved. From the
present experiments, we found d2 values coaprisad between 0,05 and

0.1, whereas Kotz et al, found a 2 . 0.01 .

E—



IV - ANNEALING

Interesting informations about aquenched films can be cbtained
from the study of A R/R during anncaling, In particular, it is possible
to establish relationshivswich Lomayeoewery like dlc

resistivity, light scatteri or SERS intonsity molifications on
p! St .

quench=d films reported in the literan

re

The annealing of quencned films, which,as we already saw,do

not have a well defired crystallographic structure, is a complicated
process, To be more specific, it is not possible to £ind an acktivation
energy characteristic of film defects liks, for instance, for vacancies
on quenched silver wires (46), becauss w2 have an ¢nsemble of hetero-
geneous faults. In any case, the rost imporiant dsafects in our films are
the grain boundaries and annealing inducaes a growtl. of tne larger single
crystals at the expense of the smaller ones by a lateral displacement
of grain bounddries, leading to a better crystalographic structure.
Simultaneously, with increasing temparature surfacs atoms increase
their surface wobility and move along the su from the mountain

to the valley" leading to a decrease of the macroscopic roughness.

e must keep in mind that, in principle, bulk annealing and surface

he
¢}
{

annealing occur together leading to a supplemantary difficulty in the
interprctation of optical data, Foreign atoms can strongly reduce
surface mobility and prevent the flattering of surface with annealing.
We will employ this particularity in the experiments reported in
section VI, Moreover, superficial layers can "pin” bulk defects
ending at the surface like dislocations nr planar faults 2nding at

the surface, In this case we can imagine that "surface quenching”

prevents annealing of bulk defects too.

-]

Fig. 8 shows for several temperatures, A R/R vs A w for a 19 A
deposit corresponding to the experiments of fig. 3. The annecaling
from T = 125 K was carried out at a rate of Vv 2 K/minute. Fig. 8

clearly displays the progressive decay of surface plasmons excitation




with increasing temparature. The remaining structures on the 4 R/R

ey

curve for T = 253 K arejust from a siz. 2ffoct due to the larger

thickness created by the silver deposit (rhe silvoer rilm is not

thick cnough to be opaque in the spectral region near the plasne fregusncy
This will becomz apparent from calculuzions which will be reportod in ;
the next paragraph., We conclude that thz alditiorx:l surface roughness

induced by the quenched surface deoposit  completely disappzars with

anrealing. A similar behaviour is observed on annealing of thicker

layers as shown in fig .9 for a suparficial doprosit of 158 ;. In fig., 10

we have represented A R/R at 3.55 eV a3z a function of temperature for

the experiments reported in fig. 8 and fig.9. e chosen freoguency

(3.55 eV) corresponds to the minimum of tha A R/R curves duae to surface

a-

lasmon excitation. In fig. 10, w2 have also reporsted unpublishned e
P P

L $]

riments by Chauvineau (47) indicating a irreversible d.c resistance
[+4

changes during annealing of a 80 A& thick Ag layer deposited at T=120 @ on =

o
270 A thick silver substrate preparod at room temperature in a similar
way as our samples. Tho corresponding rosalztanc? changes during anarating
at 3 K/minute, are given in ohms on the right ordinate scale of fig. 10,
We notice that the large changes of A R/P do not occur at the same
temperature for both layers, indicating a thickness dependence of the

annealing characteristics.

The resistance changes are probably due to :

i) a decrease of the importance of the dofects in the bulk

of the superficial layer
i,i) a decrease of surface roughness.

The shape of the resistance curve variations is essentially the
[<]
same as that of the reflectivity variations for a 158 A deposit displaying
rapid variations at about 225 K, probably indicating that at this

temperature the metal is quickly organized and at the same time that




its surface is flattened out. On fig. 10 wo have 2150 represented

the SERS intensity of the 1006 ¢m -1 breatning vitraotion poda of

pyridine for a Ag surface exposed to 1L of pyridine curing annealing

of a "cold film" repourted by Pockrand unl Otto (467 . The laser wave -

length cmployed for the Raman experiments was 51 ;. Fig.10 disslvvn

a correlation between the three pavamedro {1 /0, G.0 resiatance ons :
SERS peak) : the SERS pzak hag its maximuzs i the negative glove of

both the other curves ; but we cannot setil: an evilent relationshiics

between them.

V - NUMERICAL CALCULATIONS

Untill now we have discussed the exooriseontal rosules in a rather

qualitative way, sometimes indicating thvit numoricael caleulation. to Lo
presented in this paragraph corroborate oun inserpretations. An ccourace
calculation of the effects duc to important rocushness is a Aifficult
task which cannot be achicved without heavy computations. To shine
our rosults we have chooaen a ool ovders thoaars G colonod 1y RKydoor
and Kretschmann (3), which gives in our case simple formulas for the roug-
hness induced modifications of the speculaer reflectivity. Xrdger and

Kr etschimann employ a perturbative theory which is essentially the same
as the Rayleigh method. Therefore it is expected to be correct for
roughness heignts S much smaller than the wave length and for very
small slopes only. We do not know whether the latter condition is
always verified in our case, but we think that this approacn should

be acceptable at least qualitatively.

-
Kretschmann and Krdger (49) consider the voujhnoess s (X)) -
S (x,y) as a statistical disturbance of a plane with an avorage value

< 8§>= 0 and with a Fourier transtorm

1 — i kax
s(k) = 5,2 AT s (e Fkex PR k)

A normalized correlation function G (x) is dofin-d by

— 1 — -
G(x) = B2 X7 s (x) s (X 4+
1 ]
S 2 F




ponaspatiounl

—

with a Fourier transform

—

g (M = (2m2 ., =2

<32>F

lso) |2

Where F is a very large intecration area,

hd - e - ey e . o L - - e Sev e o .k
It wis Jdemonsrrated oore € (09 that e taling sha

wverages oL tite functlons employed in the problem at hand, considering !
g (E) independant of the_z-direction and some other approximations

to obtain the electromagnetic fields at the surface, the reflection

and trarnsmission coefficients r and t at normal incidence for a rough

metal of dielectric constant € in contact with vacuum are given by :

2 ~

r=r, [1 - 2 (w/c)” < 52> (fi +(1 - =) g) J

: (4)

2 2 -

t =t ll + (w/c)” < 52> (1 - ) <1/2 - (¥ + 1) 0 ]
whare Q = /;k.k g(k). 7T w(k)
wik)=w (k) + w_ (k)

p

k, k
c 1 2 w oo 1
w_ (k) =~ . and w_ (k) = = -
o} w £ k2 + kl s c k2 + kl
where k1 = v/e (u)/c)2 - k2 and k2 = v/(w/c)2 - k2 are the wave vectcr
components normal to the surface in the metal and in the vacuum
respectivelly and 1 - £
To T U g A T T

are the reflection and transmission coefficients for a flat surface

2
(that is to say with <8 > = 0),

We se2 that Q can reach important values when tho\~L (k) denominator
vanishes, that is to say for kl/k2= -€,which is the condition for surface

plasmon excitation, The resulting effect is modulated by the surface




function k.g(k) describing th» roughness toiograzihy,

In our calculations,we have used a zzcxn2try indicated in the
inserts to the computed curves figures, tzking ir<o account the
tinite thickness 0f the substrats and
constants of the overxlayer. We have
for a two layer system with f£lat su

u
and transmission coefficients at the

rather than the coefficients r

In the present calculations suria was approximated by

-—

a gaussian correlation function G (x) =

with a Fourizr-

2 2

. . 2
transformed correlation function g (k)= . exo (-G k /4). This

choice is very often employed for statistical roughness. Summarizing,
in our model we consider : the finite thicknezss ol the substrate layer

(about 0,1 um),the thickness of the surzrficial deposit (varing from

one to one hundred monolayers), both values k2ing determined from

ficial layer which will be somatimes modified to ta:
a different crystalographic structure and, finally, the roughness

. - 2
parameters : the mean square height of roughness <S> and the corre-

lation length O,

We have already indicated that the negative ninimum at % 3,9 ev
and the maximum at Vv 4 eV are not relatad to roughness, Fig. 11
shows the computed values of AR/R vs, P for a surce~iicial layer 57 A
thick having the bulk silver optical constants and a superficial
roughness (<Sz>: 906 R 2 and 0=1000 g)depvsiteﬁ on Ag substrates 103 ; ]
thick and infinitely thick, It is clearly apparent that the finite
thickness of the substrate is responsible for the pronounced minimum
at about 3.9 eV, At this frequency silver is nighly transparent and

the reflectance is strongly dependent on the sampie thickness,




It is not posusible to compare the

wrimantal valwes

of AR/R ror this encrgy because we do not kKnow 02w to accurately
compute the unwanted reflection at the fused silica-copuer sample
holder. We have shown in fig. 11 the calculated viluas of AR/R for

a flat surface, demonstrating that in tni
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is always present and thus clearly indicx-irz rhat it is dus to a

size effect., It is also apparent from this ficure chat

at 3,4 eV is due to surface rouguness, This absorrtion is producod
o

by surface plasmon excitation, related ©o the high values of w (W)
p
at this frequency. It should be underlin=2} that ths surface plasron

absorption at 3,4 eV is peaked at the sams Ifraguency independzntly
Y

of the substrate thickness, its intensizty taing

dapendant on thna substrat: thickness.

To give an idea of the possible inZlusnce oI different dielectric

constants of the surface deposit due to

structure than that of bulk silver we have zomsuzat in fig., 12 AR/R
©
for a substrate 1000 A thick and a supzriicial lavar 57 A thick

2 ° 2 ° o
(<§7>= 900 A 7, 0 = 600 A) modifying the optical constants of the .

'O

surface laver in two ways :

i) dividing by two the experimsntal valus of the mean free
path of the conduction electrons for well annealed Ag
films (45) (this is equivalznt to an increase of the ima-

ginary part of the Drude dielectric constant)

i.i) besides this reduction of the mean Irez
shifting by 65 meV (correspcading to 50 Angstroms on the wave
length scale) in order to lower the energy of the Ag absorp-

tion edge,

To perform the later calculation we needed the intovband contribution éb
to the dielectric constant . This was obtained oy supbstracting the Drude
contribution Ef of well annealed films from the excsrimental values

of the dielectric constant. Then Eb was rigilily shifted by 65 meV

towards lower energies. Tnis rather arbitrary choice was dictated by the

observed absorption edge shift with disorder (50). It is not our aim

patih of free electrons,




[
.

here to investigate the effect of the cztical conurtants on the lin
shape around the plama frequency but rarthor to chow thneir small

influence on the roughness charactaristic struciures. We notice

Vo
n

- that the surface plasmon absorntion is rnearly indepoendont

ot diviectric constant in contragistince-iosn Lo i siructures pear
4 eV, This dependence on the optical constants nizhs cwolain the strun-—
tures observed at about 4 eV in experiments reported in fig. 3,4,5,8

and 9,

Let us notice now that the surface plasmon zbsorption intensity
is proportional to <52> and that the spozitral position and width of
the resonance, depend on the roughness correlzticn length ¢. To
estimate the roughness correlation lengilh in our suporimants we have
computed in fig., 13 AR/R vs.hw for a subsctrace layer 1000 A thick

(<]
and a surface deposit of 57 A (correszsoniing to ore of the experiments
of fig., 5) taking for the substrate and Ifor the surface layer the bulk
¢]

) ; 2 22
Ag optical constants, with <8 > = 900 A and

o
100,300 and 1200 A,

Comparing fig. 13 with the experimantal results

[

200

51

ted in fig. 4

corresponding to deposits on substrates at room tenp=z

I

ature, we can
conclude that for these experiments O is approximately 100 2.
comparing now the experimental results reported in fig. 5 with fig, 12
and 13, we see that 0 is rather v 500 ;. The same value can be esti-
mated for 0 from the experiments reported in fig. 3. From our experi-
ments it appears that 0 increases with the surface plasmon absorption
intensity , that is to say with <Sz>. On comparing fig 12, and fig. 5
we see that the calculated value of the intensity of the surface

plasron minimum is only onz third of tha exparimenually found valun,

We roughly estimate that in this case ;/<S2> should be about 50 ;

(the optical absorption is nearly proportional to <52>, as it can be
seen in eq.(4». We conclude from our experiments to a rapid increase
of roughness with thickness for the thinner layers, the increase being

much slower for thicker layers.

The calculations reported in fig. 14 are to be compared to the
annealing experiments of fig. 8 from the shapss of the curves it can
(]
be concluded that, for a 19 A thick deposit, annealing completely

suppresses the surface plasmon excitation existing at 125 K. Thus




anhwaling apvarently

e, l.,e TOo a

smoutnh surface, The positive roak af 4 ¢V, that we ouserve for
expariments ot the coldest temperatures in Ilg, 2,:s5 duz to a

worse orystallograrhic structure of

tely Jivanpogyra i Sy e s rnoos 1 s D M [EERT N R O

aceount for thic by modifying the dinlel-ric Turs s ion on the gurioe
Laver oo Lo was oxploined belfore (flg, 12, but 19 ig nar the alm of

Vi- VERY ROUGH Ag SURVACES

In the

weoceding soctions,

first stages of roughening of & A3 suriace Dy queoncning silver doposics
paying attention to small coverajos, Here we will investigate some of
el

the choeadleristicos of vory thick deposiza (2 1020 3) that is to «ay

very rought sucrfaces, Theose surfaces are rarsticularly interesting because

they prosent a very strong SERS for adsorbed moloculsag, One of the
Aiffronlties ergountere.) in the stuly, oo rousiieess velovant to SERS

on thoese surfaces, 1s that it completely dizippeavrs when thoy are warmad
up to room temperature., To our knowled;c, thare doss not exit any
reported "in situ" electron microscope studies of such films, therefore

their structure is poorly knowi.

We have indicated that adsorbates can pravent the motion of

surface atoms during annealing, maintaining a roughness which would

otherwicsae  be asupdressind by increoasing fhe t-mparature. Tats effoct was

experimentally demonstrated by us with Al and Cu aduarbates subsoguon-

tly oxtdised and is emploved as a means to invosticate the surface of

rough quoncnad tfilms, Let us  describe now one of our exveriments, We
i : -9
prepare  first , at roon temperature, in a vacuun better thon 10 torr,
o
a silver film 600 A thick, and then we cool the sample untill the

temporature ts stabilized to 153 K. In the dii{feronl experimental runs

we obtain limiting temporatures differin: vy approsximately 10 Ko This




15 probbly due to the quality of the thernel contaon botween each

glass olate and the sample holder. Then we evaporate 1470 R of s1lver
on the sample matntarned at
on one hali of the samplv.

1278

T O

a  rate of about

OxXygen ¢xDosuxe

AR/n, Fig 15 chows

L ABnce o
chamber,

and fiz,150

boundary ripoples are

rather smooth, On fig.

]
quasi-period of 200-300 A clowssly

It nmust b underlined

of fig. 15 b is maintained by the Al oxvds and is not an

oxyde itseli. It could b
Y

L

argumoented that the Ag surrace

. SR Ly e e - R T .
S oto Uhee DrIIn o atmoool o ant Linerol

s

effect should be observed.

on silver is in any case much gmaller thun the one due to

as can bo seen from fig. 15, probably bacause of the very
cozfficient of oxygen on silver (6.10_4 at room temperature (51)). We
have p=rformed equivalent experiments with supsrficial Cu layers expcsed
to oxygen and we have found similar results. In conclusicn, it appears

that we can maintain, at room temperature, an important rouginess

exizting on quanchad siiver £i tvozovoeviny e surface with o

very tihin surface layer.

We will now examine the point, actually discussed,from an optical
point of view with differential reflectivity mrasurcomentS,The continudus
curve (labelled I) on fig.16 shows —%5::2(R'~R)/(R'+R) between the clean
Ag surtface (R) and the surface covered with the Al oxyde (R') for the

experin2ants reparted in the discussion of fig. 15. We found the pronounced

minimum at 3.9 eV corresponding to the small values of R as indicated




viv o sectron TILD, tan two adaitoonal el onn et 2010 e aad 300 0

ppoarent, A first roterprn
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s

bo to assign the structures at 2,1 el 2,72 eV to cunicnl transit oo

between clecrronie ot ttes of U Gy otern, in otler vl to oan ontiosl

absorption due L0 the surface layer, Follsuing th disculiion 0f e

probl an s Yoand, e Wil e R T T S SU A 1
that both arn die to Sl inog . Y o .

<3 ‘7 . v e - - N
In fig. 17 we haeve reborooed

X 1
{4 Ac lorosis Noemiel o - - - S frmm 1T
i . o , - - {
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similar to thos?2 of ftiqg. 10 at noarly this coems on o3ien, It woull e wors
unlikely that abscretions induced by copvizal transitiogs on the 2d.oriats
should disglay a very siuilar ae-ruztur: “or Lotn odrorrates.

If we examlne now the IR/R variacio-s et
by discontinuous curves in fig, 1o and 17, w: Ccasts

the absorptions originally located at a2 progressively

they are not absorptiocns characteristic 07 the «edzorLate but of the

surface itself, In particular, for high =

a
275 K in fig. 16) we are comparing two Ay surfaecos with cuite differenz
roughness (fig. 15a and b) which give rise to large wvaluss of &

(v 30 3) obviously not due to the superficial laver itself.

W2 can inquire whether one or both absorptions are due to a ulx

effect, This is certainly not the origin of the highoss onorgy aborn-

s
’

tion which is progressively shifted with annealing to the surface

plasmon frequency reaching a deep minimum similar to the one seen in

fig. 5, Having in mind the reported interpretation of the optical absorp-
tion of quenched Ag films (52)We can asx about the origin of the low erarzv
minimun. We can imagine that during anneating the film portion which i3

not covered by the surface layer is acquaring a more perfect crystallo-

graphic structure leading to different optical constants with corres-

ponding changes in the reflectivity, Moreover Hunderi (52) assigns the




Jabnorption of Az films to bulk defects in the tilis, which behave as

a componite mediuwn with two diclectric const ity aving a4 resonant

frequency. 1o the present case, we ca tiiai thls is not the reason

)

for the obsesrved absorptions,bocause thoy are continuously shiftting away

tron aRranrniion of roac WhahDualed Doln, Wil Lo 0L lY a4 surpace
phonomena, It s clear thet 10 bulx dedects Rt oo trogue:

1t should be completely independent of surfia It mustbe:

LR . N Y N [ N . PR i . . . - . - -4 B [ N A e Tead o gl et

asslyied to the surfacoe, For wnistance, wne roilo

Y ostructures seen
in fig. 17 for a Cu monolavwr (curve II) are modiisd with exposure to
150 L of oxygen. The present experiments can be wlorstood as due to
roughness induced ennanced eloctromagreris fields at the surface in the
samz way as eolectromagrnetic fielas are  oulianced T the surface plasmon

total reflection

excitation experiments with ¢ grating cz an

™

coupler, For a plane wave ilmping on a rlat surfac: *he electromagnetic
field sven by a surface molecule, 1s a smooth functlion causily deduced
from the optical constants of the meatal, but for & roushh surface tho
field at the surface is not ex-ilv known and cen beve large values for
speoiiic spoctral roglouns. h Ls wihatl probably Dappons in our experi-

ments, From this point of view, the opzical absorriions at Vv 2 eV and

v 3 eV in fig. 16 and 17 correspond to high electrormagnetic fields at
these freguencies, The sams argument can be put forward in order to
explain the observed modifications during annealing. We are comparing

a rough surface having pronounced electromagnetic resornances with an
other which beccues more and more flat with the corresponding vanishing
of the resonances. It is not our aim here to discuss the enhancement of
electromaygnetic flelds abt rougly Ssuriacos, cur oty U poing out that ig
must be taken into account tor spectrosconic studl~s on rough surfaces,

-

mparative study of sl

We have already reported a o solayer optical

absorption con rough and flat Ag suriaces allowing uh to doetermine the
average local field at the surface (14). In our opinion, the low fre-
quency absorption is dus to localizod plasmons at the surtface protube-

rances and the high frequency absorption correspoads to a propagating
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forounuel ooy Dhee o plasmon

’
bheothol that oy for wuver— bl lealn to g smootiniog
Of the Lharp protuserancer strll malntainlng o lorgr roujiness. To
fig., 16 and that this eZlect is more important -

Cu that for Al ; at high tempiratures, the shoulder an v 3 eV hus

nearly desapzezared for the Cu oxyde. T

of a protate nomisphorold on oo conducting plar., a Y=3on a0

1s found on A7 for a ratio of the mejor Lo the minsy axis egual o 3
() shilring to hichor erovaicg as thic v i door R < T T AN A
@ spliere, A5 Loz annesiloy ciiits ol o [ N .

energy, we can lmaginate that  wiat is hewvnining is o flattering of o
surface bumpz during anncaling. At presong, we cannot conclude about

this hypothesis,

To checqk our conclusion, which assigns the obswzvod absorption

to surrace rougnness and not to tulk ¢nfaulis, we nave porfcrmed & GIT-
= ’ -

ferent kind of experiments, The idea is that 1f this absorplion is dus
to surface roughness it should not be obsexved in reilectbivity measars-

ments parformed from the back side of the fusad si

the stindoand configuarabion decocribed o, wa oo L mmasure the

reflection through the fuscd silica,becatse of the copper conlirg
block, but, with a minor modification, we have overcome this difticulzs
with the restrictive condition that absoluts values of reflectivicy
and temperature cannot be known. Because we dare incerested in a compz-
rative study, this restrictions will not be crucial for obtaining the

supplementary information sought for.

W2 have procedad as rollows

a glass plate longer that the cold holdor (s fixed on it. By
a 180 ° rotation of the sample, we can pres=ent nearlty eitiier the
vacuum side of the silver film or the glass side in front of the
optical window, A schematic representation of the exrorimental geomatny
is indicated in fig. 18. Relative values of the reflectivity, i.c
reflectivity multiplied by an apparatus factor, arc obtained using
the double beam spectrophotometer described in section II. The tom-
perature (Vv 140 K) is known on the sample side in contact with the

holder, but not on the unsupported end.




o
In the frirst oexport: 1620 A thich

roen oa cold sulstrate,

ot}

silvor Tilm is depositoed on the unsupported side of tha sample and
the reflectivity 1o measured rairst at this unknown temporature and

then,after annoaling, at room temderature. Tne sanzle is exgracted

from the vacous chambor and ooolate valuss OF roeficcetivity are

measuraed witn a Cdry 14 szectrozhotometor. Asgsuning that these valucs

RPN . e N T I D B R A ST B . |

p e Lt Sl N ! PU . Lo SR FLLeLL N v D

ror Ui sample ot room ter ro, a caiiration Iioction of the

apparatus is obtained. Filg. 18 shows tne calibrated values of the

at low

reflectivity from the vacuun si 2> (curve A) and

at room temperature (curve 3), In a secund ewperinsnt, we have deposited
o
1800 A of silver on the coolad substrat.:

reflectivity rfrom the glass sid2 at low ¢

[

room temporature (curve B), Woe have assumtd that e roflectivity at

room teumperature is the both exp.ri We did not takc into

f

accowunt the mulciple reflections in the glass plat~ and the differenca
in the refractive index n of the redium in contact with silver ar the

refloctang inoeriace (vao -l o7 glass n=1.5) 10 1s clear thiat in

-

the prosent expsariments we cannot expect to obtain accurate values of the
reflectivity, but the relative values of curves A and B and curves A
and C should be at least qualitatively godi. This iy the interesting
point in our discussion. For hw>20v curve 3 takes higher values that
curve A. This is probably a real fact and not an artefact of our
experimantal set-up. At low temperature, roughness has a small corre-
lation length producing little scattered light. Wnen the sample is
warned ug the roughness e lause “wavier” wiilh a large nuwber or oot
Fourier components and the amount of scattered licht ilncreases with o
corresponding reflectivity loss. Tno increase ot o an i p-polarized
scattered light with annealing of equivalent quenzheld films was

clearly shown by Pettenkofer (53).

Altnough, these measurem»nts are not very accurate, the conrirarive

values tor cach experiment with temperature shaulsdd ho sigaiticant




suggesting that on the vacuun Side a oo Tar oznaoorztlion exiorg

besides the surface plasmon excitation. Tnoe divio - 724 found betuwe .

curve C and B are probably due to different valuos 27 the optical

constants only. Tihis confirms the interprotaticn =:v2n for the

annealing curves (fig. 16 and 17).

CONCLUSION

From the exp=rimental point of view, we have loarly shown thar

Speltroroonia L Sovinnial v om0y S T IVE B
surface studies, It allows the measuremz=nt of elec:zzsnic xodification:

of an interface induced, for instance, £y atomic <r zmolecular adsorp-
tion or, as in this paper,to investigatw the elicorimagnetic properties

of a surface.

We have thoroughly developed an investigazizs on the early

roughening of a clean silver surface by various thicknesses

of silver overlayers., When the silver sucstrates .72 coolad to 140 ¥,

measurable values of AR/R are found even for a rorclayer coverags only.

2 By

The observed structure, probably dus tn 2o slect-izic vropertioes of
surface defects on the atomic scale, arec not yet <lzarlv understood
by us, For thicker deposits, a well defined absorzzisa at Vv 3,6 eV
due to surface plasxon excitation is found, Experiz=ntal evidence of
a roughness induce splitting of surface plasrmons is given for various
thicknesses of the deposited silver and ths exparizz2ats are compared
with theory. A large amount of theoretical work was already devoted

to this subject, but only few experimental resulcs were reported.

For extrerely rough silver films w2 noticoa o2 apscarcence of

an optical ebsorption at acout 2.5 eV duw to sur® .co:

255, We

conclude that differential reflectivity exp2rinments zan be success-~

fully employed to investigate electromignotic resonmai-* pnenomena other than
surface plasma waves, which are actually well known. Specific studies
concerning the surface modes are not widely general:zed and we indicate
how such studies can be performed, in particular by using a superficial
oxide layer, to fix the surface rougnness existing at low temperaturn

on quenched metal films.
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FLIGURZS CADTIONS

Principle of the difficrerntial ap coro

vibrating mivror 1 divocss the oot loal & aliernanively -

on the two nalves (A and B) of the sarmple whoss slight

difference of reflecrunce is to Le measur.el, The synchronous
detection (5.D) and tho fezduack on the 7 ish voltaje of ti-
photenulcipiler (M) are also rndicared., The insert snows

the PM output as a funution of tine given wave-lens

The ootical set-up, § and S_ arae the ultraviolet and vicir

1 2
sources respectively. A concave mirror m, is used

1

nochromator (imocno) in O' on

+r o
[N g,

to form

image of the exit slict O of tho o

the vibrating mirror M. The mirror m, is ussd to focus the pean

—

catoed at the

conter

.
"
—
C

on the photomultiplier PM,

of the vacuum chambeor. M

rofoeronce boam GO LT pe D L

Iz

is the chopper used for these messurcomonts,

(-]
AR at normal incidence vsﬁhm for 2.5, 10.% «nd 19 A of silver

R °
deposited at T=125 K on a 8356 A thick silver film.

One silver

o
monolayer corresponds to 2.35 A, The insert represents the bulk

silver reflectance.
. o
AR/R at normal incidence vs, hw for 24.35 and 65,5 A of silver
(-]
deposited on 1253 A thick silver substrate kept at room

temperature,

AR/R at normal incidence vs. hiv for various thicknesses d of the

-] ©
— A2 57 A e —d= 124 A ;

Q
surface layer : d= 19 A ; ;

[+ -]
sveeen.. d= 2000 A on a 1000 A thick Ag substrat.
kept at T =

140 K. The last curve is recduce by a factor of 3.




Fig. & - Part o ot SR v R s T . h o siows onroan

. - : ; ey 2(¢c, )2
Fig. 7 - Computed values or the rosponco funovion ;,\'/nr{ o /W .4 ‘
2 . c e . .
a = 0,0,05,0.1 ant 0. D2 owith o soo Dulk ovaluss of the silvee

optical conutants, Thoe urres Tl gives

the siiver dicvlectrlo ruscrion.

—

' e
Jeasurad values of AR/R va, Bl or the 12 A thick filn arudied

Vil

Fig. 8 -

in £ig. 3 during anrnealing o diirforent compocatures on the

samples ¢ —-—- T = 125 K; --=- T : 173! X; - T 190 ¥;
e+ T = 253 K
o
Fig. 9 - 4»/R vs,ho for a 158 A thick liryer during annealing at difroren:
tomporatures of thoe sanple: - S S Z\’,-_.__._'i' = 1935 15
—— T = 230 K se-vaoT == 250 K.

. Fig. 10 - AR/R vs, temperature T at a 1ixod Ireguency B = 3.7 0wy

corrosnonding to the maxisoes oooph

o o
for auenched layers 19 A thickh -e-e- and 153 A thick — +-—-+—
o

(inner ordinates scale at the 1oI7). The curve for the 158 A
thick filn was roduced by a foczor of 10. The d.¢ resistance

o
variation of 80 A thick silver derousit quanched at 120 K on

o
a silvar substrate 270 A thick are also shown (~———,0ordinate

scale at the right, after Chauvineau (47)) together with the

SERS intensity of the 1005 ca oyridine line after Pockrand

and Otto (48) (outer ordinate scale at the left ,—-—-~—).

©
Fig, 11 - Corputed values of AR/R ve.ho “or o superriceial layer 57 A

thick with optical constants o. bulk silver and a surface
> I\

roughiness given by <8 > = 900 A and 0 = 10 A on silver

3 o
suhstrates 107 A (

) and indinitely thick -—=.

AR/R vs, hw for the same film wi
o
1000 A thick silver substrate is also shown (c=-e-==).,

A smeoath surtace on the




Fig.

Fig.

15
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A thrtel on o2 silver substrace 1590 4o

electron part € (W)

ST
— — %L COorLL2d witn the same volus

of € (W) and an overall shift of “ie ins-rhanli contribution

f
£-€ by 65 maV towards lower encrgios.

Computed valuos of AR/R ve

a silver

Compuitad valuss of SR/ va,

thick on a substrate 835 A

optical constants. The roujnness

=]

characterized by ¢ = 500 A
°2
0 A,

Electron microscope photogr

+ . - . -
to for 2 osupexiicial lavor 19 A

o
QLo Isvy o2 o silver laver 57 A thiick on
£ilms3 having the
[0 roughness 1s

(=]
2oand 1200 AL The

thicx both naving the bulk silver

ol the superficial layer is
. 2 .22 °2
and <§ > = 225 A , 100 A" and

aphs of carton replicas made at-

room temperature by evaporating C at an angle of incidencs

of 45 dngrees : a) bare silver surface ; b) the silver surface

o

is co.cred with @ 5 A aluminiun laver, Tae bar corresoonds

3 (<]
to 10" A,

Differential reflectivity A

o
1470 A thick quenched on a
o

covered by 5 A of Al and exposod to 45 L o
tinuous lines gives AR/® du

tures (indicated at the left of the curv

by 2.5 1072,

R/R v3 hu “oen a silver film

substrate at 153 and the same

rh

K
02. The discon-

ring arnncaling at various tempera-

. Each curve is shifte.
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Difterential roflectivity AR/R v Tiw o tweern a 1830 A toius

silver film guenchod on a suuitrate at 153 M and the

o
covered by 2.6 A ¢t Cu (curve T1) and 2xposed to 150 L o:

]

Glve the AR/

oxygen (curve I). The discontinu_us lines

values during annealing at different teo;

(in:‘;_' gt

at the left of the curves). Eazh curve is shifted by 10 .

Reflectivicy R vs"tu:uc r Y nlrToal dncidienon Tovoa silw

o
film approximately 1400 A thick quenched on a fused silica

plate, Curve A corrasponds to me
side at low temperature and curva B to the same perform=d =zt

room temperature, wnile curve C siows the measured valuss of

R at low temporature but from the glass oi

shown on curves A and C were ovtained on ¢
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