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Differential reflectivity AR /R measurements between a smooth Ag surface and the same surface
covered by silver deposits of various thicknesses were performed in ultrahigh vacuum over the
(1.5—5)-eV spectral range for different Ag substrate temperatures. One silver monolayer on silver
substrate at 125 K gives rise to relatively large changes in reflectivity (~ 1073). For thicker deposits
(four monolayers or more) a well-defined absorption at 3.5 eV due to surface-plasmon excitation is
found. The experimental results are compared to computed values of AR/R. AR /R variations
during sample annealing to room temperature are also investigated and compared to the reported dc
resistance and surface-enhanced Raman scattering measurements. Roughness was also investigated
by electron microscopy by “pinning” the surface at 7'=140 K with a superficial oxide. An addi-
tional absorption found for thick (~ 10° A) quenched silver films is attributed to a surface effect.

I. INTRODUCTION

There are a large number of theoretical methods to in-
vestigate the electromagnetic properties of rough surfaces
and much experimental work has already been devoted to
the characterization of different kinds of roughness using
light waves. Very often, these studies are related to
surface-polariton excitation or interaction with roughness.
A recent theoretical review can be found in the paper by
Maradudin! and experimental aspects are discussed by
Raether.?

In the past, most investigations were devoted to elec-
tromagnetic fields far from the surface, but in order to
understand the optical properties of adsorbates some au-
thors have studied the near field on reflecting rough sur-
faces. The near field for silver grating surfaces of dif-
ferent shapes was already computed.>*

Another approach of a rough surface is to consider a
protuberance on a flat surface. Many authors®~° have
considered hemispherical or hemiellipsoidal bumps on
otherwise smooth surfaces for several dielectric materials.
They found resonant frequencies related to the bump
modes leading high electromagnetic fields at the surface
bump. Obviously, in the general case, a rough surface
cannot be considered as being made of isolated protuber-
ances. Nevertheless, it is clear that a rough surface can
support localized electromagnetic resonances (surface-
polariton resonances localized at the surface irregularities)
in a manner similar to the well-known resonances on col-
loidal particles.!® This point was probably first demon-
strated experimentally in the work of Beaglehole and
Hunderi on light scattering by rough surfaces.!’"!?> Re-
cently, we were able to estimate the field enhancement at
the quenched silver film surface by measuring the reflec-
tivity changes induced by Cu adsorbates for 0.1—1 mono-
layer coverage.!

Another effect related to rough surfaces is the possible
excitation of surface-plasmon waves. These propagating
surface modes exist at the flat surface of a free electron
metal, but cannot be excited by light. For a rough surface
this possibility exists as first pointed out by Fano'# in or-
der to explain the Wood anomalies of gratings. It must be
underlined that these kind of excitations are propagating
modes traveling along the surface in contradistinction to
the already mentioned localized modes at the bumps.

Another interesting phenomenon occurring at rough
surfaces only and not yet well understood is the surface-
enhanced Raman scattering (SERS) effect. It is clear now
that a rough surface is a prerequisite to the occurrence of
SERS, but not all rough surfaces give rise to SERS and a
point still under discussion is what kind of roughness is
involved in SERS. An overview of the actual situation in
SERS investigations can be found in a recent paper by
Otto.!”> SERS was first observed on Ag surfaces
roughened by an electrochemical treatment,'® then it was
reported on silver deposited on CaF, (Ref. 17) and in
some cases on mechanically polished Ag.!® Another
method to obtain surfaces with very high (~10% Raman
cross-section enhancement is by quenching Ag on sub-
strates cooled in liquid-nitrogen temperatures.'” An opti-
cal study of this kind of surface has already been briefly
reported,?’ and will be developed in detail in this paper.
In particular, we are interested in the roughening of silver
surfaces by quenching at about 140 K small Ag deposits
(few monolayers). At this temperature, many faults are
created during the crystal growth producing some rough-
ness on the atomic scale, the roughness becoming macro-
scopic for thicker deposits. To study very small rough-
ness producing very small modifications of reflectivity
(~10~*), we employed a differential technique. Differen-
tial reflectivity measurements were first employed to in-
vestigate the electronic properties of diluted alloys?!"?? and
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also for surface roughness studies.!! The advantages of

differential measurements of reflectivity were used by
several groups®~?° to investigate gas adsorption on sur-
faces kept under ultrahigh vacuum.

In Sec. II we describe the experimental setup: the ul-
trahigh vacuum system and the differential reflectometer.
Section III is devoted to a discussion of roughening in-
duced by thin silver deposits, the annealing of these depo-
sits being examined in Sec. IV. Section V contains a com-
parison between experimental results and numerical calcu-
lations performed with the Kroger and Kretschmann for-

- malism.?® Finally we investigate in Sec. VI the topogra-
phy of quenched silver surfaces and their relationship
with the observed optical absorptions.

II. EXPERIMENTAL

A. The ultrahigh vacuum chamber

Our samples are prepared and studied in a stainless-
steel ultrahigh vacuum system working at pressures in the
low 10~ 1°-Torr range. Pumping is assured by a 200-1/sec
ion pump, a titanium sublimation pump and liquid-
nitrogen cryotraps. A four-grid low-energy electron
diffraction—Auger spectrometer with a grazing incidence
electron gun is currently used for Auger surface analysis.
Details of this equipment can be found in Ref. 27. A high
precision goniometer (~4X 102 degrees) allows us to
perform optical measurements as a function of the angle
of incidence, for different polarizations of light, as
described in Ref. 27, but the results presented in this pa-
per 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. Sample preparation

The Ag surfaces and superficial layers of Ag, Al, and
Cu have been prepared by 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 capillary ensuring the filling of the liquid-nitrogen re-
cipient, room temperature is reached in about 3 h. The
crucibles are shielded by cold liquid-nitrogen walls. The
pressure during metal deposition is lower than 10~° Torr.
The monitoring of the thickness of the metal deposits is
performed with a 5-MHz Sloan oscillating quartz located
at about 21 cm from the crucibles in order to increase the
sensitivity of the thickness measurements. A shutter en-
ables evaporation on the whole surface of the sample or
just on one half, as needed for differential reflectivity
measurements which will be discussed later. Depending
on the position of this shutter it is possible to evaporate at
the same time on the sample and/or on a reference glass

plate. The thickness of the metal film on the reference
glass is determined with approximately 1% accuracy by
x-ray interference in reflection at grazing incidence (Kies-
sig method?®). These measurements allow the accurate
calibration of the quartz microbalance. Typical values of
this cahbratlon are 14 Hz/ A for Ag, 12 Hz/A for Cu, and
3.7 Hz/A for Al. In the present experiments we did not
perform the quartz microbalance calibration for each ex-
periment; therefore, the indicated thicknesses are estimat-
ed to 5%. The surfaces under investigation are those of
Ag films about 0.1 pm thick evaporated on substrates
kept at room temperature. The silver films are made of
many microcrystals with lateral dimensions of about 0.5
pm with the axis [111] nearly perpendicular to the sub-
strate surface but randomly oriented on the substrate
planes. Therefore, our surfaces will behave essentially as
(1,1,1) single-crystal surfaces. Microstereographic studies
of carbon replicas of samples similar to ours” mdlcated
that the roughness is definitely smaller than 30 A, the
main irregularities occurring at the grain boundaries. The
investigation of the roughening of these rather smooth
surfaces by quenching at =140 K various amounts of
silver is one of the aims of the work described in this pa-
per.

C. Optical setup

The principle of the setup used for differential reflec-
tivity experiments is represented in the inset in Fig. 1. A
monochromatic beam is focused on a mirror vibrating at
800 Hz (manufactured by General Scanning, model G112)
which sends the beam up and down on the reflecting sam-
ple. The beam is alternatively reflected on two halves of a
sample (4 and B) having a small difference in reflectivity
(R4%#Rp) before being focused on a photomultiplier

Vacuum
chamber

My

FIG. 1. Inset, principle of the differential spectrophotometer.
The vibrating mirror M directs the optical beam alternatively to
the two halves (A4 and B) of the sample whose slight difference
of reflectance is to be measured. S; and S, are the ultraviolet
and visible sources, respectively. A concave mirror m; is used
to form the image of the exit slit O of the
monochromator(mono) at O’ on the vibrating mirror M. The
mirror mj is used to focus the beam on the photomultiplier PM.
The sample is located at the center of the vacuum chamber. M’
is a beam splitter providing a reference beam for absolute reflec-
tivity measurements and C is the chopper used for these mea-
surements.
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(PM). The vibrating mirror and the photomultiplier being
optically conjugated, the beams reflected by the 4 and B
areas of the sample impinge on the same point of the pho-
tomultiplier and this is a necessary condition in order to
avoid spurious signals. A feedback on the high voltage of
the photomultiplier maintains a constant mean value of
the delivered current as is usual in modulation spectros-
copy. A lock-in amplifier detection at the frequency of
the vibrating mirror, combined with the mentioned feed-
back on the PM high-voltage supply, gives a signal pro-
portional to AR/R =2(R 4 —Rp)/(R 4+ Rp).

In order to have absolute values of AR /R, we need a
calibration operation. This is performed with a spectro-
photometer included in the apparatus which allows us to
measure absolute values of the reflectivity. We will return
to this point later. The details of the optical mounting are
represented in Fig. 1. The sample is located at the center
of the UHV system and the same window is used for the
entrance and exit of the light. We used a Xe lamp (Osram
X BO75) in the (0.28—0.4)-um spectral range (S;) and a
W-ribbon source (Osram 250 W) (S,) in the (0.4—0.9)-um
region. The monochromator is a Coderg (f=0.3 m) of
aperture f/5 equipped with a holographic grating (1800
lines/mm) with great efficiency at 250 nm and a grooved
grating (1800 lines/mm) blazed at 550 nm. The mirrors
m; and m, provide an image O’ of the monochromator
slit O on the vibrating mirror M. The vertical dimension
of the output slit was limited to approximately 0.5 mm
and the image O’ on the vibrating mirror M is about 2 X2
mm?. The mirrors m, and ms focus the oscillating beam,
after reflection on the sample, on the PM (EMI 9659QB).
A ground fused silica plate is located in front of the PM
photocathode in order to minimize any spurious effects
due to the vibrating beam.

A beam splitter M’ can be inserted in | the path of the
optical beam to collect part of the incident light and allow
measuring, with a double beam technique, of the absolute
value of the reflectivity. The two beams are modulated by
the chopper C at different frequencies before reaching the
photomultiplier. Lock-in amplifier detection with feed-
back preamplifier control allows the obtention of the in-
tensity ratio of the beams (see Ref. 27). Calibrations of
differential spectra are obtained with mirror M at rest by
measuring the reflectivity on areas A4 and B of the sample
(position up and down) when the reflectivity difference be-
tween them is sufficiently high to have a good accuracy
(typically 10—20 %). This method allows calibration of
differential spectra (generally a difficult task) with reason-
ably good accuracy (~2%).

III. THIN SILVER DEPOSITS ON SILVER

In a first series of experiments, we prepared thin films,
about 0.1 pum thick, by condensing silver onto well-
polished fused silica substrates kept at room temperature.
The structure of these films was discussed in Sec. II. In
the neighborhood of the plasma frequency, Ag is highly
transparent and films even as thick as 0.1 um cannot be
considered, from the optical point of view, as semi-infinite
media, but this fact is irrelevant for the problems investi-
gated in this paper. We did not prepare thicker films (to

avoid transmitted light at the plasma frequency) because
we were interested in starting with a surface as flat as pos-
sible and generally roughness increases with film thick-
ness.® In order to investigate the early stages of roughen-
ing of a Ag surface, we prepared simultaneously at room
temperature two Ag surfaces which were subsequently
cooled to about 140 K. At this temperature we quenched
various amounts of silver on half of the surface in order
to carry out differential reflectivity measurements. Figure

2 shows AR /R vs #iw measured with a Ag substrate 836
A thick at T=125 K for deposits of 2.6, 10.8, and 19 A
of silver (one monolayer equals 2.35 A) quenched at a rate
of 0.7 A/sec. To understand the real s:gmﬁcance of these
curves, one should keep in mind that AR /R gives also the
structure of R and remember that reflectivity of bulk Ag
reaches very small values in the vicinity of the plasma fre-
quency (iw=3.79 eV) leading to greatly enhanced values
of AR/R even for very small AR. The inset in Fig. 2
shows the bulk silver reflectance R vs #iw. The two
sharp peaks with opposite signs in AR /R (for 10.8 and 19
A they are out of the drawing) are mainly due to

(i) the finite thickness of the silver substrate,

(ii) the slight difference in optical constants between the
quenched films and bulk silver, and

(iii) the roughness induced by the silver deposits.
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FIG. 2. AR/R at normal incidence vs #iw for 2.6, 10.8, and
19 A of silver deposited at 7=125 K on a 836—A-th1ck silver
film. One silver monolayer corresponds to 2.35 A. The inset
represents the bulk silver reflectance.
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The main contribution to the AR /R structure around 3.9
eV arises from the first two contributions. The two peaks
do not describe any surface effect and are of no interest in
this paper; nevertheless we will discuss this point again in
Sec. V with the help of some numerical calculations. In
Fig. 2 we notice an optical absorption, starting at #iw=3.6
eV, for the two thicker deposits (10.8 and 19 A). This
absorption is cleary due to surface-plasmon excitation by
roughness, a point well documented today.’! In Sec. V we
will show that the absorption shape depends on the type
of roughness and is nearly independent of the optical con-
stants.

It was indicated above that our surfaces have a predom-
inantly crystallographic (1,1,1) structure. Aside from
faults mainly located at grain boundaries, each single
crystal (about 0.1 um diameter) has large terraces separat-
ed by atomic steps with a large number of kink sites.
When a foreign atom is adsorbed on a terrace it has a
probability v, to migrate to another site given by
vi=wvoexp(—E /KT), where E is an activation energy, K
and T being the Boltzmann constant and temperature,
respectively. Differential resistivity measurements®? have
shown that Au isolated adatoms on gold (1,1,1) vicinal
surfaces migrate at temperatures 7 >20 K. We can ex-
pect similar values of the activation energy for silver, en-
abling us to conclude that we do not have isolated ada-
toms on our surface. Nevertheless the growth of a super-
ficial layer is a dynamic phenomenon with two competing
processes: namely the atom condensation on an adatom
position given by the evaporation rate f = dn /dt and ada-
tom migration to a kink site position governed by the
jump probability v, exponentially dependent on the tem-
perature. Chauvineau®® has recently performed a comput-
er simulation of crystal growth on vicinal surfaces with a
model incorporating random migration and condensation
depending on the ratio K =v;/f only, and he found, for
high mobility (high K), monolayer by monolayer growth,
and atomic roughness oscillating periodically with the
deposited thickness and period equal to the monolayer
(flat for a full monolayer, rough for one-half of a mono-
layer). For low mobility, an increase of the macroscopic
roughness with thickness was found. For a very low mo-
bility (v;=0), we can expect that the root mean square of
the roughness height increases at the square root of the
deposit thickness. Figure 2 shows that even for a mono-
layer coverage the induced roughness gives rise to impor-
tant optical effects. For this coverage, surface plasmons
are apparently not efficiently excited. We estimate that at
this low coverage the observed effect is related to the sur-
face electronic structure induced by atomic faults like
atoms with broken bonds. This is an interesting point
which should be investigated at liquid-He temperature at
which one has, for low coverages, a large number of iso-
lated adatoms on the terraces.

We also performed the same kind of experiments as re-
ported in Fig. 2, but with the Ag substrate maintained at
room temperature. We found that for Ag coverages in the
monolayer range we cannot detect any effect, whereas a
quite sizeable signal is obtained at T=140 K. Neverthe-
less for a Ag layer 25 A thick deposited at T=300 K we
found at #w=3.6 eV a very narrow minimum (0.1 eV

wide) having an intensity about 20 times smaller than the
minimum found for substrates at T=140 K. At present,
we do not fully understand these results, but they seem to
indicate that some supplementary roughness is produced
by the silver deposit at room temperature. Resistivity
measurements®* 3¢ of Au,Ag thin films during metal
depositions at different temperatures indicate that some
roughness is created even at room temperature.

Figure 3 shows experiments analogous to those of Fig.
2 but for thicker films. With increasing thickness, the
minimum at 3.6 eV broadens and simultaneously another
absorption at lower energy becomes more and more im-
portant, eventually becoming the most important for the
thickest deposit (d ~2000 A). This is the anomalous ab-
sorption first found by Hunderi and Myers®’ on quenched
silver films and assigned by Hunderi to bulk defects.
Nowadays there is a renewed interest concerning the phys-
ical origin of this optical absorption, because it is present
for silver film displaying SERS and disappears on warm-
ing up the sample in the same way as SERS. Moskovits
and co-workers®® claimed that this anomalous absorption
is due to surface irregularities; anomalous absorption and
surface enhanced Raman effect being two aspects of the
same problem. We have shown®® and we will discuss in
Sec. VI that anomalous absorption of quenched silver
films is, indeed, a surface effect.
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FIG. 3. AR/R at normal incidence vs #iw for various

thicknes§es d of the surface° layer: , d=19 A; —_—
d=57 A; ———, d=124 A; ——.—. , d=187 A; - - . .,
d=2000 A on a 1000-A-thick Ag substrate kept at T'=140 K.
The last curve is reduced by a factor of 3.
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IV. ANNEALING

Interesting information about quenched films can be
obtained from the study of AR /R during annealing. In
particular, it is possible to establish relationships with
other physical parameters like dc resistivity, light scatter-
ing, or SERS intensity modifications on quenched films
reported in the literature.

The annealing of quenched films, which, as we already
saw, do not have a well-defined crystallographic structure,
is a complicated process. To be more specific, it is not
possible to find an activation energy characteristic of film
defects like, for instance, for vacancies on quenched silver
wires,*® because we have an ensemble of heterogencous
faults. In any case, the most important defects in our
films are the grain boundaries and annealing induces a
growth of the larger single crystals at the expense of the
smaller ones by a lateral displacement of grain boundaries,
leading to a better crystallographic structure. Simultane-
ously, with increasing temperature, surface atoms increase
their surface mobility and move along the surface “from
the mountain to the valley” leading to a decrease of the
macroscopic roughness. We must keep in mind that, in
principle, bulk annealing and surface annealing occur to-
gether leading to a supplementary difficulty in the inter-
pretation of optical data. Foreign atoms can strongly
reduce surface mobility and prevent the flattening of the
surface with annealing. We will employ this particularity

huw(eV)

FIG. 4. Measured values of AR /R vs #iw for the 19-A-thick
film studied in Fig. 2 during annealing at different temperatures
of the samples: —.—.—- , T=125 K; — — — T=173 K;
, T=196K;. ... T=253K.

in the experiments reported in Sec. VI. Moreover, superfi-
cial layers can “pin” bulk defects ending at the surface
like dislocations or planar faults ending at the surface. In
this case we can imagine that ‘“surface quenching”
prevents annealing of bulk defects too.

Figure 4 shows, for several temperatures, AR /R vs #iw
for a 19-A deposit corresponding to the experiments of
Fig. 2. The annealing from T=125 K was carried out at
a rate of ~2 K/min. Figure 4 clearly displays the pro-
gressive decay of surface-plasmon excitation with increas-
ing temperature. The remaining structure on the AR /R
curve for T=253 K arises from a size effect due to the
larger thickness created by the silver deposit (the silver
film is not sufficiently thick to be opaque in the spectral
region near the plasma frequency). This will become ap-
parent from calculations which are discussed in the next
paragraph. We conclude that the additional surface
roughness induced by the quenched surface deposit com-
pletely disappears with annealing. A similar behavior is
observed on annealing of thicker layers as shown in
Fig. 5 for a superficial deposit of 158 A. In Fig. 6 we
have represented AR /R at 3.55 eV as a function of tem-
perature for the experiments reported in Figs. 4 and 5.
The chosen frequency (3.55 €V) corresponds to the
minimum of the AR /R curves due to surface-plasmon ex-
citation. In Fig. 6, we also report on unpublished experi-
ments of Chauvineau*' indicating irreversible dc resis-

102(AR/R)

2 3 4
hu(eV)
FIG. 5. AR /R vs #o for a 158-A-thick layer during anneal-
ing at different temperature of the sample: —.—.—. , T=145

K; — — — T=193K; , T=230K;- - - ., T=260 K.
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FIG. 6. AR/R vs temperature T at a fixed frequency
(fio=3.55 eV) corresponding to the maximlim of the surface
plasmon absorption for quenched layers 19 A thick (—e—e@—)
and 158 A thick (—+T+_) (inner ordinate scale at the left).
The curve for the 158-A-thick film was reduced by a factor of
10. The dc resistance variation of 80-A-thick silver deposit
quenched at 120 K on a silver substrate 270 A thick is also
shown [ , ordinate scale at the right, after Chauvineau (Ref.
(41)] together with the SERS intensity of the 1006-cm™! pyri-
dine line after Pockrand and Otto (Ref. 42) (outer ordinate scale
at the left, ————).

tance changes during annealing of a 80-A-thick Ag layer
deposited at T=120 K on a 270-A-thick silver substrate
prepared at room temperature in a similar way as our
samples. The corresponding resistance changes during an-
nealing at 3 K/min are given in ohms on the right ordi-
nate scale of Fig. 6. We notice that the large changes of
AR /R 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 defects in the
bulk of the superficial layer, and

(i) a decrease of surface roughness.

The shape of the resistance curve variations is essential-
ly 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. In Fig. 6 we have also represented the
SERS intensity of the 1006-cm™! breathing vibration,
mode of pyridine, for a Ag surface exposed to 1 L (1 L

=10"% Torrsec) of pyridine during annealing of a “cold
film” reported by Pockrand and Otto.*> The laser wave-
length employed for the Raman experiments was 5145 A.
Figure 6 displays a correlation between the three parame-
ters (AR /R, dc resistance, and SERS peak): the SERS
peak has its maximum in the negative slope of both the
other curves, but the relationship between them is not evi-
dent.

V. NUMERICAL CALCULATIONS

Until now, the experimental results have been discussed
in a rather qualitative way, with occasional indications
that numerical calculations to be presented in this para-
graph corroborate our interpretations. An accurate calcu-
lation of the effects due to important roughness is a diffi-
cult task which cannot be achieved without heavy compu-
tations. To elucidate our results we have chosen a
second-order theory developed by Kroger and Kretsch-
mann,?® which gives in our case simple formulas for the
roughness-induced modifications of the specular reflec-
tivity. Kroger and Kretschmann employ a perturbative
theory which is essentially the same as the Rayleigh
method. Therefore, it is expected to be correct for rough-
ness heights S much smaller than the wavelength 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 approach should be acceptable at least
qualitatively. -

Kretschmann and Kroger* consider the roughness
S(X)=S8(x,y) as a statistical disturbance of a plane with
an average value (S ) =0 and with a Fourier transform

1
(2m)?

s(K)= [ dx SR~ K%, K=(kyk,) .

A normalized correlation function G (x) is defined by

6 ()= [ d%'SRISE +3)

with a Fourier transform
1
(s)F

with F a very large integration area. -

It was demonstrated in Ref. 43, by taking statistical
averages of the functions employed in the problem at
hand, considering g(K) to be independent of the k direc-
tion and making some other approximations to obtain the
electromagnetic fields at the surface, that the reflection
and transmission coefficients r and ¢, at normal incidence
for a rough metal of dielectric constant € in contact with
the vacuum, are given by

r=ro{1—2(w/c)S?)[Ve+(1—€)Ql} ,

g(K)=(27) |s(K)|?

(1)
t=to{1+(@/c)(ST)1-Ve [+ —(Ve+1Q]} ,

where
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Q= [ dk kg(k)mw (k) ,

w (k) =w, (k) +w,(k),
kik
< 2
lUp(k) (0] €k2-+-k1 ’
and
wk)=2—1
y a 4 k2-+-k1 ’

where k; =[e(w/c)*—k?]"? and k,=[(w/c)*— are
the wave-vector components normal to the surface in the
metal and in the vacuum, respectively, and

2]1/2

r _l:_‘{_g andt ___2_._
7 1+Ve 7 1+ve

are the reflection and the transmission coefficients for a
flat surface (that is to say with {$2?)=0).

We see that Q can reach important values when the
w,(k) denominator vanishes, that is to say for
kq/k,= —¢, which is the condition for surface-plasmon
excitation. The resulting effect is modulated by the sur-
face function kg (k) describing the roughness topography.

In our calculations, we have used the geometry indicat-
ed in the insets to the computed curve figures, and taken
into account the finite thickness of the substrate and the
possible different optical constants of the overlayer. We
have employed the thin-film formulas for a two-layer sys-
tem with flat surfaces, but using the reflection and
transmission coefficients at the metal/vacuum interface of
Egs. (1) rather than coefficients ry and ¢, corresponding
to a flat surface.

In the present calculations, the surface roughness was
approximated by a Gaussian correlation function
G (X)=exp(—%X%/0?%) with a Fourier-transformed corre-
lation function

o’ 2,2
glk)=—exp(—0°k*/4) .
4

This choice is very often employed for statistical rough-
ness. In summary, in our model we consider the finite
thickness of the substrate layer (about 0.1 um), the thick-
ness of the superficial deposit (varying from one to one
hundred monolayers), both values being determined from
the microbalance frequency shift, the optical constants of
the Ag substrate assumed to be those of the bulk material,
those of the superficial layer which will be sometimes
modified to take into account a different crystallographic
structure and, finally, the roughness parameters, the mean
square height of roughness (S2?) and the correlation
length o.

The continuous curve in Fig. 7 shows the computed
values of AR /R for a substrate 1000 A thick and a super-
ficial layer 57 A thick «S 2) =900 A o=600 A) having
the bulk optical constants.** The negative minimum at
~3.9 eV and the maximum at ~4 eV are not related to
roughness. The intensity of the minimum at 3.9 eV is
very dependent on the substrate thickness and completely
disappears for a substrate infinitely thick. To give an idea
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FIG. 7. Computed values of AR /R vs fiw) for a rough super-
ficial layer ((S2)=900 A2, =600 A) 57 A thick on a silver
substrate 1000 A thick. The optical constants of the superficial
layer were chosen as follows: corresponds to those of bulk
silver (€); —-—.—. corresponds to a factor of 2 reduction of the
values of the relaxation time in the free electron part €(w) of
the dielectric constant; — — — is computed with the same
values of €/(w) and an overall shift of the interband contribution
e—¢/ by 65 meV towards lower energies.

of the possible influence of different dielectric constants
of the surface deposit due to a poorer crystallographic
structure than that of bulk silver, we have computed in
Fig. 7 AR /R modifying the optical constants of the sur-
face layer in two ways:

(i) dividing by two the experimental value of the mean
free path of the conduction electrons for well-annealed Ag
films* (this is equivalent to an increase of the imaginary
part of the Drude dielectric constant);

(i) besides this reduction of the mean free path of free
electrons, shifting by 65 meV (corresponding to 50 A on
the wavelength scale) in order to lower the energy of the
Ag absorption edge.

To perform the latter calculation we needed the inter-
band contribution €® to the dielectric constant. This was
obtained by substracting the Drude contribution & of
well-annealed films from the experimental values of the
dielectric constant. Then €® was rigidly shifted by 65
meV towards lower energies. This rather arbitrary choice
was dictated by the observed absorption edge shift with
disorder.*> It is not our aim here to investigate the effect
of the optical constants on the line shape around the plas-
ma frequency but rather to show their small influence on
the roughness characteristic structures. We notice that
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the surface-plasmon absorption is nearly independent of
dielectric constant in contradistinction to the structures
near 4 eV; this dependence on the optical constants might
explain the structures observed at about 4 eV in experi-
ments reported in Figs. 2—S5.

Let us notice now that the surface-plasmon absorption
intensity is proportional to {S?) and that the spectral po-
sition and width of the resonance depend on the roughness
correlation length o. To estimate the roughness correla-
tion length in our experiments we have computed in Fig. 8
AR /R vs #iw for a substrate layer 1000 A thick and a sur-
face deposit of 57 A (corresponding to one of the experi-
ments of Fig. 3) taking for the substrate and for the sur-
face layer the bulk Ag optical constants, with (8%)=900
A2 and 0=100, 300, and 1200 A. Comparing the experi-
mental results reported in Fig. 3 with Figs. 7 and 8, we see
that o is ~500 A. The same value can be estimated for
o from the experiments reported in Fig..2. From our ex-
periments it appears that o increases with the surface-
plasmon absorption intensity, that is to say with (S2).
On comparing Figs. 7 and 3, we see that the calculated
value of the intensity of the surface-plasmon minimum is
only one-third of the experimentally found value. We
roughly estimate that in this case ((S?))'/? should be
about 50 A [the optical absorption is nearly proportional
to (S?), as can be seen in Eq. (1)]. We find from our ex-
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FIG. 8. Computed values of AR/R vs fiw for a silver layer
57 A thick on a silver substrate film 1000 A thick, both films
having the bulk optical constants of silver. The surface rough-
ness is described by (S?) =900 A? and =100, 300, and 1200
A. The case of a smooth surface is also represented.

periments a rapid increase of roughness with thickness for
the thinner layers, the increase being much slower for
thicker layers.

The calculations reported in Fig. 9 are to be compared
to the annealing experiments of Fig. 4. From the shapes
of the curves, it can be concluded that, for a 19- A-thick
deposit, annealing completely supresses the surface-
plasmon excitation existing at 125 K. Thus annealing ap-
parently leads to roughness disappearence, i.e., to a
smooth surface. The positive peak at 4 eV that we ob-
serve for experiments at the coldest temperatures in Fig.
4, is due to a poor crystallographic structure of the sur-
face layer that completely disappears in the curve mea-
sured at 253 K. It is possible to account for this by modi-
fying the dielectric function of the surface layer as ex-
plained before (Fig. 7), but this is not the aim of our cal-
culations.

VI. VERY ROUGH Ag SURFACES

In the preceding sections, we were mainly interested in
the first stages of roughening of a Ag surface by quench-
ing silver deposits, with particular emphasis on small cov-
erages. Here we will investigate some of the characteris-
tics of very thick deposits (~ 1000 A), that is to say very
rough surfaces. These surfaces are particularly interesting
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FIG. 9. Computed values of AR/R vs o for a superficial
layer 19 A thick on a substrate 836 A thick, both having the
bulk silver optical constants. The roughness of the superficial
layer is characterized by =500 A and (S§2)=225, 100, and 0
A2



because they present a very strong SERS for adsorbed
molecules. One of the difficulties encountered in the
study, the roughness relevant to SERS on these surfaces,
is that it completely disappears when they are warmed up
to room temperature. To our knowledge, there exist no
reported in situ electron microscope studies of such films,
therefore their structure is poorly known.

We have indicated that adsorbates can prevent the
motion of surface atoms during annealing, maintaining a
roughness which would otherwise be suppressed by in-
creasing the temperature. This effect was experimentally
demonstrated by us with oxidized Al and Cu adsorbates
and is employed as a means to investigate the surface of
rough quenched films. Let us describe one of our experi-
‘ments. We first prepare, at room temperature, in a vacu-
um better than 10~° Torr, a silver film 600 A thick, and
then cool the sample until the temperature is stabilized to
153 K. In the various experimental runs we obtain limit-
ing temperatures differing by approximately 10 K. This
is probably due to the quality of the thermal contact be-
tween each glass plate and the sample holder. Then we
evaporate 1470 A of silver on the sample maintained at
153 K, followed by the evaporation of 5 A of Al on one-
half of the sample. The sample is subsequently exposed to
45 L of O,, and finally warmed up to room temperature
at a rate of about 2 K/min. The effect of the Al deposit,
subsequent oxygen exposure, and annealing was followed
by spectral measurements of AR /R. Figure 10 shows
electron microscope micrographs of carbon replicas made
at room temperature by evaporating C at an angle of in-
cidence of 45° after withdrawal of the sample from the
vacuum chamber. Figure 10(a) corresponds to the surface
without the Al deposit and Fig. 10(b) to the Ag surface
covered by the Al surface layer. In Fig. 10(a) the grain
boundary ripples are cleary visible but otherwise the sur-
face appears rather smooth. In Fig. 10(b) an important
roughness is apparent, with a quasiperiod of 200—300 A
closely related to the correlation length. It must be under-
lined that the surface roughness seen in the micrograph of
Fig. 10(b) is maintained by the Al oxide and is not an ef-
fect of the oxide itself. It could be argued that the Ag
surface not covered by Al is also exposed to the oxygen at-
mosphere and therefore a similar effect should be ob-
served. The possible roughness induced by oxygen on
silver is in any case much smaller than that due to the Al
oxide, as can be seen from Fig. 10, probably because of
the very low sticking coefficient of oxygen on silver
(6x10~* at room temperature®®). We performed
equivalent experiments with superficial Cu layers exposed
to oxygen and obtained similar results. In conclusion, it
appears that we can produce an important roughness at
room temperature, on quenched silver films, just by cover-
ing the surface with a very thin surface layer.

We will now examine this point from an optical point
of view with differential reflectivity measurements. The
continuous curve (labeled I) in Fig. 11 shows
AR /R =2(R’'—R)/(R’'+R) relative to the clean Ag sur-
face (R) and the surface covered with the Al oxide (R’)
for the experiments reported in the discussion of Fig. 10.
We found a pronounced minimum at 3.9 eV correspond-
ing to the small values of R as indicated in Sec. III, and
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two additional minima at about 2.1 and 3.2 eV. A first
interpretation of this absorption would be to assign the
structure at 2.1 and 3.2 eV to optical transitions between
electronic states of the system, in other words, to an opti-
cal absorption due to the surface layer. Later on, we will
see that this is not the explanation and that both minima
are due to absorption induced by surface roughness. In
Fig. 12 we have reported experiments analogous to those
of Fig. 11 (a Ag deposit 1830 A thick quenched on a glass
plate kept at 158 K) but for a superficial deposit of Cu 2.6
A thick exposed to 150 L of oxygen. The curve labeled 1

(a)

1000 A
(b)

FIG. 10. Electron microscope photographs of carbon replicas
made at room temperature by evaporating C at an angle of in-
cidence of 45°: (a) silver surface; (b) silver surface covered with
a 5-A aluminum layer. The bar corresponds to 10° A
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corresponds to AR /R between bare silver and silver
covered by the Cu deposit plus 150 L of O,. We see two
absorptions similar to those of Fig. 11 at nearly the same
energies. It would be very unlikely that absorptions in-
duced by optical transitions on the adsorbate should
display a very similar structure for both adsorbates.

If we examine now the AR /R variations during anneal-
ing represented by discontinuous curves in Figs. 11 and
12, we notice that in both cases the absorptions originally
located at about 2 and 3 eV progressively shift and grow
with increasing temperature, definitely indicating that
they are not absorptions characteristic of the adsorbate
but of the surface itself. In particular, for high tempera-
tures (for instance T=275 K in Fig. 11), we are compar-
ing two Ag surfaces with quite different roughness [Figs.
10(a) and 10(b)] which give rise to large values of AR /R
(~30%) obviously not due to the superficial layer itself.

We can inquire whether one or both absorptions are due
to a bulk effect. This is certainly not the origin of the
highest energy absorption which is progressively shifted
with annealing to the surface-plasmon frequency reaching
a deep minimum similar to the one seen in Fig. 3. Keep-
ing in mind the reported interpretation of the optical ab-
sorption of quenched Ag films,*” we can ask about the
origin of the low-energy minimum. We can imagine that
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FIG. 11. Differential reflectivity AR/R vs #io between a
silver film 1470 A thick quenched on a substrate at 153 K and
the same covered by 5 A of Al and exposed to 45 L of O,. The
discontinuous lines give AR /R during annealing at various tem-
peratures (indicated at the left of the curves). Each curve is
shifted by 2.5 10~2,

during annealing the film portion which is not covered by
the surface layer is acquiring a more perfect crystallo-
graphic structure leading to different optical constants
with corresponding changes in the reflectivity. Moreover,
Hunderi*’ assigns the anomalous absorption of Ag films
to bulk defects in the films, which behave as a composite
medium with two dielectric constants having a resonant
frequency. In the present case, we argue that this is not
the reason for the observed absorptions, because they are
continuously shifting away from the absorption of the
unannealed film, as is typical of surface phenomena. It is
clear that if bulk defects had a resonant frequency it
would be completely independent of surface absorptions.
It must be concluded that the structures in Figs. 11 and
12 must be unambiguously assigned to the surface. For
instance, the reflectivity structures seen in Fig. 12 for a
Cu monolayer (curve II) are modified with exposure to
150 L of oxygen. The present experiments can be under-
stood as due to roughness-induced enhanced electromag-
netic fields at the surface, in the same way as electromag-
netic fields are enhanced at the surface-plasmon excitation
with a grating or an attenuated total reflection coupler.
For a plane wave impinging on a flat surface, the elec-
tromagnetic field seen by a surface molecule is a smooth
function easily deduced from the optical constants of the
metal, but for a rough surface the field at the surface is
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FIG. 12. Differential reflectivity AR/R vs fiw between a
1830-A-thick silver film quenched on a substrate at 158 K and
the same covered by 2.6 A of Cu (curve II) and exposed to 150 L
of oxygen (curve I). The discontinuous lines give the AR/R
values during annealing at different temperatures (indicated at
the left of the curves). Each curve is shifted by 1072
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not easily known and can have large values for specific
spectral regions. That is what probably happens in our
experiments. From this point of view, the optical absorp-
tions at ~2 and ~3 eV in Figs. 11 and 12 correspond to
high electromagnetic fields at these frequencies. The
same argument can be put forward in order to explain the
observed modifications during annealing. We are compar-
ing a rough surface having pronounced electromagnetic
resonances with another one which becomes more and
more flat with the corresponding vanishing of the reso-
nances. It is not our aim here to discuss the enhancement
of electromagnetic fields at rough surfaces, but only to
point out that it must be taken into account for spectro-
scopic studies on rough surfaces. We have already report-
ed a comparative study of submonolayer optical absorp-
tion on rough and flat Ag surfaces allowing us to deter-
mine the average local field at the surface.’> In our
opinion, the low-frequency absorption is due to localized
plasmons at the surface protuberances and the high fre-
quency absorption corresponds to a propagating mode
which, for a flat surface, becomes the usual surface-
plasmon mode. We think that annealing, even for covered
film, leads to smoothing of the large protuberances while
maintaining the short-scale roughness. In Figs. 11 and 12
we can imagine that this effect is more important for Cu
than for Al; at high temperatures, the shoulder at ~3 eV
has nearly disappeared for the Cu oxide. Taking for a
surface bump a model of a prolate hemispheroid on a con-
ducting plane, a resonance at 2 eV is found on Ag for a
ratio of the major to the minor axis equal to 3,8 which res-
onance shifts to higher energies up to 3.2 eV as this ratio
decreases to unity (sphere). As the annealing shifts the
lower-energy absorption to higher energy, we can imagine
that what is happening is a flattening of the surface
bumps during annealing. At present, we cannot further
substantiate this hypothesis.

To check our conclusion, which assigns the observed
absorption to surface roughness rather than to bulk de-
fects, we have performed a different kind of experiment.
The basic idea is that if the absorption were due to surface
roughness it should not be observed in reflectivity mea-
surements performed from the back side of the fused sili-
ca substrate. In the standard configuration described
above, we cannot measure the reflection through the fused
silica, because of the copper cooling block, but, with a
minor modification, we can overcome this difficulty with
the restrictive condition that absolute values of reflectivity
and temperature cannot be known. Because we are in-
terested in a comparative study, this restriction will not be
crucial for obtaining the supplementary information
sought for.

We have proceeded as follows: a glass plate longer than
the cold holder is fixed on it. By a 180° rotation of the
sample, we can present nearly either the vacuum side of
the silver film or the glass side in front of the optical win-
dow. A schematic representation of the experimental
geometry is indicated in Fig. 13. Relative values of the
reflectivity, i.e., reflectivity multiplied by an apparatus
factor, are obtained using the double-beam spectropho-
tometer described in Sec. II. The temperature (~ 140 K)
is known on the sample side in contact with the holder,
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FIG. 13. Reflectivity R vs fip at near normal incidence for a
silver film approximately 1400 A thick quenched on a fused sili-
ca plate. Curve A corresponds to measurements from the vacu-
um side at low temperature and curve B to the same performed
at room temperature, while curve C shows the measured values
of R at low temperature but from the glass side. The results
shown in curves 4 and C were obtained on different samples.
The experimental geometry is sketched in the inset.

but not on the unsupported end. .
In the first experiment on a cold substrate, a 1660-A-
thick silver film is deposited on the unsupported side of
the sample and the reflectivity is measured first at this
unknown temperature and then, after annealing, at room
temperature. The sample is extracted from the vacuum
chamber and absolute values of reflectivity are measured
with a Cary 14 spectrophotometer. Assuming that these
values correspond to those of the relative reflectivity in ul-
trahigh vacuum for the sample at room temperature, a
calibration function of the apparatus is obtained. Figure
13 shows the calibrated values of the reflectivity from the
vacuum side at low temperature (curve A) and at room
temperature (curve B). In a second experiment, we depo-
sited 1800 A of silver on the cooled substrate and mea-
sured the reflectivity from the glass side both at low tem-
perature (curve C) and at room temperature (curve B).
We have assumed that the reflectivity at room tempera-
ture is the same for both experiments. We did not take
into account the multiple reflections in the glass plate and
the difference in the refractive index n of the medium in
contact with silver at the reflecting interface (vacuum
n=1 or glass n=1.5). It is clear that in the present ex-
periments we cannot expect to obtain accurate values of
the reflectivity, but the relative values of curves 4 and B
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and curves A4 and C should at least be qualitatively good.
This is the interesting point in our discussion. For
fiw < 1.8 eV, curve A takes higher values than curve B.
This is probably a real fact and not an artifact of our ex-
perimental setup. At low temperature, roughness has a
small correlation length producing little scattered light.
When the sample is warmed up the roughness becomes
“wavier” with a large number of short Fourier com-
ponents and the amount of scattered light increases with a
corresponding reflectivity loss. The increase of s- and p-
polarized scattered light with -annealing of equivalent
quenched films was clearly shown by Pettenkofer.*®

Although these measurements are not very accurate, the
comparative values for each experiment with temperature
should be significant, suggesting that on the vacuum side
a supplementary absorption exists besides the surface
plasmon excitation. The differences found between curves
C and B are probably due to different values of the opti-
cal constants only. This confirms the interpretation given
for the annealing curves (Figs. 11 and 12).

VII. CONCLUSION

From the experimental point of view, we have clearly
shown that spectroscopic differential reflectivity is a very
sensitive tool for surface studies. It allows the measure-
ment of electronic modifications of an interface induced,
for instance, by atomic or molecular adsorption or, as in
this paper, the investigation of the electromagnetic prop-
erties of a surface.

We have thoroughly developed an investigation on the
early roughening of a clean silver surface by depositing
various thicknesses of silver overlayers. When the silver
substrates are cooled to 140 K, measurable values of
AR /R are found even for monolayer coverage. The ob-
served structure, probably due to the electronic properties
of surface defects on the atomic scale, are not yet clearly
understood. For thicker deposits, a well-defined absorp-
tion at ~3.6 eV due to surface-plasmon excitation is
found.

For extremely rough silver films, we noticed the ap-
pearance of an optical absorption at about 2.5 eV due to
the surface roughness. We conclude that differential re-
flectivity experiments can be successfully employed to in-
vestigate electromagnetic resonant phenomena other than
surface plasma waves, which are at present well known.
Specific studies concerning the surface modes are not
widespread; we indicate how such studies can be per-
formed, in particular by using a superficial oxide layer, to
fix the surface roughness existing at low temperature on
quenched metal films.
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(a)

FIG. 10. Electron microscope photographs of carbon replicas
made at room temperature by evaporating C at an angle of in-
ciden;lce of 45% (a) silver surface; (b) silver surface covered with
a 5-A aluminum layer. The bar corresponds to 10" A.



