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transmission through thin solid Xe and N, films

E. Keszei,* T. Goulet, and J.-P. Jay~GerinT
Departement de Medecine Nucleaire et de Radiobiologie, Faculte de Médecine,
Universite de Sherbrooke, Sherbrooke, Quebec, Canada J1H 5N4
(Received 30 June 1987)

The probabilistic description of quasielastic particle transport given in a previous paper is used to
analyze the results of low-energy electron transmission experiments on thin solid xenon and molecu-
lar nitrogen films deposited on a metal substrate. Values of the entrance probabilities of the in-
cident electrons at the vacuum-film interface and of the electron scattering mean free paths in the
films are extracted in the electron energy range 1.6-7.9 eV for xenon, and 2.4-7.4 eV for molecular
nitrogen. The effects of anisotropy in the surface scattering and in the reflections at the two inter-

faces of the films are also discussed.

I. INTRODUCTION

In the preceding paper,' hereafter referred to as I, we
presented a probabilistic model of quasielastic particle
transport in plane-parallel media. This model is the first
to account for both multiple scattering and the three-
dimensional nature of the problem. Here, we show an
important application of this model to the analysis of ex-
perimental low-energy (<20 eV) electron transmission
(LEET) data on thin insulator films deposited on a metal
substrate. This application was suggested by the increas-
ing experimental and theoretical interest in LEET spec-
troscopy over the last decade.>~2° A preliminary account
of the present results has already been reported.?!

Since our model deals only with quasielastic scattering
processes, we have chosen in this study to analyze the ex-
perimental results for two materials which have consider-
ably large energy regions (0—8 eV for solid xenon”!® and
2.5-7 eV for solid molecular nitrogen'®) where electrons
undergo elastic or quasielastic scattering exclusively.
Each of these experiments has previously been reported
and analyzed.”'®!® However, by comparing our results
with those of the previous analyses, the significance of in-
cluding both multiple scattering and a three-dimensional
description of electron transport becomes apparent.
Moreover, the flexibility of such a description allows us
to discuss the effects of anisotropy in the surface scatter-
ing and in the reflections at the two interfaces of the
films.

II. EXPERIMENT

The experimental method of LEET spectroscopy has
been described in detail elsewhere.>”!® In essence, a
well-collimated monochromatic electron beam is incident
perpendicularly from ultrahigh vacuum on a thin solid
film grown in situ on a cold metallic substrate from the
vapor of the studied molecules. The electron current I,
transmitted through the film to the metal is recorded for
different film thicknesses as a function of the incident
electron energy E (relative to the vacuum level). The in-
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cident current I, can be measured by retarding reflected
electrons with deflector plates and returning them to the
metal substrate.” The experiment thus provides a quanti-
tative determination of the overall transmission co-
efficient of the film which is given by the ratio 1, /1.

The LEET spectra that we analyze in this paper were
obtained with films of various thicknesses. For solid xe-
non films, the data consist of 16 different overlayer cover-
ages between 4 and 500 monolayers,”'® a monolayer of
solid xenon being approximately 0.354 nm thick.'® In the
case of solid molecular nitrogen, only 7 different over-
layer thicknesses are available for analysis. They range
from 3 to 20 monolayers, with an interlayer spacing of
about 0.326 nm.!® In both cases, the metal substrate was
a polycrystalline platinum sheet with a (111) surface
orientation, and the electron energy range covered was
0-20eV.

III. THEORY

In I, we derived an expression for the probability T
that electrons, incident from vacuum, reach the metal
substrate and contribute to the transmitted current I,. In
the quasielastic scattering regime, this probability de-
pends upon (i) the probability P, .nce that incident elec-
trons enter the film, (ii) the angular distribution of elec-
trons after a possible surface scattering at the entrance,
(iii) the ratio z of the film thickness L to the electron
scattering mean free path A, (iv) the type of differential
cross sections of the bulk scatterings, (v) the reflectivities
of the film-vacuum and film-metal interfaces (R, and R,,,
respectively), and (vi) the angular distribution of electrons
after reflections at the two interfaces of the film. As
shown in I, T can be written as

[4

1—R,P,

P,(1—R,)

T=P , (1)

entrance

where P; (i =e or v) is given by
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p_cp s 1=SBIR(1=S,B,) o
= TS, B R ‘

m=m=-"m

Here, S; is the “scattering probability,” i.e., the probabili-
ty that the electrons which enter the film (i =e), or are
reflected by an interface (i =v or m), are scattered in the
film before reaching the opposite interface. B; is the
“backscattering probability,” i.e., the probability that the
electrons scattered in the film return, directly or via mul-
tiple scattering, and without being reflected by the oppo-
site interface, to the interface (denoted by the subscript i)
from which they originated. The evaluation of S; and B;
is described in detail in I. They both depend upon the
“standardized layer thickness” z and the angular distri-
butions of electrons at the entrance of the film and after
reflections at the interfaces. B; also depends on the type
of differential cross sections of the bulk scatterings. In
this study, we make the usual assumption that bulk
scattering is isotropic.

Our analysis of the experimental LEET spectra con-
sists in fitting, for each selected electron energy, the
theoretical transmission probability 7T to the measured
values of I, /I, as a function of film thickness. The fits
were done with a nonlinear least-squares method, using
the algorithm of Marquardt.?? The errors were estimated
on the basis of the residuals and the Hessian matrix.?*

So far, the unknown parameters involved in the calcu-
lation of T are P 1ance> A» Ry, R,,,, and the angular distri-
butions. In order to obtain significant results, we must
however reduce the number of the adjustable parameters
of the model. This is done by making some assumptions
concerning the behavior of the electrons at the interfaces
of the film. For example, we assume that the film-metal
reflectivity, although an unknown quantity, can be ap-
proximated by the experimentally measured vacuum-
metal reflectivity.!®'¥'®  As to the film-vacuum
reflectivity, it can be evaluated by means of the Snell-
Descartes law.'»** According to this law, an injected
electron can return to vacuum if it reaches the film-
vacuum interface with an angle 0 (relative to the surface
normal of the film) smaller than the “critical” angle 8,
given by

0 — arcsin{[moE /m*(E 4+ 4)]'/?} for 4>0

= (3)
90° for 4 <0,

where A is the film’s electron affinity or, equivalently, the
difference in energy between the vacuum level and the
bottom of the film’s lowest conduction band, m* is the
effective mass of the electron in the film, and m is the
free-electron mass. The actual estimation of R, from the
Snell-Descartes law is given in the Appendix.

Having found a way to estimate R,, and R,, we are
now left with only two adjustable parameters, namely,
P trance and A. These can be determined from a fit of Eq.
(1) to the experimental I,(E) /I -versus-L data. Regard-
ing the choice of the relevant angular distributions of
electrons at the entrance and after reflections from the
two interfaces of the film, it is essentially arbitrary since
no information is available on this subject in the present
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literature for the range of electron energies considered
here. However, we can use the general expression for the
angular distribution f (cos”8) given in I and compare the
results obtained for different values of n. As explained in
I, these distributions describe different degrees of forward
scattering and involve both the isotropic angular distribu-
tion (ISO, n =0) and the “direct beam” (DIR, n — « ) as
extreme cases.

IV. RESULTS AND DISCUSSION

For solid xenon films, we analyzed the experimental
LEET spectra obtained at a temperature of 45 K with 16
different film thicknesses in the range of 4-500 mono-
layers.”!° Fifty-one electron energies between 1.6 and 7.9
eV were considered independently. The results of the fits
are presented in Figs. 1 and 2. These figures show the
mean values and the 95% confidence limits of the two es-
timated parameters, A and P, as functions of in-
cident electron energy. The confidence intervals were
calculated on the basis of Student’s ¢ distribution.?> The
fits were all excellent with residuals of about 8 x 10~ for
a range of transmission values varying between 0.03 and
0.3. The films’ electron affinity used in the calculations
was 0.5 eV for solid xenon,®'®'226 and the electron
effective mass was assumed to be equal to the free-
electron mass.

In the case of solid molecular nitrogen films, we ana-
lyzed the experimental LEET data obtained at 17 K with
7 different overlayer thicknesses, namely, 3, 4, 5.4, 6, 6.8,
10, and 20 monolayers.!® The fits were performed for 48
different electron energies between 2.4 and 7.4 eV. The
values of A and P,y ance Obtained from these fits are
shown in Figs. 3 and 4 as functions of electron impact en-
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FIG. 1. Energy dependence of the elastic scattering mean
free path of excess electrons in solid xenon at 45 K. The solid
line is a weighted smoothed curve plotted through the mean
values of the least-squares estimates. The error bars show the
95% confidence intervals. The zero of energy is at the vacuum
level.
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FIG. 2. Entrance probability of incident electrons in solid xe-
non films at 45 K as a function of electron energy. The solid
line is drawn through the mean values of the least-squares esti-
mates of the parameter P ... The error bars indicate the
95% confidence limits. The zero of energy is at the vacuum lev-
el.

ergy. Again, the fits were excellent with residuals of
about 8 1073 for a range of transmission values varying
between 0.1 and 0.5. The large uncertainties in the deter-
mination of A at electron energies below 4 eV are due to
the lack of experimental data for large film thicknesses.
Since the films’ electron affinity for solid molecular nitro-
gen is negative (—0.8 eV),® we have taken R, =0. As for
solid xenon, m * was also assumed to be equal to m,.
Figure 5 shows smoothed curves of the mean values of
A(E) in solid xenon obtained for different combinations of
electron angular distributions at the entrance to the film
and at the two film interfaces. As can be seen from this
figure, the choice of the angular distributions can affect
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FIG. 3. Same as Fig. 1, for solid molecular nitrogen at 17 K
in the quasielastic scattering region.

FIG. 4. Same as Fig. 2, for solid molecular nitrogen films at
17 K.

significantly the determination of A (this is also true for
P, irance)- The greatest difference observed between re-
sults is for the two extreme cases, namely, isotropic
scattering (combination eISO-mISO-vISO) and no
scattering (combination eDIR-mISO-vISO) of the elec-
trons at the entrance to the film. As expected, the angu-
lar distributions used to describe the reflections of elec-
trons at the two film interfaces have a smaller influence
on the determination of A. Unfortunately, the analysis of
the variation of the transmitted current with film thick-
ness does not permit us to determine the actual electron
angular distributions of the model. In order to minimize
the errors due to the choice of the angular distributions,
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FIG. 5. Comparison of weighted smoothed curves of A vs E
obtained for solid xenon at 45 K by using different combinations
of electron angular distributions at the entrance to the film (e),
at the film-metal interface (m), and at the film-vacuum interface
) (-------- ), eISO-mISO-vISO; (— — —), ecos’*9-mISO-
vISO; (——), ecos?-mcosf-vISO; (—.—.—. ), eDIR-mISO-
vISO. The symbols ISO, cosf, cos’8, and DIR refer to angular
distribution functions which were defined in I.
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one can use a combination of these which lies between
the two extreme cases shown in Fig. 5. For this reason,
we chose to present in Figs. 1-4 the results obtained with
the combination ecos’0-mcos@-vISO. This particular
choice seems to be reasonable since the angular distribu-
tion of electrons after reflection at the metal boundary is
likely to be less directional than that at the entrance to
the film. As for the use of an isotropic reflection of elec-
trons at the film-vacuum interface, it is in accordance
with the Snell-Descartes law which predicts that most
electrons are reflected on this interface with large angles
(see Appendix). Of course, more reliable absolute values
of P irance and A would be obtained if the electron angu-
lar distributions of the model could be determined in-
dependently.

Figures 6 and 7 show a comparison of various deter-
minations of A(E) in solid xenon at 45 K and solid molec-
ular nitrogen at 17 K, respectively. In these figures, we
compare our results with those of Bader et al.” who used
the two-stream approximation, and with those of Plenk-
iewicz et al.'® and Keszei et al.'® who used a single-
scattering model. As we can see, the general variation of
A with E is broadly the same in all cases but its magni-
tude differs markedly from one study to the other. The
advantage of our three-dimensional probabilistic model
over the others resides in its ability to handle a wide
choice of electron angular distributions without restrict-
ing the problem to a single-scattering electron transport
formulation. In fact, recent Monte Carlo simulations'®
have shown the significance of including multiple scatter-
ing of electrons in the analysis of experimental LEET
spectra. In regard to the two-stream method, it is essen-
tially based on a one-dimensional description of electron
transport and therefore cannot account for the various
electron angular distributions at the film boundaries.
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FIG. 6. Comparison of three determinations of A(E) in solid
xenon at 45 K: A, present work; B, Plenkiewicz et al. (Ref. 10);
C, Bader et al. (Ref. 7). Note that the A(E) values obtained in
Ref. 7 have been multiplied by a factor 0.574 to account for the
correct (111) interlayer spacing (0.354 nm) of the physisorbed
solid xenon films.
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A few words should finally be said about the energy
dependence of P, ance and A for the two studied materi-
als. As can be seen from Figs. 2 and 4, the curves of
P, irance(E) show pronounced structures which can be
correlated with the electronic conduction-band density of
states of these materials.®!®!® Regarding the electron
scattering mean free paths (Figs. 1 and 3), large values of
A are observed at incident electron energies below ~2 eV
for both solids. At higher electron energies (E >3 eV),
the curves of A(E) show an oscillatory behavior which
can be related to the variation of the electron effective
mass with E; a result of the fact that electrons with
different energies enter different bands.?’ It is interesting
to note that the mean values of both P, ... and A al-
ways show a remarkably smooth and continuous behav-
ior when plotted against electron energy.

V. CONCLUSION

In this paper, we have shown how the model developed
in I can be applied to the analysis of experimental LEET
data. We have focused our attention on the particular
cases of solid xenon and molecular nitrogen but the same
kind of analysis can obviously be applied to other systems
in the quasielastic scattering region as well. It should
also be emphasized that this model can be used to study
the transport of other types of particles in solids or gases,
other energy ranges, or other kinds of experimental re-
sults obtained with plane-parallel media such as reflection
spectroscopy or photoemission measurements.

In a subsequent work,”® we will further develop the
general formulation of our model with the introduction
of possible inelastic scattering processes which can lower
significantly the energy of the particle and therefore affect
its transmission probability. This will extend the applica-
bility of the model to the study of a much larger range of
experimental results.
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FIG. 7. Same as Fig. 6, for solid molecular nitrogen at 17 K:
A, present work; B, Keszei et al. (Ref. 16).
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APPENDIX
Estimation of R, using the Snell-Descartes law

Consider an electron which is subjected to an isotropic
collision in a plane-parallel film at a distance r from the
film-vacuum interface. Its probability of being scattered
with a polar angle between 6 and 6+d6 is given by
%sin@d@, and the distance it must travel to reach the in-
terface with this angle is » /cosf. Under these conditions,
the probability for this electron to reach the film-vacuum
interface with a polar angle between 6 and 6+d 0 is

ap(6,n= [~ ealk-sinGexp(—u/k)du do (A1)
r/cos
=1sinfexp(—r/Acos6)d . (A2)

In order to find the angular distribution of all the elec-
trons which reach this interface, we integrate dP(8,r)
over r, taking into account the depth distribution of col-
lision sites inside the film. The simplest case is a uniform
distribution between r =0 and r =L (where L is the film
thickness), given by D (#)=r /L. In this case, we find'®
dP(9)=2—lzsin90059[1—exp(—z/cosH)]dG , (A3)
where z =L /A. According to the Snell-Descartes law,
the reflectivity of the film-vacuum interface, RL,f, for the
electrons arriving from the film is simply given by the
fraction of them which reach this interface with an angle
6> 0,. Therefore, we have

, [2dpo)
Rj=—fmm ——, (A4)
N 00

which gives, after integration,

—z/cos6 —z/cos6,
cos’f,e ¢ —z cosf,e ‘

+2z2E(z /cosb, )

' e *—ze ?42z°E,(2)

Obviously, the global reflectivity of the film-vacuum in-
terface, R,, is somewhere between R/ and R". In order
to determine R, the relative proportions of electrons ar-
riving at the film-vacuum interface, either from the film
or directly from the metal, must be evaluated. The prob-
ability that the electrons arrive on this interface from the
film is

2187
R{:{ sinzgc —(e *Z—COSZGCe "Z/C()Sgc)
_Z(COSBCQAZ/COSBC__efz)
—2z[E|(z)—E(z/cosB,)]} /[1 —e ~“+ze*
—-ZZEI(Z)] > (AS)

where the function E(z) is the exponential integral
defined as

E2)= [" =

It is interesting to note that in the limit z—0,
R/ —cosf,, which is equivalent to the expression used by
Bader and co-workers [see Eq. (5) of Ref. 7] for all values
of z in their analysis of LEET spectra of solid xenon films.
For large values of z, R/ is found to be smaller since the
electrons tend to reach the film-vacuum boundary with
small angles 6.

Let us now consider the reflectivity of the film-vacuum
interface, R,", for the electrons which reach this interface
directly after reflection by the metal, that is, without
scattering in the film. These electrons are at a distance L
from vacuum and leave the film-metal boundary with an
angular distribution f(6). Their probability to reach the
film-vacuum interface with a polar angle between 6 and
6+d0is

dP(0,L)=f(0)exp(—L /Acos8)d O .

dt . (A6)

(A7)
Again, according to the Snell-Descartes law, we have

[2apo,L)

RP=—"rtpm (A8)
fo dP(6,L)

For the case of a semi-isotropic angular distribution of
electrons reflected at the metal boundary, we have
f(8)=sin6 and the integration of Eq. (A8) yields

cosf.e T _LE (2 /cosb,)
R = : (A9)
e *—zE,(z)

The calculation of R)" can also be performed for other
angular distributions of reflected electrons. For example,
if we have f(6)=2sinf cosf, we obtain

(A10)

K;=S,B,+[1—S,+5,(1—B,)IR,,S,, (1—B,,)

X 3 (B,R,S,)" .
n=0

(A11)

Since the product (B,,R,,S,,) is smaller than 1, the
infinite series in Eq. (A11) can be summed and has the
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value 1/(1—-B,,R,.S,,), whence

(1—S,B,)R,,S,,(1—B,,)

Ky=S.B.+ 1—-B,R,S,

(A12)

Similarly, the probability that the electrons arrive on the
film-vacuum interface directly from the metal is

K,=[1—-S,+S.(1—B,)]R,,(1=S,) S (B,R,S,)" ,
n=0

(A13)

which reduces to
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c _ =SBIR,(1-S,,) AL
m=" " 1-B,R,S, '

The global expression for R, can then be written as fol-
lows:

_ KRI+K.R]

- AlS
TR R (A15)

This whole derivation might seem overly lengthy but
recent Monte Carlo calculations?® have shown that tak-
ing simpler expressions for R, such as cosf, or R/ alone,
can lead to non-negligible systematic errors in the deter-
mination of the electron scattering mean free paths.
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