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Electron transmission experiments in the (0—20)-eV energy range have been performed
on Xe films (0—3000 A) deposited at various temperatures on different metal substrates

[Nb, Pt,W(100)]. A theoretical model is used to extract from these experiments the elastic

and inelastic mean free paths in the (0—8.5)-eV energy region. Some structures in the
transmitted current arise from inelastic processes and yield information on electronic exci-
tations (excitons and electron-hole —pair creation) and the energy of the bottom of the con-

duction band. Other structures present in the elastic mean free path appear to be caused by
structural effects and thermal disorder of the deposited film.

I. INTRODUCTION

Low-energy (0—20 eV) electron attenuation
lengths or mean free paths (MFP's) in semiconduct-
ors and insulators have been measured in the past
by photoelectron transmission techniques. ' In a
typical experiment, the photoexcited electrons es-

cape from the solid into vacuum. The total yield
and the energy distribution of the photoexcited elec-

trons are measured as a function of the film thick-
ness and photon energy. Electron attenuation
lengths are deduced from these data. The measured
signal depends on a number of parameters (e.g. , op-
tical absorption cross sections and optical reflec-
tance) which are not related to the electron scatter-
ing mechanism. Furthermore, any determination of
the energy dependence of MFP requires deconvolu-
tion procedures which are often not unique.

In this paper, we show that it is possible to deter-

mine the energy dependence of absolute elastic and
inelastic MFP in insulators and semiconductors
from a simple electron transmission experiment. '

The method consists of directing a well-collimated
monochromatic electron beam of variable energy to
a metal substrate and measuring the attenuation of
the beam as a function of the thickness of a film
grown on the substrate. The range of applicability
of quantitative MFP determination extends from
the vacuum energy level up to energies above the
first electronic excitation threshold. A priori, there
are no restrictions on the nature of the film as long
as it does not charge too rapidly. In addition to
MFP measurements, the transmission spectra reveal
a number of interesting features related to the order
of the film, the position of the bottom of the con-
duction band, the threshold excitation function for
the lowest-energy exciton, and the photoelectric
threshold.
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Knowledge of low-energy elastic and inelastic

MFP is important in interpreting photoemission"
and low-energy electron diffraction' (LEED) data

since these parameters determine the probing depth.
Electron MFP's are also needed to achieve a better
understanding of electron interactions with dielec-

tric solids. These interactions are fundamental to
those mechanisms associated with radiation effects
in organic and biological materials.

We have chosen first to apply our method to xe-

non films for the following reasons. A number of
parameters, including the electron affinity, the band

gap, and the photoelectric threshold, are already

well known for this solid. ' ' Xenon can be con-

densed at relatively high temperatures allowing a
suitable range of temperature variation. The crys-

talline structure of Xe multilayers films on Ir(100)
and Nb(100) has been investigated by LEED" and

electron energy-loss spectroscopy, ' respectively.

Finally, only acoustic phonons exist in solid Xe.'

These are expected to contribute only slightly to the

dissipation of the electron energy due to the small

electron-phonon coupling constant and short time

spent by electrons in the film. Thus, the energy

range 0—8 eV provides a wide region where elastic.

scattering can be studied with negligible interfer-
ence from inelastic events.

The experiment is described in Sec. II. In Sec.
III, transmission spectra are reported for Xe films
of different thicknesses and temperatures deposited
on Nb, Pt, and W(100) substrates. Section IV de-

scribes a phenomenological, classical theory based
essentially on the existence of elastic and inelastic
MFP's. The main ingredients of the theory are the
collisional processes inside the film and the reflec-
tions at the interfaces. The present formulation can
be regarded as a generalization of conventional dif-
fusion theory in the two-fiux approximation' '
which allows for any finite number of well-defined

energy-loss mechanisms, or, in a certain limit, as a
continuous version of a one-dimensional random-
walk theory. The expression derived for the
transmitted current depends on three unknown

energy-dependent parameters. The elastic and the
inelastic MFP's and the reflection coefficient at the
film-metal interface. The fit of the experimental
transmitted current as a function of the thickness
and the energy determines the energy variation of
these three parameters. The results are discussed in
Sec. V.

II. EXPERIMENT

The apparatus consists of a high-resolution elec-

tron transmission spectrometer ' of the type recent-

ly described in Sanche. ' The spectrometer is
housed in an ion- and titanium-pumped ultra-high-
vacuum system reaching a base pressure of
5&(10 " Torr. The main components include a
trochoidal monochromator, a pair of deflector
plates, and a closed-cycle refrigerated cryostat of
variable temperature (10—300 K). The magnetical-
ly collimated electrons leaving the monochromator
are deflected by the plates and impinge on a film
condensed on a metallic substrate attached to the
cold end of the cryostat. The metal substrate (i.e.,
the electron collector) is electrically isolated from
the cryostat by a sapphire sheet.

The trochoidal monochromator has been previ-
ously described in detail. In the present experi-
ment, the incident current I;„, is -3)&10 A and
the resolution 0.04 eV full width at half maximum
(FWHM) as measured by retarding potential
analysis in vacuum. Similar measurements on
W(100) give a FWHM of 0.07 eV. As previously
explained, ' the use of deflector plates between the
monochromator and the target can prevent, by the
application of a suitable potential on these plates,
any electrons reflected once from the target to reach
it again. This configuration thus allows measure-
ments of the absolute value of the transmitted
current. Since the primary current intensity I;„,of
magnetically confined electron beams is indepen-
dent of energy at low current densities, the magni-

tude of the transmitted current becomes a quantita-
tive determination of the overall transmission coef-
ficient when I;„, is known. This latter can be mea-

sured by returning all scattered electrons to the met-
al substrate by retarding reflected electrons with the
deflector plates. '

Experiments were performed on three different
metal substrates: polycrystalline platinum and
niobium sheets and a tungsten single-crystal disk
(diameter 8 mm) with a surface oriented within 1'
of the [100] direction. Before condensing the Xe
film, the metallic substrate was either cleaned by
resistive heating [1500 K for Pt and up to 2000 K
for Nb and W(100)], or by argon sputtering fol-
lowed by annealing at high temperatures. Both
techniques gave the same transmission spectra.
Matheson research-grade Xe gas was used (99.995%
pure) without further purification. The gas was ad-
mitted in the vacuum system through a tube located
in front of the collector. Most of the molecules
(& 98%%uo) leaving the tube condensed on the cryo-
stat. The actual number which deposited on the
collector was estimated from geometrical considera-
tions and gas kinetic theory (i.e., expansion of a
known volume of Xe at a given pressure and tem-
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perature into vacuum), ' ' assuming a sticking
coefficient of unity. The number of monolayers
condensed on the collector could be estimated by
calibrating the amount of gas injected to produce
"one" monolayer. The thickness of the film was
then increased in steps of one monolayer using the
calibrated values and assuming no change in stick-
ing coefficients with film growth. The calibrated
values were obtained by two different methods.
The first approach consisted of measuring the
change in work function corresponding to a unity
coverage using the electron beam as previously
described. ' In the second method, the cryostat was
held at 60 K. At this temperature only one mono-
layer of Xe can be condensed on the collector at
10 ' Torr. By monitoring the current on this
latter while condensing the Xe, it was possible to
measure the amount of injected gas required to ob-
serve no more change in the transmission spectrum.
At this point we estimated that a monolayer of Xe
had been formed. These combined measurements
yielded an accuracy of 30% in estimated
thicknesses with an average of 6 A between layers.
The error is systematic and only changes the scale
of the values reported for MFP.

The temperature of the electron collector is main-
tained constant, controlled and monitored by a ther-
mocouple (Au —0.07 at. % Fe versus Chromel
copper) secured to the copper block of the cryostat.
A difference of 2 K between the temperature of the
copper block and that of the metal substrate was de-
duced from vapor pressure versus temperature
data '4

For different thicknesses, the transmitted current
was measured as a function of beam energy (0—20
eV). The sweep rate of the accelerating potential
varied between 1 and 0.01 V/s. The energy scale
was accurate within +0.05 eV with respect to the
injection curve. A number of tests previously
described was performed to ensure that the films
did not change during each experiment.

III. RESULTS

Transmission spectra for different film
thicknesses and temperatures (17 and 4S K) for Xe
deposited on Nb, W(100) and Pt are shown in Figs.
1(a}—1(f). The temperature remained constant dur-

ing the deposition and duration of the experiment.
We clearly observe an energy displacement of the
injection curve (zero energy) during the deposition
of the first monolayer. This energy displacement is
caused by the contact potential between the metal
and covering Xe film. It is plotted in Fig. 2 for Nb

and W(100) substrates as a function of coverage.
For the Pt substrate we do not observe any percepti-
ble change within our energy precision. The max-
imum displacement

~
bP ~,„ is 0.55+0.OS eV for

W(100) and 0.25+0.05 eV for Nb.
Some general observations should be made at this

point.
(a) The transmission spectra pinpoint the onset of

an inelastic region (-8 eV) exhibiting a maximum
at 8.5 eV [first exciton energy of Xe (Refs. 14 and
16)]. The mechanism for producing a maximum at
the exciton energy in the transmission spectra of
molecular films has already explained. It is sum-
marized here and serves to explain the weak varia-
tion of the transmitted current with thickness in the
energy region 8 eV & E &9.3 eV (e.g., Fig. 3). This
behavior is understood qualitatively' ': at the on-
set of the inelastic process (-8 eV) an electron los-
ing energy to create an exciton (8.5 eV) ends up at
the bottom of the conduction band which lies 0.5
eV below the vacumm level. ' It is no longer possi-
ble for this inelastically scattered electron to be
backscattered into the vacuum (i.e., its energy lies
below the vacuum level) and it contributes fully to
the transmitted current. For high coverages the
contribution of the elastic current becomes negligi-
ble and the transmitted current becomes indepen-
dent of the thickness. As the incident energy in-
creases, the number of energy-loss electrons in-

creases until their energies reach the vacuum level.
Above this incident energy (8.5 eV), inelastic elec-
trons can be backscattered into vacuum and the
transmitted current, which is almost purely inelastic
for large thicknesses [see Eq. (4) in the next sec-
tion], can decrease. A maximum in the transmitted
current can therefore be expected at 8.5 eV for large
thicknesses.

(b) If the incident energy is increased beyond 8.8
eV, the electron energy inside the film is equal to
8.8+0.5=9.3 eV, the energy gap of xenon. ' At
this energy, the colliding electrons may excite a
valence electron into the conduction band. For in-
cident energies above 8.8+0.5=9.3 eV (the photo-
emission threshold is 9.8 eV =9.3+0.5), the final
energy of one of the two electrons in the conduction
band is above vacuum and it may eventually be
backscattered into vacuum, thus decreasing the
transmitted current. A maximum is thus expected
at 9.3 eV. Above this energy, the transmitted
current decreases and can change sign (hole current}
if the secondary emission coefficient becomes
greater than unity.

(c) As shown in the next section the 1 —8 eV re-
gion can be described in terms of a purely elastic
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scattering process. The amphtude of the structures
in this region varies with the deposition tempera-
ture. Figure 4 shows spectra for films deposit d t'e a

and 45 K on Pt, and others deposited at 45 K
and then cooled to 17 K. The three curves are very
different. The films deposited at 17 K are presum-

ably the most disordered ones (structural di d )isor er.
n e ilms deposited at 45 K, the structural disor-

der is smaller but there is greater thermal disorder
(phonons) than in the 17-K deposited films. The
films deposited at 45 K and cooled to 17 K are like-

ly the most ordered ones: low structural disorder
because of the high deposition temperature and low
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FIG. 3. Thickness dependence of transmitted current
at 1.1, 3.4, and 8.5 eV for a 45-K deposition on Pt.

thermal disorder, since at 17 K the phonon popula-
tion is well reduced (Debye temperature: 64 K).
The structures between 1 and 8 eV are apparently
closely related to the ordering of the films which
are surely not purely monocrystalline. Further ex-
periments on 17-K deposited films, and heated to
different temperatures and then cooled, show the
existence of a structural reordering. Furthermore,
the cooling of an ordered film gives the telltale
signs of thermal disorder (Debye-Wailer factor).
These aspects shall be quantitatively analyzed in a
separate publication.

IV. THEORY

dSE+

dX

1 1

l, (EO) l;(Eo)

de
dX

1 1

l, (E0) l;(Eo)

In this section, a classical theoretical model is
developed in order to obtain useful quantitative in-

formation from the experimental data. The scatter-

ing phenomena inside the film are taken into ac-
count by means of elastic and inelastic MFP's. We
have neglected the collisional processes between
conduction electrons as well as the inelastic losses
due to phonons. Indeed, the small values of the in-

cident current (3&&10 A), the average time an
electron resides inside the film (10 ' —10 " s)

and the small electron-phonon coupling constant
indicate that these interactions can be neglected.

During their stay within the film, electrons are
assumed to have energy-dependent probabilities per
unit length of undergoing an elastic or an inelastic
collision. The inverse of these probabilities define
the elastic and inelastic mean free paths. Hereon,
we follow the work of a number of authors, ' '

particularly Chantry et al. ' and we write the fol-
lowing set of equations in the two-stream approxi-
mation with isotropic scattering and the stationary
limit:
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FIG. 4. Transmission spectra for Xe films deposited
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ical arrows indicate the energy of the most intense exci-
tonic transitions.
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where 1/I„1/I;, and Eo are the probability per unit
length for an electron to be elastically, inelastically
scattered, and the incident energy, respectively.

S@,SE are the current densities for an unscattered
0 0

electron of energy Ep at a depth x in the forward or
backward direction, respectively. The x axis is per-
pendicular to the film x =0 gives the position of
the vacuum-film interface, and x =L that of the
film-metal interface. Note that SE is nonzero due

0

to the possible specular reflection at the film-metal
interface. IF+ and Iz are the current densities for

0 0

already elastically scattered electrons of energy Eo
at a depth x in the forward or backward direction,
respectively. The parameter e is related to the an-

gular distribution of electrons and varies usually be-

tween 1 and 2. The equations are essentially the
same as those in Ref. 19 with some change in the
definition of the parameters. We wish to point out
that a similar set of equations (with @=1 and

1;~Op ) can be obtained from a continuum version

of a one-dimensional random-walk theory which
has already been used to study the distribution of
defects in solids. The inelastic currents are intro-
duced in the same way as in Eq. (la). We con-
sidered only one inelastic well-defined energy loss,
but this can be easily generalized to any finite num-

ber of inelastic well-defined losses. Two more equa-

tions complete the set of Eq. (la):

ter e as for the elastically scattered currents. Let us
consider the boundary conditions. They must in-
volve all the reflections at the two interfaces. Since
I+-,J-+describe already scattered electrons, their re-
flection must be considered as diffuse. On the con-
trary, S-+ includes unscattered electrons and the re-
flection for such electrons may be specular or dif-
fuse depending on the quality of the interfaces. If
the interfaces are not well defined or not perfect,
the reflected electrons of S+mus-t then be con-
sidered as scattered. We write the boundary condi-
tions in the following way:

SEp (0)=aRE(EP )SE (0)+IP

SE,(L)=a'R,'
(Ep)SE+ (L),

IE,(0)= R (Ep)IE (0) +(1—a)R(Ep)SE (0),

IE (L)= R'(Ep)IE+, (L)

+(1 a')R'(Ep)—SE+ (L),

JE (0)=R(E')JE, (0),

de
dx 21,(E') 21,(E')

JE (L)=R'(E')JE+(L),

i p

SE+ +SE
21;(Ep)

(lb)

where Rs and Rs (R,R') are the specular (diffuse)
reflection coefficients at the vacuum-film and film-
metal interfaces, respectively. The parameters a,o. '

characterize the state of the two interfaces and vary
between 0 and 1. The transmitted current can then
be written as

21,(E') 21,(E') I„,„,= SE (L) SE,(L)+IE,(L)—IE (L)—
21;(Ep)

+JE'(L) JE'(L) . — (3)

1 +
21(E )

where J~ and Jz are the current densities for
inelastically scattered electrons of final energy E' at
a depth x in the forward or backward direction
respectively. We have used here the same parame-

The solution is now a matter of mathematics. As
we have restricted our analysis for Xe to the
(0—8.5)-eV energy range, the electrons can undergo
at most one inelastic collision and their final ener-
gies will be below the vacuum level. This implies
that the inelastic electrons cannot return in the vac-
uum and, thus, that R(E') =1. We give below the
transmitted current in this case,
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Ip
Bp ——a'Rs Ap

1 —un'R, R,' e

1 1
CTT ———+—,m =

l, l;'
1 —R, 1 —R'
1+R' P 1+R' '

OT

1/2
y =6m

Z =p'cosh(y o TL )+y sinh(y o rL ),
D =(p+p')cosh(yo TL )+ sinh(yorL )+y sinh(yo TL ),pp

y

N=Ap[p(1 —p')e +(1+p)Z] Bp[p—(1+p')e " +(1—p)e Z],
e —y 1 X 1 —e y

Itrana =
2 z D

+ p z (Ap Bpe—
1 —y e D 1 —y e

)+Bp(1—a) 1 —+ —e
D

Note that there is no divergence when y = 1.
We give below some useful limits for the

transmitted current.
(i) If a'=0, then

I

we represented the potential at the vacuum-film in-

terface by a step barrier V. The energy dependence
of R was then automatically determined as

' 1/2

I„,„,(L =0)=Ip 1 —R'
1—RR'

R(E)= V

V+E (5)

(ii) If a'=1, a=1, then

1 —R,'I„,„,(L =0)=Ip
1—R,R,'

(iii) If y=0 (I;~co), R,' =0, a'=1, we find the
same results as Chantry et al. ':

I --(L)=I.p (p+1) p(p' l)e "— —
p+p'+ pp'o, L

(iv) Ify =e (I;~0), then I„,„,IL ) =Ip.
(v) If y+0 (I;@no ), then limr „I„,„,(L)=C(y)

with C(y) an increasing function of y with C(0)=0
and C(e)=Ip This mean. s that the transmitted
current becomes almost thickness independent for
large thickness and that the value of the current in-

creases from zero to Ip if t; decreases from infinity

to zero.
We fitted the experimental curves with the above

model in order to determine, among other things,
the energy variation of the mean free paths. It was

useful, if not essential, to decrease the number of
known parameters. Since no special measures were
taken to control the state of each interface, we as-
sumed that they were imperfect and that the reflec-
tion was nonspecular, i.e., a =a'=0. Furthermore,

Since the bottom of the first conduction band is at
0.5 eV below vacuum, ' we took V=0.5 eV. The
parameter e was set equal to one. Note that V and e
were varied in a second stage of the fit in order to
justify our choice. During this verification, the best
fit gave V=0.47 eV and a=1.1 for 45-K deposited
films. Ip has theoretically the value TI;„, where

I;„, is the incident current density and T the
quantum-mechanical transmission factor through
the vaccum-film interface. Since this interface was
modeled by a weak potential barrier, we took T=1.
The parameters l„l;,R' were obtained by fitting the
transmitted current versus thickness curves at any-
where between 18 and 36 different energy values de-

pending on the film and on the precision needed.
For 500 points (18 energy values), we had

(experiment —theory) & —10 ' A . The

mean error was thus of the order of the experiment
uncertainty (2X10 " A) on the electron current.
Figures 5(a}—5(c) show the energy dependence of
the elastic MFP obtained for Xe films deposited at
17 K and 45 K on Nb, W(100), and Pt, respectively.
In Fig. 5(c), we have added the spectrum for a film

deposited at 45 K on platinum but recorded at 17
K. We recall that the major error source on these
results comes from the uncertainty (30%} in the
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determination of the length scale although it is

probably possible to determine by more accurate
methods the absolute thickness of the films. Figure
6 shows a typical energy dependence of the inverse
of the inelastic MFP for a 17-K deposited film and
also for a 45-K deposited film which was cooled to
17 K. The value of R ' are such that
Io[(l R')—/1 RR—')] follows roughly the behavior
of an experimental I„,„,(E) curve at a thickness of

D

the order of 10—20 A on the given metal.

V. DISCUSSION

Before discussing the results presented in Figs. 5

and 6, it is important to fully understand some of
the constraints injected into our theoretical model.
The choice a =a'=0 eliminates all specular reflec-
tions. This is certainly reasonable at high energies
(or short wavelengths) when the electrons are sensi-

tive to the imperfections in the interfaces. But this
is no longer correct when the wavelength of the
low-energy electron is large enough that it "sees"
smoothed interfaces. Thus, specular reflections
must become important at low energies. This is
quite flagrant when the MFP is larger than the
thickness of the film and multiple interferences set
in. As a matter of fact, we did observe poorer fits
for low energies (~1 eV) and small thicknesses

(&100 A). Furthermore, it can be verified using

d0g d0g S(kk'),
dQ dQ

(6)

Eq. (4) that the transmitted current versus thickness
can have a maximum (as observed in Fig. 3) only if
a and n' are nonzero.

The representation of the film-vaccum interface
by a potential barrier [Eq. (5)] is also a crude ap-
proximation. Such a modelization does not take
into account any change in the effective mass of the
electron inside the film.

An important feature observed in Fig. 5 is the ra-

pid increase of the MFP with decreasing energy
below 2 eV. Although straightforward wavelength
arguments imply such an increase (at large wave-

length, the electrons "see" the film as a continuum),
there is one additional contribution which must also
be considered. The behavior of the MFP must obvi-

ously be related in some way to the energy depen-
dence of the total scattering cross section 0.

g of
atomic Xe measured in the gas phase. This cross
section is presented in Fig. 7 and compared to the
effective cross section o.s obtained from the MFP
though a density factor (fcc, a =6.17 A) for a 17-K
deposited film on Pt. Note that the zero of energy
for o.z is at the bottom of the conduction band. In
the frozen gas limit (independent atomic r matrices),
these cross sections are theoretically related through
a well-known relation '
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FIG. 6. Energy dependence of the inverse of the in-

elastic MFP for a 17-K deposited film and a 45-K depo-
sited film cooled to 17 K on Pt.

FIG. 7. Energy dependence of total electron scattering
cross section in Xe gas {o.g) (see Ref. 30) and in solid Xe
(a&) for a 17-K deposition on Pt. The zero energy in the
solid is taken as the bottom of the conduction band.
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where dosldQ, dere IdQ, and 8 are the differential
cross sections for the "frozen gas" solid, the gas,
and the structure factor of the material, respective-
ly. The above relation indicates that the rapid in-
crease of the MFP below 2 eV is due to the Ram-
sauer minimum in os or/and to a sharp decrease in
the structure factor. This equation also gives a clue
as to the origin of the structures observed in the
transmitted current at energies between 1 and 8 eV.
In our fit, these structures could be directly corre-
lated with the elastic MFP but not the inelastic one
[see Figs. 5(c) and 6]. They were also clearly related

to the structural and thermal order in the film. An
energy and atomic order dependence of the struc-
ture factor can possibly explain these phenomena
qualitatively. Indeed, we note that the first Bragg
reflection, which is estimated to occur at 2.99 eV
above the bottom of the conduction band for the fcc
structure of Xe (a =6.17 A), does correlate with the
first minimum in the MFP's of well-ordered films.
An analysis of the correlation between Bragg peaks
and transmission minima will be presented in a
separate publication.

As far as the inelastic processes are concerned,
Fig. 6 is highly instructive. We observe that the en-

ergy difference between the bottom of the conduc-
tion band and the vacuum (0.5 eV) is clearly related
to the difference between the onset of the inelastic

exciton creation and the exciton energy in the more
ordered films. Furthermore, the curve relating to
what we believe to be the disordered film reveals a
less well-defined onset of the inelastic process. This
is perhaps due to a smearing of the states near the
bottom of the conduction band. The probability of
exciton creation is apparently decreased by the dis-
order.

In summary, we have shown how to extract some
quantitative information from low-energy electron
transmission experiments. Within a scale factor un-

certainty of 30%, we have determined the absolute
values for the MFP's and indicated that they are
very sensitive to structural and thermal disorder. In
forthcoming theoretical and experimental work,
more precise information is extracted from such
data.
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