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excitation of surface plasma waves at low photon energies

G. Hincelin
Conservatoire 1Vational des Arts et Metiers, Laboratoire de Physique du Vide, Equipe de Recherche Associee 660,

292 rue Saint Martin, 75141 Paris, France
(Received 22 December 1980)

At photon energies far below the surface-plasmon energy, photoemission from a metal surface may be described in

terms of volume and surface photoeffects, whose respective contributions in absolute values are easily calculated
with the help of phenomenological models with the condition, however, that several basic parameters have been

previously determined experimentally. Aluminum thin films directly evaporated in ultrahigh vacuum onto a prism
are smooth enough to exhibit a pure volume effect by illumination with s-polarized radiation, even after activation
of their surfaces by a submonolayer of cesium. Surface plasma waves (SPW) excited at the metal-film-vacuum

interface by the attenuated-total-reflection method allow an accurate determination of the thickness and of the local
dielectric constant of the film before and after Cs deposition, respectively. After the determination of the electron

escape length L(co) in the photon energy domain 1,5 & Ace & 4 eV and measurement of the spectral sensitivities of
the film illuminated on its front face with s- and p-polarized light successively, the surface photoemission spectrum
is obtained. A careful study of the respective contributions of the volume and surface effects is then carried out, in

the presence of SPW excited in the film by illumination through the prism. The surface effect is more greatly
enhanced than the volume effect by the SPW fields, and the respective variations of these effects as a function of the
incidence angle are very different. At photon energies not too far from the threshold, the surface-effect

photoemission far exceeds (even by one order for magnitude) the volume photoemission. Excellent agreement is

obtained between measured and calculated values of total photoemission yield.

I. INTRODUCTION

Electron photoemission from- a metal surface
into vacuum originates from the interaction of
electromagnetic radiation with the electrons in
the metal. For a perfectly smooth surface the
only source of electron photoexcitation is the field
of the transmitted wave, as surface plasma waves
(SPW) cannot be excited.

Electron photoexcitation, which obeys energy
and momentum conservation laws, takes place in
essentially two ways, by interacting either mith
the surface potential barrier or with the lattice
potential in the bulk. The nonperiodicity in the
direction normal to the solid-vacuum interface
has the same function as the lattice periodicity:
It causes photoexcitation via optical absorption,
and it supplies normal momentum as required
during the electron escape process.

Electron photoexcitation in the volume is an im-
portant source of photoelectrons and photoemis-
sion from the bulk may be described by the famil-
iar "three-step model, "'-' in which optical ex-
citation, transport of the electron to the surface,
and escape of this electron through the potential
barrier may be treated as separate steps. This
model, which has the invaluable advantage of eas-
ily allowing quantitative calculations, may be con-
sidered as physically correct if the mean free
path of the excited electrons is very large com-
pared to the lattice constant, "a condition that
always holds when low-energy photons are used.

The three-step model necessitates the simplify-
ing assumption that photoexcitation is an isotropic
phenomenon (i.e. , independent of the relative ori-
entation of the wave electric field vector and the
lattice vectors). This point has been discussed
in detail in the case of polycrystalline metals, "
and it seems that at photon energies very low
compared to the surface plasrnon energy (Kco,„)
photoexcitation in the bulk may be considered as
isotropic.

Photoemission from the bulk (volume effect) may
be calculated by using the classical Fresnel for-
mulas which allow the determination of the optical
energy density absorbed in the solid as a func-
tion of the metal dielectric constant e(u) =e'(&u)
+ je "(e)."" For a free-electron-like metal, e(up)

may be represented by an analytical formula, but
in real metals interband transitions are responsi-
ble for a supplementary term. This term cannot
be calculated with precision, and it is better to
use in the calculations the experimental values
of e(&u). We shall, however, emphasize that such
a macroscopic theory based on local values of
the dielectric function may be used only if the
perturbation due to the surface extends to a depth
very small compared to the wavelength of the in-
cident radiation. This is true at low photon en-
ergies but in the domain of the volume plasmon
frequency and with a p-polarized wave, Fresnel's
formulas are no longer valid for calculating with
good accuracy the electromagnetic field in the
vicinity of the surface. On the other hand, the
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local approximation is always valid for s-polar-
ized radiation, and a local e(~) may then be used
for all photon energies.

The surface photoexcitation process is at the
origin of the "surface photoelectric effect, " which
was historically the first mechanism suggested
for explaining the photoelectric effect." Owing
to its one-dimensional character, the potential
barrier can only act if the incident radiation has
an electric field component normal. to the surface.
Therefore the surface effect is limited to p-polar-
ized light excitation at non-normal incidence, at
least for ideally smooth surfaces. This effect
strongly depends on the electric field distribution
in the surface region.

In local theories the surface is considered only
as a geometrical discontinuity between two homo-
geneous media having different dielectric con-
stants. Field calculation at the metal surface is
based on the assumption of an infinitely thin sur-
face l, ayer containing an infinite density of elec-
tric charge, responsible for the discontinuity of
the normal electric field component when cross-
ing the surface. As a matter of fact, charge den-
sity and potential vary very rapidly but continu-
ously through the surface, in a region of 1-2 ang-
stroms in thickness.

For this reason, local theories can be used to
calculate surface photoemission only if the per-
turbation due to the incident p-polarized wave
remains localized in this surface transition region.
This will be the case for photon energies far be-
low the volume plasmon energy Scu~. On the con-
trary, around and above h;&~, the charge density
may be profoundly modified by the incident radia-
tion in a thick surface layer, and a nonlocal the-
ory should be necessary to interpret correctly
both optical and photoelectric phenomena.

A theory of the surface effect accounting for the
variations of the surface polarization charge den-
sity by p-polarized radiation has been elaborated
by Endriz" for Al, a nearly-free-electron metal.
The surface effect is considered as originating
from the interaction of electrons with the induced
charge-density variations. The behavior of the
surface charge has a fundamental influence on the
energy dependence of the surface effect: Numeri-
cal evaluation of the characteristic excitation fac-
tors indicates an enhancement in the surface effect
at energies well below 5(d~, and, for energies
near g&~, surface charge screening of the excita-
tion fields leads to a total suppression of the sur-
face effect. Another significant result of Endriz's
work is that surface plasma waves may be con-
sidered as a particular p-polarized light excita-
tion under appropriate complex angles of inci-
dence. But the direct surface effect will be suf-

ficiently strong at energies near threshold to dom-
inate the photoemission associated with the decay
of surface plasmons which could be excited on a
real surface by coupling through small surface
roughness. '

More recently a calculation has been performed
that uses an improved surface potential barrier
and treats the spatial behavior of the photoexcita-
tion by the electromagnetic field in a self-consis-
tent way. " The calculated surface photoyields
(in electrons per absorbed photon) do not differ
appreciably from those calculated by Endriz.

A possibility for determining the total photo-
yield (surface plus volume effects) consists in
considering that photoemission may be viewed as
a one-step process, and a number of authors have
derived the photocurrent from the global interac-
tion of the electromagnetic field with a solid. ""
These theories l.ead to formulations of high com-
plexity without distinction of volume and surface
effects. To our knowledge they have never been
used to calculate real values of photoemission
yields.

Finally, another way to describe the physical
action of a p-polarized radiation on the electrons
of a metal has been explored by Kliewer, ""using
a nonlocal description of the dielectric response
of the metal to an external electromagnetic per-
turbation. It is then possible to show that besides
the classical transverse wave, an infinite number
of longitudinal polarization waves are excited in
the metal, whose electric field adds to the field
of the transmitted transverse wave. " These longi-
tudinal waves are strongly damped and localized
in a thin layer near the surface. The wave-elec-
tron interaction is described through a transverse
dielectric constant c, and a longitudinal dielectric
constant c~. In addition, for the light incident
upon the electron gas from vacuum, the electric
field component E, normal to the surface is con-
tinuous across the surface.

The dielectric constants e, and e~ are functions
of & and the wave vector q. In a real metal a use-
ful approximation may be to treat the free elec-
trons nonlocally and the bound electrons locally.
But in these conditions the continuity of g, across
the surface no longer exists. Kliewer" gives the
expressions for e, (&u, q) and e~(e, q) and calcu-
lates total photoyields for Al for various photon
energies as functions of the incidence angle and of
the electron escape length. The nonlocal theory of
Kliewer has been applied in a simplified form by
Chabrier et p)."" in order to interpret quantita-
tively experimental results obtained with Ag thin
films. From this work, it may be emphasized
that, at low photon energies, the longitudinal po-
larization waves are strongly damped, and the
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total photoemission yield may be considered as
the sum of two terms. The first one corresponds
to a good approximation, to the classical volume
effect essentially due to the transverse wave en-
ergy absorbed in the bulk, which may be calcu-
lated by using the three-step model and the local
dielectric constant e(u&). The second would be a
surface effect, originating in the absorbed en-
ergy associated with the total component of the
electric field E,(0) normal to the surface, existing
in the metal at the metal-vacuum interface. The
nonlocal theory of Kliewer in its simplified form
allows a correct description of the variations of
the surface photoyield as a function of the photon
energy, even in the critical energy domain of the
surface and volume plasmons, but is unable to
furnish values of the photoyield in good agreement
with experiment.

The work that we present in this paper is not
a comparison between results given by local and
nonlocal theories, but an attempt to calculate
quantitative contributions of volume and surface
photoeffects to the global photoemission from a
metal thin film in which surface plasma waves
are excited by the attenuated total reflection (ATR)
method. ""

In summary, and in agreement with the conclu-
sions of the Endriz's work, "we consider that Al
is the best material for obtaining excellent agree-
ment between experimental results and calcula-
tions based upon the "old" theory of photoemis-
sion, including a three-step model for the volume
effect and a phenomenological surface effect. In-
deed, Al films having very smooth surfaces may
be prepared by vacuum evaporation. ' " In addi-
tion, the Al surface plasmon energy (K+,~=10.3
eV), is very high compared to the work function
g &

that can be attained by covering the emitting
surface with a very thin layer of Cs (Q'&= 1.5 eV).
In these conditions, volume and surface effects
may be considered to a good approximation as be-
ing two independent effects, and the correspond-
ing photoyields can be calculated by using simple
phenomenological models, (i) a three-step model
with isotropic photoexcitation for the volume ef-
fect and (ii) a surface photoyield proportional to
the energy associated with the normal component
of the electric field on the metal side in the plane
of the metal-vacuum interface. A local descrip-
tion for the dielectric constant may be used in
both cases, since the longitudinal polarization
waves excited by the p-polarized light are con-
centrated in the surface transition layer, whose
thickness is negligible compared to the electron
escape depth in the visible and near-ir energy
domam.

In order for any theory to furnish accurate val-

ues of the total emitted current, preliminary ex-
periments are necessary to determine carefully
the thin film dielectric function c(w) and exact
thickness, the electron escape length I., and the
proportionality factor in the surface effect.

In Sec. II we shall examine briefly the various
methods that can be used to couple an external
p-polarized radiation to an SPW in a thin film and
the conditions required to obtain a pure volume
effect with an s-polarized wave. Section III will
be devoted to the description of the experimental
UHV setup and of the methods used to prepare very
smooth Al surfaces by evaporation on a fused sili-
ca prism, to control the surface smoothness, and
to lower the Al work function with Cs.

The experimental results concerning the re-
flecting power of the film illuminated through the
prism in order to excite SPW, and the photoyields
obtained with s- and p-polarized light, when the
incident radiation is directed onto the film sur-
face either from the vacuum side (front illumina-
tion), or through the prism (rear illumination),
are given in Sec. IV. In Sec. V we calculate the
complex dielectric constant for the clean and for
the cesiated Al surface, and it is shown that the
influence of a submono1. ayer of Cs on the optical
properties of Al can be neglected.

The angular variations of the photoyield mea-
sured successively with s- and p-polarized light
show that photoemission from s-polarized light
has its origin in a pure volume effect. Starting
from this observation, the escape length of elec-
trons is calculated in the whole energy domain,
1.5&5& & 4 eV, in Sec. VI, as well as the ampli-
tude of the surface photoeffect, and the proportion-
ality factor between surface photoyield and the
surface energy density associated with the normal
component of the electric field.

Finally, all useful film parameters being known,
Sec. VII reports on the calculation of the respec-
tive parts of the volume and surface effects en-
hanced by excitation of an SPW at the emitting
surface. Examples are given for three wave-
lengths, showing that the relative contribution
of surface effect dramatically increases when ap-
proaching the emission threshold, and decreases
slowly in the uv domain. Angular variations of
each photoyield are analyzed in detail.

Excellent agreement is obtained between cal-
culated and experimental absolute values of the
total photoyield for all wavelengths, demonstrating
a Posteriori the validity of our preliminary assump-
tions and of the models used for the calculation.

II. EXCITATION OF SURFACE PLASMA %AVES

Let us consider a semi-infinite metal charac-
terized by its complex permittivity e, = e', +je," in



contact with a dielectric material of real permit-
tivity &,. Nonradiative surface plasma waves may
be excited at the plane interface by photons of
energy 5u such as 5u &@co p The frequency upper
limit (d~ is given by the condition

E'2((d,p) = —E'~

and for a free-electron-like metal is simply re-
lated to the frequency of the volume plasma oscil-
lations by

(dip = cop(1+ Eg)

This relation has been experimentally verified
quite well for alkali metals and aluminum. "

An SPW corresponds to electric charge oscil-
lations at the metal surface, which induce elec-
tromagnetic fields. The electric field has a com-
ponent g„ tangent to the surface and parallel to
the direction of propagation of the wave and a
component Z, normal to the surface. The ampli-
tudes of the fields decrease exponentially from
the surface. The frequency u and K,„, a compo-
nent .of the SPW wave vector K~, obey a, disper-
sion relation obtained by writing the continuity
of K~„across the metal-dielectric interface.

The real part of K~„being always greater than

K, = co/v (v is the velocity of light in the dielec-
tric material), an SPW cannot be directly excited
by a plane monochromatic p -polarized wave ob-
liquely incident on the metal surface through the
dielectric because of the impossibility of match-
ing the x components of the wave vectors of both
waves. Conversely, an SPW propagating at the
metal surface cannot radiate into the adjacent
dielectric medium. To excite an SPW at the metal
surface, the wave vector component K,.„of the
incident wave has to be increased, by using either
a rough surface, or a special coupling device with
an optical index n) 1.

Surface roughness may be characterized by a
roughness spectrum g(K, ), which is the Fourier
transform of the autocorrelation function of the
statistically rough surface, and a the rms height
variations. "" Momentum-conserving transitions
are then possibl. e from an initial incident photon
to a final plasmon traveling along the surface
with a momentum SK~„ the following relation be-
ing fulfilled:

roughness spectrum and on the height of the sur-
face irregularities. For short correlation lengths,
g(K, ) will extend to high K, values (K, & w/c), and
coupling to surface pl. asmons will be correspond-
ingly high even for normal incidence (y =0). The
same coupling mechanis m exists between decaying
plasmons and radiated photons, and for a rough
surface an SPW can be detected by measuring the
light emitted from the surface.

Experiments prove that the coupling efficiency
attains its maximum for frequencies near &,~ and
the SPW excitation produces an absorption peak
on the ref lectivity curve R~(ur) obtained at nearly
normal incidence. "" In these conditions, the
optical excitation of an SPW in the visible and ir
domain (1.5&A~ & 4 eV) by roughness will be more
difficult with Al (g~,~

= 10.3 eV) than with Ag (K~,~
=3.6 eV).

The ATR method for controlled optical excita-
tion of surface plasmons has been proposed by
Otto" and Kretschmann and Raether. " A pos-
sible configuration of the coupling device is repre-
sented in the Fig. 1. A thin metal film is evapo-
rated onto the plane face of a fused silica prism
having a real index ny: Ey

' and illuminated through
the prism by plane p -polarized monochromatic
light at an incidence angle y greater than y ~, the
critical angle beyond which total reflection occurs
(~, sing~ =1). The wave-vector component K,.„
parallel to the surface,

(d
K,.„=n, —»ny = n,K, sing,

may take values greater than K„and by varying
may be equal to K~„, the real part of K~„, for

an incidence angle (pp such as

n~Kp sinyp =Kp„.

K~, is given by the dispersion relation of the SPW
at the metal-vacuum interface, calculated for a
thin metal film of thickness d, with plane parall. el
surfaces inserted between two semi-infinite di-
electric media of real permittivities e,(a) and

q is the angle of incidence and K, = 2w/a„ the wave
vector associated with the distance a, separating
microreliefs, measured along the surface. The
ability of the surface to provide such coupling is
roughly proportional to a'g(K, ) Ref. 28) and then
strongly depends on the shape of the surface-

F

FIG. 1. Illumination of a thin film + through a prism
of index n . M is a thick Al mirror. The wave vector
Kp changes into K=nKO.
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e, (w) = 1, respectively. "
With increasing y, the ref lectivity R, (q&) of the

prism-metal interface decreases and attains a
minimum value R at an incident angle (pp (pp.

R will be close to zero for a correctly chosen
value d, of the film thickness. Since y &@~, the
energy flux transmitted into medium 1 is zero,
and the ref lectivity decrease must be attributed
to a supplementary absorption in the film of the
electromagnetic energy due to the excitation of
an SPW at the metal-vacuum interface.

However, through the above-mentioned rough-
ness-aided mechanism, a tiny part of the energy
can be radiated into medium 1 from the SPW, and
for high superficial energy densities, the flux of
scattered photons becomes detectable, even for
optically good films. The yield of scattered light
increases with the rms value of the surface micro-
reliefs, and a measurement of the light flux emit-
ted from the metal surface when SPA are excited
allows a fine control of the optical quality of the
surface. "" For example, with silver films con-
trolled by reflectometry and showing no visible
absorption dip in their R~(~) curve in the vicinity
of (d,~, the total scattered light may represent a
few 10 ' of the incident flux. Recording on an gy
plotter the scattered intensity I,(q) as a function
of y leads to a sharp peak when q -yp. For Al
films evaporated in a classical high vacuum
(p=10 ' Torr) and then examined in air, a, small
amount (10 ' to 10 ' in relative value) of scat-
tered light has been observed. " As far as we
know, no measurement of scattered light from
Al films prepared and studied under UHV have
been reported to date. We shall see later that
for these films the scattered light yield remains
beneath 10 '.

Controlled excitation of SPW by the ATH method
allows accurate determination of the optical con-
stants and thickness d of the metal film, ""using
the simple model represented Fig. 2. The. film

Ez

I

i Ex

FIG. 2. Coordinate system and photoemitter arrange-
ment: the three-media model. P is the ref lectivity;
T, the transmission. (1) and (3) are lossless dielectrics,
and (2) the metal film of thickness d.

is assumed to be homogeneous with a local dielec-
tric constant e,(&u).

The interface 1-2 (metal-prism) is illuminated
by p-polarized radiation at an incidence angl. e y.
From the Fresnel coefficient r, o.f the i/(i+1)
interface,

the reflection coefficient x»,

~, + r, exp(2 jdK, )

1+r,x, exp(2 jdK, )
'

and finally the ref lectivity R~= ~r» ~' can be cal-
culated. In the expression giving v, , g,. is the
component of the wave vector normal to the sur-
face in medium i, such as

K,. =K,'+jK,"=—(e,. —e sin'q)'/' i=1 2 3

These relations hold for all values of y, and par-
ticularly in the whole angular domain of SPW ex-
citation.

The experimental function R,(y) depends on three
adjustable parameters z,', e,", and d. By adapting
the computed reflectance function to the experi-
mental curve, these parameters can be obtained
with high accuracy for aluminum films as we shall
see later.

III. EXPERIMENTAL SETUP AND MEASUREMENT
METHODS

Al thin films are prepared and studied in situ
in an UHV chamber evacuated by a 400-1/s ion
pump and a 2000-1/s titanium getter pump. After
a 20-h baking at 300 'C, the limit pressure re-
mains in the range 1-5@10"Torr. High-purity
Al is evaporated from a resistively heated tung-
sten wire, and cesium, used to lower the Al work
function, is vaporized from a Cs dispenser (SAES
getters, Milano).

A quartz-crystal thickness monitor measures
the final film thickness with an accuracy of +1 nm.
The films are evaporated on a lateral face of a
right-angle-fused silica prism supported by a
rigid vertical stem which can rotate around its
axis. The rotation movement is activated from
outside the vacuum tank through a magnetic cou-
pler having no detectable angular shift. Angular
orientation of the prism is defined and reproduced
within an accuracy domain of +0.01 .

In photoemission experiments, electrons are
collected on a ring-shaped anode kept at a posi-
tive potential (+300 V), the emitting film being
connected to ground through a picoammeter
(Keithley electrometer 610C) allowing current
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intensity measurements down to 10 '4 A. The
vacuum chamber and its pumping unit are mounted
on a mobile carriage and, after the end of the
baking procedure, the whole system is carefully
positioned and finally clamped onto a heavy vi-
bration-free table supporting part of the optical
system used for illuminating the film and mea-
suring its ref lectivity A~.

The optical layout is schematically represented
in Fig. 3. A high-pressure Xe lamp (Osram XBO,
450 W) and a high-dispersion grating monochroma-
tor are used to obtain a nearly monochromatic
beam of wavelength A. , adjustable from 300 to
1250 nm with a bandwidth of about 1 nm. The
divergent beam issuing from the monochromator
falls upon a cylindrical mirror, &„ which delivers
a beam of. rays nearly parallel to the propagation
axis with a maximum obliquity less than 3x10-4
rad. This rectangular cross-section beam is then
polarized by a gian-type prism and enters the
vacuum chamber through a fused silica window

free of birefringence. After two successive re-
flections, one from each metallized face of the
right-angle prism (one is covered by a thick Al
mirror, the other by the evaporated thin Al film),
according to an arrangement proposed by Bosen-
berg, "the light beam leaves the chamber through
the same window. The angular displacement 0 of
the prism is referenced to the direction normal to
the prism hypotenuse face, itself determined by
an autocollimation technique with an accuracy bet-
ter than 0.01 .

While rotating the prism, the emerging beam

FIG. 3. Experimental setup. Cfg, UHV chamber; VP,
vacuum pumps; E, Al and Cs evaporators; B, scattered
photons collector; PM~ and PM2, photomultipliers; P,
silica prism; A, electron collecting anode; 8, light
source; M, grating monochromator; m~ and rn2,
cylindrical mirrors; Po, polarizer; Ph, Si (or Ge} photo-
Qiocle ~

remains rigorously parallel to the incident beam.
A second cylindrical mirror M, compensates the
transverse beam displacement accompanying the
prism rotation and focuses the light always at

~ the same point on the photocathode of the photo-
multiplier PM„a condition necessary to elimi-
nate the influence of local cathode sensitivity vari-
ations on the accuracy in R~(8) measurements.
Photoemission current and ref lectivity variations
are recorded versus 8 on an xy double trace re-
corder. Values of the prism index g, are known

for all wavelengths, the uncertainty being less
than 10 4 in relative value, and the real incidence
angle y of the light at the prism-metal. interface
may be calculated within an accuracy of 0.02 .

A second photomultiplier &M, associated with a
large diameter metal tube, whose internal polished
and silvered wall plays the role of a photon col-
lector, allows the detection of the light possibly
scattered from the Al film when SPW are excited.
Defining the scattered light yield D, = P, /P, . as the
ratio of the total scattered flux to the incident flux
intensity, values of D, as low as 10 ' could be de-
tected in the whole range of wavelengths delivered
by the monochromator.

j:t is possible to illuminate the film directly on
its vacuum interface at three incidence angles
q'=0, 45, and 70, respectively. The reflected
light beam leaves the chamber through windows,
in order to avoid spurious reflections on the inner
walls.

The incident radiation flux may be measured
accurately for each wavelength in the domain
300& A. & 1000 nm by introducing in the light path
a large-diameter Si photodiode. A Ge photodiode
is used for wavelengths greater than 1 p, m. Both
diodes have been calibrated at the Institut National
de Mbtrologie by comparison with absolute ther-
moelectric radiometers. The diode surfaces be-
ing perpendicular to the beam direction, their
spectral sensitivity is assumed to be independent
of the light polarization. A silica plate placed in
front of the diodes takes into account the energy
loss due to the reflection of the beam on the en-
trance window of the chamber. Other parasitic
reflections on the prism surfaces are easily cal-
culated, and the true value of the energy hitting
the rear face of the film during SPW excitation
experiments may be accurately known.

The spectral sensitivity 0 of the free Al surface,
expressed in ampere watt ' is derived from the
photocurrent I, and the incident power flux p, by
the relation o =I,/p, . p,. is typically in the 10 '-W
range, and I, varies in the domain 10 "-10 ' A.
From g and the photon energy gi, u, the quantum
yield Q (expressed in electrons per incident pho-
ton) is easily obtained:
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il (dQ=o—,
e '

where e is the electronic charge.
After baking the whole vacuum setup for 24 h at

300'C, the Al and Cs evaporators are separately
outgassed during 15 min, at temperatures slightly
below the respective evaporation temperatures of
these metals with an opaque shield inserted be-
tween the hot sources and the prism. Al is then
evaporated from pieces of 99.991/~-pure Al. wire,
at a, rate of about 2nms ', to a final thickness of
d = 17 +1 nm. During deposition, the pressure
rises to 5x10 ' Torr and after the end of the evap-
oration process decreases in a few minutes to
its nominal value (p & 5x10 "Torr).

In order to compute Al optical constants and ac-
curate values of the film thickness d, SPW are
excited at the metal-vacuum interface by the ATB
method, and the reflectance curves R~(8) are re-
corded at various wavelengths from X=300-1200
nm. At room temperature, Al films show no per-
ceptible annealing effects, as evidenced by the
excellent reproducibility of R~(0) curves obtained
after evaporation, and delays of 24 h or even
more, respectively.

To Lower the work function of the AL surface, a
tiny quantity of Cs is then slowly evaporated, cor-
responding to an equivalent mass thickness of a
fraction of an nm in about 20 min. During the
deposition of Cs atoms on the Al surface, the
photoemission current I, is continuously recorded,
and evaporation is stopped when I, attains its max-
imum, following a technique generally used by
photocathode manufacturers and many authors
for the Cs activation of metal (tungsten, "nickel, "
or silver" ) or semiconductor surfaces. ""As
far as we know, nothing has been published to
date on Cs activation of Al films in UHV.

During the 'Cs evaporation, the photoelectric
threshold wavelength A., increases from about
300 to 820 nm. The corresponding value of the
final work function (W&= 1.5 eV) is smaller than
that for a thick Cs layer" (~&= 2.1 eV). For about
24 h, following the Cs deposition, a very slow
evolution of A,, up to 825 nm is observed. .A.t the
same time the photoyield slightly increases. Then
very stable electrical properties of the surface
are obtained, both the electron emission and the
threshold wavelength remaining stable for weeks,
provided that the residual pressure remains in
the range of a few 10 "Torr. However, for pres-
sures above 10 "Torr, after its initial growth
the emission falls more or Less rapidly, probably
due to contamination of the surface.

The modification of SPW resonance curves in-
d'uced by this optimum Cs overlayer is studied by

recording the new reflectance curves R~(9). With-
in a margin of error. the ultimate slow evolution
of the work function g @

is not accompanied by a
visible variation in shape or angular position of
the R~(O) curves, thus proving that photoelectric
emission is a, phenomenon more sensitive to sur-
face perturbations than are SPW induced varia-
tions of the surface reflectivity and also the opti-
cal constants of the film.

From data given in various publications, "*"the
superficial density of Cs atoms corresponding to
a minimum value of the work function may be
estimated at a few 10"atoms cm ', a value which
turns out to represent a fraction of a monolayer,
the equivalent mass thickness being about 0.1 nm.
The vapor pressure of Cs at 7.

' = 300 K a,ttains 10-'
Torr, and the unha. mpered evaporation of Cs atoms
being of the order of a few 10" atomscm 's ', a
monatomic Cs layer would be evaporated in a time
of about one second. The Cs ionization energy
is inferior to the Al work function and we may
reasonably assume that a layer of ionized Cs at-
oms is formed, the electric dipoles being re-
sponsible for the initial lowering of the work func-
tion to a value of about 1.5 eV. The further lower-
ing of g @ during the day following the Cs deposi-
tion may be explained by a dynamical equilibrium
between oxygen atoms adsorbed on the cesiated
surface and free oxygen molecules existing in the
residual gas. Other experiments, "not reported
here, have shown the possibility of further lower-
ing g &

to about 1 eV by increasing the partial
oxygen pressure to about 10 ' Torr for a few min-
utes, thus forming a Cs-oxide layer on the sur-
face.

The long-time stability of the activated Al sur-
face allows accurate measurements of the photo-
emission properties under various illumination
conditions. Indeed the complete characterization
of the photoelectric parameters we need for the
calculation of the photoemission currents en-
hanced by SPW excitation necessitates a long
series of measurements as follows.

(i) Each film is first illuminated on its front
face (metal-vacuum interface), and the spectral
sensitivities v~(q) and o,'(q) are measured with
p- and s-polarized light, respectively, for three
angles of incidence (y =-0, 45, and 70 ).

(ii) The ratio of spectral sensitivities o,' (front
illumination) to v, (rear illumination) is mea. —

sured at the same angle of incidence (y'=q =45')
as a function of wavelength A, , and the electron
escape length L, can be computed for each value
of A..

(iii) The film being illuminated through the
prism (rear illumination), the photocurrent is
recorded versus 9 in the ATE configuration, at a
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discrete number of photon energies, with s- and
p-polarized light, respectively. Only with p-po-
larized light are SPW excited, and. a large en-
hancement of the photoemission current is ob-
served. The measured total emission yield o~(y)
vs q, the incidence angle on the layer, is then
compared to the corresponding theoretical values
obtained from the local optical constants, with
the help of phenomenological models for the vol-
ume and surface photoeffects.

IV. EXPERIMENTAL RESULTS

Typical variations of the ref lectivity R~(()) [or
R~(g) j for a 17-nm-thick Al film illuminated
through the prism with p-polarized light are shown
in Fig. 4, for the clean Al layer (solid lines) and

after deposition of the Cs overlayer (dashed lines),
respectively. When y is increased beyond y =42',
a maximum is observed, corresponding to the on-
set of the internal reflection at q =

q&~ (experimen-
tal values of R~ and R~ are normalized to this
maximum), and then appears a deep absorption
peak due to SPW excitation.

Except for a narrow wavelength domain in the
vicinity of A. = 800 nm, the value of the minimum
R remains less than 1(P/~. The angular position
of the absorption dip moves to larger angles when
the wavelength A. varies from the ir to the uv do-
main. At the same time the half-width of the
curves increases slowly, thus proving an en-

hanced SPW damping at higher photon energies.
The anomalous results observed near A. = 800 nm
are thoroughly reproducible from film to film.
R may rise above 4(P/o (Fig. 4) and the damping
also increases, as evidenced by the widening of
the dip. This anomaly corresponds to a well known
local maximum of e,", the imaginary part of the Al
dielectric permittivity.

During these experiments, it was impossible to
detect any scattered light either from the initial
Al layer, or after Cs deposition, the scattered
flux remaining less than 10 " in relative value.
We may conclude that our Al surfaces are smooth
enough to be considered as perfectly plane.

Figure 5 shows the photoemission current I~(y)
variation versus y, obtained with the cesiated
film 17-nm thick, for three values of wavelength
(300, 500, and 765 nm). The corresponding val-
ues of R~(q) are also shown. With increasing q,
the photocurrent slowly rises until the critical
angle y~ is reached, after which it increases
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FIG. 4. Variations of the film reQectivity in p -polar-
ized light {rear illumination) versus the angle of inci-
dence 0 of the radiation on the entrance face of the
prism for various wavelengths. Continuous lines:
(clean Al). Dashed lines: R& {Cs-activated Al film).
pp +p ) curves are normal ized to their maximum value .
A, ~ =350, A. 2=500, A3=765, F4=1050, X~=300 nm.
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FIG. 5. Photoelectric current variations versus y
{the true incidence angle on the film surface) for three
wavelengths {A,g

= 350, A, 2
= 500, A, 3

= 765 nm) of the p-
polarized incident radiation and corresponding reflec-
tivities. 01, 62, and 63 indicate the angular difference
between angular position of the photocurrent peak and
the minimum of the ref lectivity dip. The dotted curve
represents the photocurrent in s-polarized light at X2
=500 nm.
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dramatically, and a resonant peak is obtained.
The angular position of the photocurrent peak y„
differs slightly from y„, the angle for which R~(y)
experienced its minimum value. The interval
5y =@M -y depends on A. and varies from 0.15
to 0.4, the photon energy being increased. With
Al films evaporated in classical vacuum and then
studied in air, a similar angular shift 5y has been
observed in previous experiments'4 between y
and the scattered light peak position, in good
agreement with the theoretical values obtained
by computation of R~(y) and the real part K~„of
the SPW wave vector, respectively. 5y is a func-
tion of e," and would be zero for e 2

= 0. For this
reason, 5y cannot be observed experimentally
with Ag layers whose ~," values are much smaller
than those of Al layers. With Ag films one should
obtain 5y -—0.02, an angular shift barely acces-
sible to experimentation.

As the angular shift 5y is always present for
high absorption metals (such as Al, Au, and In),
the method generally used to determine SPW dis-
persion curves from the qr values of the R~(q)
curves leads to incorrect results, especially in the
vicinity of + p Surprisingly, and despite the ano-
malous width of the R~(y) curve corresponding to
A, = 756 nm, the half-height width of the photocur-
rent peak continuously decreases from the uv to
the ir domain.

If s-polarized light is now used, the experimen-
tal curves I,(q&) no longer have a maximum. An

example is given in Fig. 5 for A. = 500 nm. In the
angular range y( y~ a plateau is observed, 0,
and o~ having in this region similar values, and
for y & y~, I, slowly decreases. Without excita-
tion of SPW, the photosensitivity of the film would
be given approximately by g~ = g~ (y~), and the
maximum gain of sensitivity due to SPW for a
cesiated film may attain g~(q )/g~(qr~) =20.

Changing now from rear to front illumination
the spectral sensitivities g~(X) and g,'(A) are mea-
sured as a function of A. for three angles of in-
cidence (y =0', 45, and 70'). The angle of in-
cidence being constant, o~ and 0,' are measured
in succession for each wavelength in the energy
range 1.5(N+(4 eV. With this procedure, the
geometrical characteristics of the beam remain
unchanged when the polarizer is rotated and the
illuminated area on the film (and on the photo-
diode) is rigorously the same for both polariza-
tions. As a conseciuence the ratio g~/g,", which
is independent of the spectral sensitivity of the
photodiode, may be obtained with good accuracy—
essentially limited by the noise and the linearity
of the amplifiers —the uncertainty being estimated
to be 1%.

Experimental results are given in Fig. 6. Spec-
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FIG. 6. Spectral sensitivity of the cesiated Al film
illuminated on its front face for three values of the
incidence angle y (cp=0, 45, 70 ), 0&. P-polarized
light; 0.

~
'. s-polarized light.

tral sensitivities g,'(A. ) increase monotonically
from threshold to the uv and decrease with angle
of incidence. At a fixed wavelength 0~ is always
greater than g,', for a given incidence angle (ex-
cept for q =0, both sensitivities being equal in
this case). In addition, g~ increases continuously
with q, from y = 0' to 70 .

V. OPTiCAL MODEL FOR THE Al-Cs LAYERS

TABLE I. Minimum reflecting power of an Al film
17-nm thick.

X (nm)

Clean Al

Rm q'm (deg) R'
Al- Cs

q7 (deg)

350
500
750

0.000
0.115
0.449

44.62
44.15
44.20

0.002
0.130
0.460

44.70
44.21
44.24

In order to calculate the absorbed energy dis-
tribution in the Al film, a model is needed which
takes into consideration as exactly as possible
the geometrical and optical characteristics of
the Al thin layer covered by a discontinuous layer
of Cs atoms. An important result should be em-
phasized: shape variation and angular shift of
the absorption dips obtained with clean Al and
stabilized Al-Cs surfaces, respectively, are al-
ways very small (see, for example, Fig. 4).

Denoting by R, y and R', y' the coordinates
of the minimum in the R~(q) and R~(q) curves,
respectively, measured values of these param-
eters are reported in Table I, with uncertainties
5R(4x 10 ' and 5y» 2& 10 ' degree. The ab-
sence of scattered light, together with the weak-
ness of the perturbation of the Al surface re-
flectance by the Cs overlayer, allows us to at-
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TABLE II. Typical uncertainties on e2, e&, and d.

X (nm) e (10'2) d~M (nm)

Al 07
Al- Cs 0.6

Al 0.8
Al- Cs 0.4

-17.2 + 0.3 2.94 z 0.15
-16.7 + 0.3 2.92 + 0.15

-51.0 a 0.5 17.7 a 0.8
-49.6 z 0.6 19.1 +1

17.7 + 0.7
17.4 + 0.5

17.1 + 0.4
17.5 z 0.6

Al 0.35 —66.0 a 3 46 z 4 16,8 z 0.8
Al-Cs 0.4 -64.5 + 3 48.6 + 5.3 16.7 + 0.8

tempt to calculate the permittivity e, and the thick-
ness d of the Al-Cs film by using the very' simple
model shown in Fig. 2, consisting of a homo-
geneous thin film with perfectly smooth plane
parallel surfaces, thus neglecting the presence of
Cs atoms.

In order to compare the theoretical variations of
the ref lectivity versus y with the experimental
curves R~(y) [or R~(y)), it is necessary to com-
pute the relative ref lectivity X(y) normalized to
the maximum value R(n) obtained for qr = o! = cpJ. :

X(y) =R(y)/R(z) .
The theoretical curve X(p) may approximate the
experimental one R~(p) for a single set of the three
parameters g,', q,", and d within a margin of error

5&,", and M.
Starting from arbitrary values &'„g", (which may

be the values corresponding to bulk Ai), and d,
(the thickness given by the quartz thickness mo-
nitor) an iterative program adjusts in sequence
the three parameters, until the quadratic devia-
tion e between X(p) and R,(p) attains its minimum.
Choosing X equidistant points separated by Dp
(with 15 &N & 20), 8 is defined by

N-1

g'= —g g(n+kn. y) —R~(n+kn. p)]'.& ~=0

We postulate that the model in use for the compu-
tation is realistic if the following conditions are
both fulfilled: (i) e must stay within the experi-
mental uncertainties 2'~ and (ii) the optical cal-
culated film thickness (d+ 5d) must be a constant
whatever the mavelength may be.

Typical results obtained in the energy range
1.2&5~ &3.5 eV and 1.6& pig& 4 eP for a clean
Al surface and a Cs-covered surface, respective-
ly, are given in Table II for a few values of A,.

These results show that values of e are always
in the domain 3 x 10 ' & e & 8 x 10-', and never very
different from 6R~ for the clean Al as well as for
the cesiated Al layer. Taking into account the
other uncertainties (5p & 0.02, 5n, & 1.0 ', 6A & 0.5

nm) we obtain the probable errors of the real and

imaginary parts of &„ respectively: 5&,', 5&,", and
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FIG. 7. Optical parameters of the Al film 17-nm
thick versus hen. (a) Calculated thickness d (" clean
Al film; Dd 6 cesiated film). (b) Real and imaginary
parts of the dielectric constant (—Al; +++ Al-Cs; o oo
bulk Al, Mathewson and Myers, Ref. 45).

of the thickness 6d. Figure 7(a) shows a plot of
d' versus the incident photon energy giz for an Al

film and for the same film covered with t.s atoms.
Although the uncertainty 5d grows from 0.5 nm in
the uv domain to 1.5 nm at the other end of the
spectral domain, we may consider that (i) the opti-
cal thickness d is a constant and is known with an
accuracy of +0.5 nm (a factor 2 times better than
the accuracy given by the quartz thickness monitor)
and (ii) the calculated thickness remains unchanged
when the Cs layer is grown on the Al surface,
within the same uncertainty limit of +0.5 nm.
This result confirms the hypothesis of a submono-
layer Cs coverage.

The variations of &,' and &," as functions of the
photon energy are shown in Fig. 7(b) for a film
of thickness d =17+ 0.5 nm, and compared to the
results published by Mathewson and Myers" for
bulk Al. We emphasize that the relative perturba-
tion of the "average" permittivity of the film that
can be observed after the buildup of the thin Cs
overlayer never exceeds 5% and remains within
the limits of the calculated uncertainties 5&,' and

From these results, we may conclude that the



ENHANCEMENT OF SUQ, FACE AND VOLUME PHOTOEFFECTS IN. . .

simple one-layer system is convenient and ac-
curate enough for the calculation of optical pa-rameterss,

provided that we use the average per-
mittivity of the Al-Cs layer. The same one-layer
model will. be used for computing the photoemission
yield.

VI. VOLUME AND SURFACE PHOTOEFFECTS

Following Endriz and Spicer' we assume that in
a free-electron-like metal such as Al, surface
and volume photoeffects are independent phenom-
ena. W'hen both effects are present, the total.
quantum yield is simply given by

in which Q and S are the quantum yields (in el.ec-
trons per incident photon) of the volume and sur-
face photoeffects, respectively.

To calculate the contribution of the volume ef-
fect, we shall use the classical three-step model
described in Sec. I. The probability for an electron
photoexcited at distance z from the surface to cross
the potential barrier is given by the empirical law

p(z) =C exp(-z jL)
in which the escape length I is supposed to be in-
dependent of the final energy of the excited elec-
tron at constant photon energy; C is a constant
which depends only on the photon energy (not on
the angle of incidence, nor on the polarization state
of the incident radiation).

Denoting by q(z, y) the density of photons ab-
sorbed in the film at distance z below the surface,
normalized to unit photon flux, we may write

))(()=Cf q(& ()~~p( ~/r)d~-
0

where d is the film thickness. q(z, y) may be
easily calculated from the classical Maxwell's
equations with local, boundary conditions.

If F. ;. and F, are the complex amplitudes of the
electric field vectors of the waves moving in
medium i from and towards the surface (z =0),
respectiveiy, the total, electric field vector E,(z)
inside the metal is given by

E,(z) =E;(z)+E,(z),
provided account is taken for the multiple reflec-
tions at the two interfaces. Finally

27)c," E,(z, y) '
X cosy E'

A is the vacuum wavelength and E, the electric
field amplitude of the incident radiation.

s-polarized light has a single-field component
E, parallel to the surface. p-polarized light has

a parallel. component E„and a component F., nor-
mal to the surface (see Fig. 2).

Associating to each field component a part of
the absorbed energy we write

)),(z) = q,(z),

))~(z) =q,(z)+q,(z) .
Complete expressions for q(z) may be found in
Hefs. 9 and 47.

The quantum efficiency corresponding to front
illumination of the film is then obtained, and may
be written

Q'(y) =C&'(y L)

E'(y, L) may take two different forms, F;(y, L)
or E&(y, L), according to the polarization state of
the incident light.

For illumination through the prism, the above
calculations are still valid, provided that in the
evaluation of ))(z, y) e, and e, are exchanged and
the distance z is replaced by the complementary
distance (d —z). The new quantum yield is, there-
fore,

d-z
Q (y) = C q(z, y) exp~ — dz,

0

q (y) =C exp —
L

For a given energy 5&, the escape length being
known, the corresponding values of E(y, L) are
calculated from the local optical constants of the
Al films. " They are sufficient to represent the
angular variations of the volume photoyield for
each light polarization state.

In order to compare to the experimental results
concerning spectral sensitivities v, we shall re-
call that Q and cr are bound simply by the relation

The surface photoeffect originates from the direct
excitation of free electrons by the F., field com-
ponent at the metal-vacuum interface, and the as-
sociated photoyield is given by""

S((u, y) =K(~) )),(0, y) .

K(r~)) is a characteristic coefficient that depends
only on the photon energy and is assumed to be
independent of the incidence angle y. )),(0, y) is
the part of the absorbed energy density in the
metal, associated with the E, component only and
calculated in z =0 (front illumination). This func-
tion, which depends upon the optical constants of
the metal and the incidence angle y, is proportion-
al to the squared amplitude of the E, field at z =0:
q,(0, y) - ~E,(0, y) ~' and may be easily calculated
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for an incident unit photon flux.
For forward illumination of the film we have

S," (y) =K(~)g,' (0, q&),

while for rear illumination

S, (y) =K((u)g. (d, (p) .

(We shall assume that the surface effect exists
only with p-polarized illumination. )

In order to perform quantitative calculations,
the parameters C, I. (volume effect), and K(~)
(surface effect) have to be determined as a func-
tion of incident photon energy 5~. This is possible
only if both effects may be fully differentiated with

the help of their polarization dependence.
Consequently the following procedure is used.
(i) After careful control that photoelectric mea-

surements in q polarization are free of any sur-
face effect, the measured photoemission current
is assumed to be a pure volume-effect contribu-
tion. The length L, is then computed from photo-
electric measurements carried out with g-polar-
ized light in front and rear illumination. The pa-
rameter g is known from the measured value of
the photoemission current together with the calcu-
lated value of the function E; (rp).

(ii) The volume photoeffect contribution I ~ (q)
in p-polarized light illumination is computed to-
gether with its spectral sensitivity variations in

front illumination for y' = 45 and 70, respective-
ly, the parameters C and L, being assumed inde-
pendent of the light polarization.

(iii) Finally, the surface contribution may be ob-
tained by subtraction of the volume effect contri-
bution from the experimental values of the total
spectral sensitivities o& (see Fig. 6). The surface
photoexcitation parameter K (~) is then computed.

An excellent proof of the total absence of a sur-
face-effect contribution to the photoemission due

to s-polarized light illumination is found in the

comparison between experimental and theoretical
variations of the quantum photoyield versus the
incidence angle y. Fox a pure volume effect, the
angular variations of Q; may be characterized for
ea.ch value of z by the ratio Q,'(y)/Q, '(0) =E", (y, L,)/
E, (0, 1.). This ratio, which is independent of Q,
contains I. as an unknown parameter. However,
numerical computation performed for various
values of I. chosen in a wide domain, 1&I, &19
nm, shows that the result is nearly independent of

A few examples are given in Table III for var-
ious wavelengths.

In our experiments, photon energies are far be-
low 5&~ and the high values of c, make the wave
vector of the refracted li'ght in the metal nearly
normal to the surface whatever y may be. The
escape length I. being a constant at fixed wave-

TABLE III. Calculated values of the photoyield in g-
polarized light for two values of the escape length L.

Q, (»)/Q.'(0) Q,'(45)/Q, (o)
X (nm) L =1 nm L =19 nm L =1 nm L =19 nm

350
500
750

0.3790
0.3716
0.3759

0.3772
0.3713
0.3772

0.7438
0.7358
0.7392

0.7418
0.7354
0.7404

0 0
0 0 0 0 O

g 0 0 0

tL

o o o

600

FIG. 8. Variations of the volume photoeffect contri-
bution versus the light wavelength A, [—calculated
values Q,'(y)/Q'(0); 0 0 0 experimental values

g,' (cp)/0 '(0) from Fig. 6]. (a) p =70, (b) y = 45 .

length, the ratio Q,'(cp)/Q; (0) becomes nearly in-
dependent of I . This would not be necessarily
true. at higher photon energies.

Table III confirms that the volume-effect contri-
bution decreases readily when y is increased from
45' to 70'. In contrast, the photocurrent that
could arise from a surface effect would grow as a
function of y like q, (0, y). If some roughness-
aided surface effect were present, one would ob-
serve a strong deviation between experimental
and calculated values of the photoyield reported in
Table III.

Figure 8 shows the variations of the measured
spectral sensitivities (dots) 0',(y)/0', (0} as a func-

tion of A and the values of the photoyields Q;(y)/
Q;(0) (solid lines) calculated with the hypothesis
of a pure volume effect. The area of the i}.lumin-
ated region on the sample increases by a factor of
3 when p varies from 0 to 70', and local variations
of the spectral sensitivity may induce systematic
errors in the measurements. As the experimental
and theoretical results are in good agreement with-

in a maximum deviation less than 15/o, we may
reasonably conclude that in our films the photo-
emission current obtained with s-polarized l.ight
has its origin in a pure volume effect.

In order to determine the electron escape length

t. we have now to compare the quantum yields
with s-polarized light corresponding to front and

rear illumination. The incidence angle being kept
constant (y,'= y, ) in both cases, this procedure
leads to a minimum uncertainty on the experiment-
al ratio
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In the corresponding theoretical ratio the only
unknown parameter is the escape length L:

Al

Taking@, =45', the variations of o.(45) as a func-
tion of L are reported in Fig. 9 for three values
of the photon energy h~. By identifying P(45)
—= n(45), the escape length L(h~z) may be obtained
from curves similar to those of Fig. 9, and the re-
sults are given in Fig. 10. The uncertainty of
P(45) never exceeds +1%. Taking into account the
respective uncertainties affecting the optical con-
stants (5e,', 5e,") and the thickness (M), calculated
accuracy limits are also reported in Fig. 10.

To our knowledge, in the energy domain covered
by our experiments no other experimental results
concerning L in Al have been published to date.
For higher energies (4.5& he& 10 eV) L was mea-
sured by Calcott and Arakawa. ' Their results
have also been plotted in Fig. 10 and appear in ex-
cellent agreement with ours: Both series of re-
sults are located on the same curve.

The most striking result is the rapid variation
of L in this energy domain: L falls from 13 to 2

nm, while 5& varies from 1.5 to 10 eV. Since the
mean-free-path values for electron-phonon colli-
sions in Al (Ref. 24) are much greater than the L
values, we may assume safely that L is essentially
determined by electron-electron collisions.

Coming now to the surface effect in p-polarized
illumination on the front face of the Al film, its
contribution may be easily calculated from the

t
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FIG. 10. Electron escape depth in Al (ooo our results;
+++ Calcott and Arakawa, Bef. 48) as a function of the
mean energy of the photoexcited electron above the
Fermi level.

measured values of o'(y) and o',(y). Denoting now

by Y the theoretical volume photoeffect sensitivity
(in A/W), and assuming that in s-polarized light,
photoemission is a pure volume effect, we may
write

The theoretical contribution of the volume effect
in p-polarized light may be calculated for each
value of y (y = 45 and 70'), assuming that C and
L do not depend on the polarization state of the
incident radiation

1.5

~ c3
Ig,

g lAI

+ Cl

Values of L are taken from Fig. 10. As the ratio

&n(W L)
&(I) =F.(~ L)

is nearly independent of L in the whole domain of
wavelengths, the uncertainty in z(y), essentially
due to the errors in the optical constants of the
film, never exceeds 0.5/o. On the other hand, the
ratio of experimental spectral sensitivities

L3
gp

5 10

L (nm)

I

15

FIG. 9. Ratio of photoemission yields for front and
rear illumination with s -polarized light as a function
of the electron escape depth L for the incidence angle
y=45' and various wavelengths A, (X~= 750, X2=500,
A. 3

= 350 nm).

which is independent of the calibration of the
photodiode, is measured at a constant angle of
incidence p with an accuracy of about +1/q.

By comparing r'(y) to s'(y), a large contribu-
tion of the surface photoeffect is evidenced. For
example, at A. =500 nm the following values are ob-
tained at y=45 and 70, respectively:
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g~(45) Yg(45)= 2.74+ 0.03, , = 1.80 + 0.01,
o, 45)

= 11.2+ 0.1, ',. = 5.7 +0.03 .

Figure 11 shows a plot of a,'(70) and g'(45) vs
X, compared to Y~(70) and Y~(45), respectively.
The error in Y'(y) may be estimated to less than
+1.5/q provided that the uncertainty on the absolute
calibration of the photodiode is neglected.

The volume-effect contribution to the photosensi-
tivity slowly increases with cp, and also with the
photon energy, while it remains always lower than
experimental sensitivity o~(p). The relative de-
viation

O.2

E

D.I

400 500 800 700 800

FIG. 12. Volume and surface photoeffects for an Al-Cs
surface in p -polarized light (front illumination) and two

distinct angles of incidence y=45 and 70'.

reaches its maximum near the threshold and de-
creases monotonically with A. .

The spectral sensitivity of the surface photoef-
fect S'(X) is obtained by writing

S'(X) = o&(A) —Y&(h.)

Graphs of the behavior of S~(X) will be found in

Fig. 12 for @=45' and 70 . They show unambig-
uously that the surface-effect contribution sharply
increases with the angle of incidence [S~(70)/Si(45)
= 3] and represents the major part of the global
photoemission when the incident photon energy
decreases to values close to the threshold. In con-
trast, in the uv domain, the ratio S'(y)/Y~(y) drops
to values lower than unity.

The coefficient K(e) is then computed, using the
values of S; and q,(0, y), and the results are shown

in Fig. 13 for @=45 and 70'. At first sight, for a
given photon energy, K(+) may take two values

I

depending upon the angle of incidence y, in ap-
parent contradiction with our initial hypothesis.
However, we observe that the curves K„(~) and

K»(e) are similar with a common location of their
maximum value at k&=2.1 eV. Moreover the
deviation between them never attains 15% in rela-
tive value. Emphasizing again the difficulty in

comparing results corresponding to very different
incidence angles we may consider that the observed
variation of K(&u) vs y remains within our uncer-
ta.inty limits, and that K(e) does not depend upon

y, in agreement with other results by Vernier
et gz. ' concerning photoemission from Ag films.
The validity of this assumption will be demon-
strated g posteriori by the results obtained with
rear illumination and SP%' excitation in a narrower
domain of angular variations.

0.8

Op(70)
DP

0

d +
0

04 h 0

Yp(70~

Yp(45

IL2

300 700 ND

FIG. 11. Spectral sensitivity of a cesiated Al surface
in p -polarized light (front illumination at y =45 and
70 ). F& (y) is the calculated volume effect; g & (y) the
measured value of the total sensitivity.

I.s 2 3

KaO &eV&

FIG. 13. Surface-effect photoexcitation coefficient
E(cu). 0 0 0 cp=45', 6 6 6 cp=70 .
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VII. QUANTITATIVE INTERPRETATION OF THE
SPY ENHANCED PHOTOEFFECT

%e first consider the volume-effect contribution
to the photocurrent. A study of absorbed energy
distributions q, (z) and g, (z) inside the metal film
illuminated through the prism helps in under-
standing the volume effect behavior in the presence
of SP%. Figure 14 shows a plot of the computed
distribution curves at X = 500 nm for several val-
ues of y.

In s-polarized light g, (z) exponentially decreases
inside the film (dashed curve). The ref lectivity
p, being close to unity, the magnitude of the ab-
sorbed energy density remains weak, with its
maximum at the metal-prism interface. In the
small angular domain considered in Fig. 14, g, (z)
is nearly independent of y.

Far from the SPW resonance angle, the curves

g, (z) also decrease from the prism to the metal—
vacuum interface. For example, at y~ =43.13',
q~ (z) falls continuously to a negligible value at
z =Q. This situation is profoundly modified when

y approaches the SPW excitation domain, as g, (z)
has its maximum near the free surface of the
film. The absolute maximum of q, (d) is obtained
for y, =44.10 . Increasing y beyond y„q& (d) de-
creases while q~ (0) slowly increases.

In order to compute the contribution of the vol-
ume effect I'~ (y) in p-polarized light, we assume
again that in s-polarized illumination the volume
effect is wholly responsible for the total photo-
emission and by writing (at y =45'):

o,-(45) -=I;(45) = C exp ——Z;(45, I,) .

I'~ (cp) is given by

I;(q)=o, ( ) (45 ).45 +~(q, f, )

In contrast to the monotonic variation of o, (y)
an important resonance peak of the volume effect
contribution in p-polarized light appears, having
its origin in the strong enhancement of energy ab-
sorbed by excitation of the SP%. An example is
given Fig. 15 at A = 500 nm, taking into account
the experimental values 4' = 17 y 0.5 nm, I = 8.5 y 1

nm, and the experimental uncertainties in both
parameters (the comparatively weaker uncer-
tainty in &, may be neglected). The curve repre-
senting I'~ (9. ) vs y is located inside the cross-
hatched area, and the maximum relative uncer-
tainty in I'& (y) remains less than +10%.

Represented in the same figure are the reQec-
tivity p&(y) and the experimental photosensitivity
g~ (y). The comparison between curves repre-
senting I' (y) and v~ (y) brings out several points
which deserve comment. (i) The volume effect
accounts for only 50% of the experimental peak at
X = 500 nm, this contribution dropping down to 20%
for X = 765 nm (a wavelength near the threshold).
(ii) A minimum is observed in the curve Y', (y) in
the vicinity of the critical angle y~ =43.13' before
rising to its peak value, in disagreement with the
experimental curve g& (y) which increases con-
tinuously to its maximum value. (iii) The angular
positions of the experimental and calculated peaks
are not coinciding, and the difference between
them is well outside the uncertainty range. The
peak value of o~ (y) occurs for y„=44.05'y0.02',

44.l0

Rp

0.'I
pI ISFl'0 VchCUUFA

1.5 O.TS

0.5

0.05

p'= 48~
44.20~
44.l0 ~

f =33.I3
L

) g 0.5

44 45

(deg)

0.25
+-Yp

(nrn)

FIG. 14. Absorbed density repartition p& (z) in a thin
Al film illuminated through the prism at various angles
of incidence y for A, =500 nm. Full lines: p -polarized
light. Dotted line: g-polarized light Ino apprec iable
variation of q~ (g) in the angular domain y& &y &46 ].

FIG. 15. SPW resonance curves at A, =500 nm for a
cesiated Al surface. g.

&
is the measured spectral sen-

sitivity; F& the theoretical values of the volume-effect
contribution, taking into account the uncertainties cn
d and L calculated values. R& is the ref lectivity (un-
normalized experimental curve). The respective an-
gular positions of the peaks are not in coincidence
(&~ ~&~ ~9'm~
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while the y' (y) maximum is located at y~ with
44.14'( y„'&44.20' so that y„' —y„=0.1'.

Points (i) and (ii) have already been emphasized
by Calcott and Arakawa" for Al in the uv domain
of photon energies, the discrepancy between a~ (y)
and I' (qr) being ascribed to a strong surface ef-
fect. To our knowledge, point (iii) was not re-
ported before.

From Fig. 15, it is noteworthy that the incidence
angle y for which the ref lectivity attains its min-
imum differs slightly from y„', the angle making
the volume effect maximum. The difference y
—y„' may be related to the variations of the ab-
sorbed energy distributions g, (z) (see Fig. 14).
ReQectivity R and total absorption A are connected
by the simple relation

R=l -A=1 — g~ z dz.
0

A corresponds to the area located between the
curve q~ (z) and the z axis and attains its maximum
for R =R at y =cp =44.20', while the absolute
maximum of q~ (z =d), the energy density at the
metal-vacuum boundary, occurs at y = y, = 44.10'.
In the simple case 1,«d, Y~ (y) would be propor-
tional to q~ (z = d), and would attain its peak value
at y = y, . On the contrary, with the hypothesis
L, »d, all excited electrons have the same prob-
ability of reaching the surface, and Y~ (y) would
be closely proportional to the total energy ab-
sorbed in the film, with its maximum value at

= 44.20'.
From this discussion it follows that the reso-

nant volume photoeffect induced by SPW excitation
by itself is not able to account for either the mag-
nitude or the shape of the experimental photocur-
rent v~(y). The theoretical surface-effect con-
tribution will be proportional to q, (d, y), the en-
ergy density associated with the E, component of
the electric field in the metal at the metal-vacuum
boundary, assuming that K(~) remains independent
of y. Figure 16 shows the variations of q, (d, y)
and g,'(0, y) at p, = 500 nm as a function of y in the
domain 42'& y&46'. For front illumination of the
film q,'(0, y) increases continuously with y, while
for rear illumination q, (d, y) exhibits a strong
resonant character.

As the SPW fields have their maximum located
at a y value near y =45, we have used the values
of K(~) obtained from the preliminary experiments
with y' =45' (see Fig. 13):

S (q ) =K„((u)q, (d, y) .
For ~ = 500 nm, the surface-effect resonance oc-
curs at y, = 43.98'+ 0.02', the enhancement of the
surface effect Li.e. , the ratio S (cp,)/S'(y, )] being
a factor of about 15.

Al Cs 000nsm
I'5

/

Rp

V

'E

6.5 0.5

0

+
zl
X2

0

33 pL 44

P (deg)

F&G. &6. Absorbed energy densities g„(g, y) and
gg(d, y) at the metal-vacuum interface of the Al-Cs film
for A, = 500 nm, related to the parallel (E„) and normal
(E~) components of the electric field, respectively.
Location of the peaks, y~ and y2 differs from the po-
sition of the g& minimum ym.

We have also represented in Fig. 16 the varia-
tions of q„(d, y), the absorbed energy associated
with the E„component parallel to the metal sur-
face at the metal-vacuum boundary, and we em-
phasize that the variations with y of both com-
ponents are somewhat different: (i) q„(d, y)-

(
P.„(d, y) [' may exceed q, (d, y) -

( E,(d, y))' by a
factor as high as 50, except in the vicinity of y~
where E„decreases to a negligible value, and (ii)
the respective positions of both peaks are dis-
placed by about 0.12'.

The E„component of the electric field being
much greater than the E, component at the metal-
vacuum boundary explains that an important addi-
tional surface effect could be induced by any
roughness present on the metal surface, and in
that case the preceding calculation would be inac-
curate.

Figures 17(a), 17(b), and 17(c) show typical re-
sults obtained for three wavelengths, ~ =765, 500,
and 350 nm, respectively. Each of these figures
gives (i) the volume-effect contribution Y'~(q), (ii)
the surface-effect contribution S~(y), (iii) the total
theoretical spectral sensitivity T~ (qr) with

T,, (y) =&, (q)+S, (q),
and (iv) points related to the variations of the ex-
perimental spectral sensitivity p~ (y).

From these data, and from results concerning
other values of p not reported here, several funda-
mental characteristics of the volume and surface
effects in the presence of a surface plasma wave
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can be inferred.
(i) Anywhere in the spectral range the resonance

peaks in the $~ (y) curves are quite narrow and
symmetrical. In contrast, the enhanced volume
effect extends through a wider angular scale, and
the resonance curves are asymmetrical with a
long tail for y &y„'.

(ii) Volume and surface photoeffects peaks are
obtained at two distinct angles of incidence both
differing from q~, but the total spectral sensitivity
obtained by summing up both effects has its peak
value located at y = y„+0.02'.

(iii) Although the separate contributions of sur-
face and volume effects change dramatically with
photon energy, the deviation existing between
theoretical and experimental maximum values of
the spectral sensitivity is always less than 10%.

(iv) The surface contribution increases sharply
for photon energies approaching the energy thresh-
old and may exceed the part due to the volume
effect by a large factor. Figure 18 shows the var-
iation as a function of X of the ratio S~ /1'~ for
y' =45 and y =45 (S~ and 1'~ are then the maxi-
mum values corresponding to the SPW excitation).
The relative enhancement of the surface effect
compared to the volume effect induced by excita-
tion of SPA may be explained by the increased
value of the ratio E,(0, y)/E„(0, y) at the metal
surface.

(v) At fixed wavelength, the relative value of the
surface effect compared to the volume effect
dramatically varies as a function of the angle of
incidence y in the angular domain of SPW excita-
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FIG. 17. Three examples of the volume- and surface-

effect contributions to the total photoemission. Left
ordinate scale: spectral sensitivities (5& surface effect,
F&volume effect, T &total sensitivity, ."measured values
of 6&). Right scale: photoyield Q in electron per in-
cident photon. Note the important variations in the
absolute values of the photocurrents as a function of
photon energy. (a) A, =350 nm. (b) X=500 nm. (c) X

=765 nm. The threshold corresponds to X = 825 nm.
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FIG. 18. Relative importance of the surface photo-
effect compared to the volume photoeffect in two differ-
ent situations: front illumination —experimental curve
(@=45'), —.-~- ~ theoretical limit value (y=90 ); rear
illumination +++ maximum excitation of the SPW
(q ~ 44o) I
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tion. With increasing y, a minimum of p~ is ob-
served at an angle just beyond the limit angle

y~, and the ratio S& /1'~ may attain values higher
than 20 for wavelengths near threshold. At higher
incidence angles (y & y„), the relative contribution
of the volume effect becomes more and more im-
portant (Fig. 19).

IX. CONCLUSION

Respective contributions of volume and surface
photoeffects to the total photoemission from Al-
cesiated thin films have been obtained for a sur-
face directly illuminated by a p-polarized radia-
tion. From these measurements, we have suc-
ceeded in calculating with good accuracy the abso-
lute values of both effects for the same surface in
which SPW are excited by using the ATB method.

The excellent agreement between computed and
measured sensitivities and/or photoyields indi-
rectly confirms the validity of our initial assump-
tions and of the simple models used throughout
the calculation of the photocurrent as follows:

(i) The three-medium model with parallel,
ideally smooth interfaces corresponding to an Al
film inserted between two semi-infinite lossless
dielectrics and neglecting the presence of the Cs
submonolayer on the Al surface.

(ii) The three-step model including an isotropic
photoexcitation process for the description of the
volume photoeffect.

(iii) The linear relation between the surface
photoeffect and the squared amplitude of the E,

10

I
~L

I

0.1

44 45

p (de9)
I

FIG. 19. Variation of the ratio S&/F &
as a function

of p, for three values of the photon wavelength. (A.&

=350, F2=500, F3= 765 nm), SP% being excited in the
film.

field component normal to the emitting surface.
(iv) The possibility of adding both effects to find

a correct value for the total emission, implying
that no interference of any kind exists between
surface and volume effect in our polycrystalline
metal film.

(v) The utilization, in our photon energy domain
situated far below the surface plasmon energy
5~, of Al, of the metal classical optical constants,
corresponding to a local description of the dielec-
tric constant.

To our knowledge no quantitative interpretation
of photoemission, even in free-electron-like
metals has hitherto been successful in the photon
energy domain well below the surface plasmon en-
ergy. At higher energies, in the region of surface
and volume plasmons, only approximate values of
the surface effect have been obtained" " in exper-
iments on Al clean surfaces directly illuminated
by synchrotron radiation. More accurate values
of the surface-effect contribution have been recent-
ly reported for indium smooth thin film" in the
photon energy range 6 & 5~ & 10.5 eV located just
below the volume plasmon energy of In.

Many reasons may be invoked to explain the dis-
crepancies observed by other authors together
with the good agreement existing in our results
between theoretical and experimental values of
the spectral sensitivity in the presence of an SPW
which still profoundly disturbs the energy distri-
bution in the film, a situation very different from
the simple case of a direct illumination of the
metal surface.

(i) Perfectly smooth surfaces are imperative to
ensure a total absence of surface photoeffect in
g-polarized illumination in order to determine an
accurate value of the volume photoeffect contribu-
tion.

(ii) The electronic properties of the surface,
and most particularly the work function, must re-
main stable for periods of time long enough to
perform the series of measurements for obtaining
improved accuracy. Such a stability is obtained
for Al-Cs surfaces only in a very good UHV, with
a residual pressure less than 5x10 "Torr.

(iii) All calculations are based upon the know-
ledge of the true optical constants of the metal
film. The thickness and the complex permittivity
of each film have to be measured in situ, the lat-
ter being always slightly different from the optical
constants values which are found in the literature.

Our study of photoemission from Al surfaces
near the threshold energy, lowered by a submono-
layer of Cs atoms evaporated on the surface, in-
dicates that volume- and surface-effect contribu-
tions are both strongly enhanced by excitation of a
surface plasma wave, but that the angular varia-
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tions of the emission currents originating in these
two distinct photoexcitation mechanisms are pro-
foundly different. The volume and surface photo-
emission peaks correspond, respectively, to two
distinct angles of incidence y, which are both
different from the angle which makes the reQec-
ting power of the film a minimum, these phenom-
ena being well explained by the angular variations
of the absorbed energy repartitions in the film.
Near the emission threshold, the surface photo-
effect exceeds the volume photoeffect by a factor
of almost 10, in agreement with the theoretical
values given by Endriz, ' and we have shown that
SPW excitation enhances the surface effect more
than the volume effect. Another important point
deserves comment: Slightly varying the angle of
incidence beyond y~ gives the possibility of

dramatically changing the ratio of surface effect
to volume effect at constant wavelength (Fig. 19).
Such experimental facility would certainly be use-
ful in photoelectron spectroscopy for the study of
surface states.
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