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The Monte Carlo simulation method has been used to investigate the spatial distribution of
deposited energy for 1-10 keV electrons incident on solid hydrogen, nitrogen, neon, silicon,
aluminum, and argon. In the simulation, elastic scattering cross sections are calculated exactly
using the single-atom crystalline potentials. Inelastic energy loss processes for hydrogen are
based on the ionization cross section from Green and Sawada [J. Atmos. Terr. Phys. 34, 1719
{1972)1 and the gas-phase stopping power from Parks ef ¢!. [ Nucl. Fus. 17, 539 (1977)]. For

the heavier materials a modification of Gryzifiski’s | Phys. Rev. A 138, 305 (1965); 138, 322
(1965); 138, 336 {1965) ] semiempirical expression for each core and valence electron
excitation is used. The energy-deposition distribution of keV electrons and the ionization
distribution of weakly bound electrons are practically equal, whereas the penetration depth
distribution extends deeper into the material than the energy-deposition distribution. The
energy-deposition distributions of keV electrons for light materials, except for hydrogen, can
be represented quite well by a universal distribution. In addition, accurate Gaussian
approximations for the different materials in the entire energy region from 1 to 10 keV have
been evaluated. Parameters such as the mean penetration depth and the mean energy-

deposition depth are included as well,

1 INTRODUCTION

The irradiation of solids by charged particles in the keV
regime resulits in a large number of electronic excitation and
ionization processes in the solid. The spatial distribution of
the energy that is deposited in the solid by keV electrons is
governed by the energy dissipation and scattering processes.
For electron energies below 10 keV this energy distribution
is considerably influenced by the generation of high-energy
secondary electrons and the subsequent production of exci-
tations or ionizations. '

The spatial distribution of deposited energy plays an im-
portant role in atmospheric physics' as well as in hole-elec-
tron pair generation in semiconductors.™* As another exam-
ple, the distribution of luminescence centers in insulators is
determined by this distribution.”® Recently, it has been dem-
onstrated that the value of the distribution at the surface is
important for the secondary electron emission”® as well as
sputtering of frozen gases.>'® A related aspect, which has
been discussed frequently in the literature, is the spatial dis-
tribution of x-ray emission in connection with electron probe
microanalysis. 112

The measurements have been performed predominantly
for insulating materials and gases with primary electron en-
ergies from about 4 keV up to 80 keV.>'*!* Everhart and
Hoff* determined the charge-carrier generation in a system
of aluminum, silicon dicxide, and silicon bombarded by 6—
20-keV electrons. The only measurements so far for metals
have been carried out by Cosslett and Thomas'® who evalu-
ated the spatiai distribution of deposited energy for gold and
copper by an indirect method.
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The distribution of deposited energy has been deter-
mined theoretically by Spencer'®'” for several elements and
chemical compounds for primary electron energies of 25
keV or above. For water irradiated by electrons of a few keV
the distribution has been calculated by Gupta and Prasad'®
and Turner et al.'® Recently the energy dissipation profile
was estimated for 30 keV electrons in copper by Fathers and
Rez.® '

A large number of Monte Cario (MC} calculations for
metals, semiconductors, and insulators have been reported
in the literature. Berger and Selizer computed the distribu-
tion of 2-10-keV electrons incident on atmospheric air with
and without high-energy secondaries.’ Since the energy-loss
distribution of the primaries did not deviate significantly
from the complete distribution, the former was calculated in
most of the cases. A similar energy-loss distribution was
computed by Bishop?’ for several metals at 30 keV, Shimizu,
Honji, and Murata®? for aluminum and copper at 30 keV,
Matsukawa, Murata, and Shimizu? for several metals at 10
keV, and more recently by Kotera, Murata, and Nag&mi“
for gold at 10 keV. For several semiconductors general ex-
pressions for the energy-loss distribution were suggested by
Barbier e7 al.® on the basis of MC calculations. Murata,
Kyser, and Ting®® included high-energy secondaries in their
study of bulk polymethylmethacrylate samples irradiated by
10- and 20-keV electrons. The secondaries were included as
well in the computations by Grosswendt and Waibel®” for
0.3-3-keV electrons incident on nitrogen and by Heaps and
Green®® for electrons with energies up to 2 keV on hydrogen.

In the present work extensive MC simulations are re-
ported for a number of light insulators (1< Z< 18}, with pri-
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mary electron energies between | and 10 keV. The presenta-
tion includes aiuminum and silicon for completeness. In all
cases the high-energy secondaries are included. The simulat-
ed depth distributions for the deposited energy are presented
together with snitable Gaussian approximations.

. THE DISTRIBUTION OF DEPOSITED ENERQY

In the following treatment we concentrate on perpen-
dicular incidence and on the cne-dimensional depth distri-
bution of deposited energy. The general form of the distribu-
tion in a material, which is bombarded by keV electrons, is
known from the literature, as desecribed in the Introduction.
The distribution has a pronounced maximum around one-
third of the experimentally determined range (Fig. 1). The
peak is caused by a combination of electron scattering and
slowing-down processes. The shape is similar for all materi-
als, but the absclute magnitude depends strongly on the ma-
terial.

The starting point for most of the theoretical consider-
ations is the energy-deposition distribution D(E,x,cos o} re-
sulting from irradiation by primary electrons of energy £
with the angle of incidence o. It is determined by the sum of
the average kinetic energy of ail electrons located in a depth
element (x,x + dx) after both the primary and secondaries
have slowed down below a certain energy limit (cutoff ener-
gy), which is very small compared to the initial energy.

The equations that govern the analogous distribution of
energy deposited in elecironic excitations and icnizations for
ion slowing-down have been described comprehensively by
Winterbon®® and Schou.” A similar system of equations for
electron incidence alone was obtained by Schou,’ but the
treatment has not yet been refined to a level, from which
feasible predictions emerge.

Most of the existing measurements of the distribution
rely on luminescence rather than an evaluation of the kinetic
energy. The spatial distribution of luminescence centers re-
flects the distribution of ionized atoms or molecules. How-
ever, Winterbon, Sigmund, and Sanders* have shown for a
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FIG. 1. lonization profile of the least bound electrons, energy transfer pro-
file, and the standard encrgy-deposition profile as a function of depth for i-
keV electrons incident on argon. The profiles have been normalized to have
the same area. !
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related problem that the spatial distribution of damage
centers, which in this context correspond to ionizations, is
equivalent to the theoretical distribution of deposited kinetic
energy apart from normalization.

The inelastic scattering cross section, which will be uti-
lized for almost all elements, is a modified version of Gry-
zifiski’s ionization cross section.”! For a target electron shell
denoted by / the differential ionization scattering cross sec-
tion is

do, (E,AE)
d{AE)

me*N, Ep E 3/1(1 AENEs,/(Eg + AB)
C(AE) '}3—(5'+E!,) ““E“>

E, . 172
<[AE(Ze), oo (EZBEV]
Ey E 3 Es
(1)

where N, AE, Ep, and E are the number of electrons in shell
i, the energy loss of the incident electron, the mean electron
binding energy in shell /, and the primary projectile energy,
respectively.

We do not utilize details of the cross section, but treat it
as a model cross section which enables us to determine the
sum of all energies which are lost within a certain depih
interval, For instantanecus projectile energies which are
larger than the corresponding binding energy, AF — £, is
the kinetic energy of the secondary (unless it is larger than
the energy of the primary, ¢f. Sec. IED). In the standard simu-
lation B, (for AE>E, ) and AE (for AECE, ) have been
registered at each depth, i.e., the energy used to ionize (bind-
ing energy) or excite an electron to a bound state is counted
into the distribution. The kinetic energy of an electron after
it has slowed down below the cutoff energy of the simulation
is sampled as well. The paths of ali secondaries are followed
separately and their energy losses are also counted.

The spatial distribution of energy transfer AFE is shown
in Fig. 1 for 1-keV electrons on argon together with our
standard distribution of binding and excitation energy. Ap-
parently, the two distributions deviate very little from each
other. Therefore, in the following we consider only the stan-
dard distribution.

It is possible alsc to determine the number of ionization
avents in shell / within a certain depth interval. Such a distri-
bution is also shown in Fig. L. Only the ionizations from the
shell with the lowest binding energy have been inciuded in
the ionization distribution. Actually, this combination of en-
ergy and element shows the largest disagreement between
the three distributions.

il PRESENTATION OF THE METHOD
A. Monte Cario simulation method

The Monte Carlo simulation is a widely used and com-
monly approved method to investigate in detail the slowing
down of charged particles in matter. Also a large number of
useful MC calculations of the electron energy-loss properties
in different materials have been reported by other authors as
described in the Introduction.

Valkealahti, Schou, and Nieminen 2258




The Monte Carlo simulation method has been used to
study the energy deposition of 1-10-keV electrons normally
incident on light materials. The MC simulation program was
originally developed for keV electron and positron slowing
down calculations by Valkealahti and Nieminen.?>? Later
the inelastic energy loss procedure was improved particular-
Iy for keV electron penetration calculations in the hydrogen-
gold system.® Here, we describe only the main features of
the present MC simulation procedure, as the details have
been presented earlier.’?*

The interaction processes between 1-10-keV electrons
and matter are predominanily of two types. The electrons
scatter elastically from atomic Coulomb potentials or inelas-
tically from core and valence electrons. Furthermore, the
inelastic processes can be divided into ionization and exciia-
tion.

The elastic scattering process is calculated on the basis
of the effective single-atom potential in condensed matter. It
is evaluated as follows: First, a free-atom potential and elec-
tron density are calculated self-consistently by the density-
functional methed.’*?® Second, an approximative crystal-
line charge density and Coulomb potential are obtained by
superimposing atomic charge densities and potentials in a
lattice. The spherical average of the charge density and Cou-
lomb potential around a given atom are then evaluated.
Third, the exchange and correlation effects between elec-
trons are accounted for by adding a local-density-dependent
exchange-correlation potential®® to the Coulomb potential.

The phase shifts of an electron scattered from the effec-
tive crystalline central potential are obtained by numerically
solving® the radial Schrodinger equation. The differential
scattering cress section is then calculated from the partial
wave sum™ and the total elastic scattering cross section is
obtained by integrating over the angles.

For nitrogen, neon, aluminum, silicon, and argon the
inelastic collisions are described separately for each eleciron
level on the basis of Gryzifiski’s excitation function®! for
ionization processes [Eq. {1)]. For each material ali con-
tributing electron levels are included.*"*? The excitation

dolaE}

diaE) ‘AE:EZ:

FIG. 2. Schematic drawing of the differential inelastic scattering cross sec-
tion used in the present approach. The shaded area under the curve to the
right of £ is the Gryzifiski’s ionization cross section {or the Green and
Sawada cross section for hydrogen) and the shaded area to the left of E; is
the excitation cross section.
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TABLE L Ratio of the threshold energy E,, to the binding energy B, for
contributing shells 7 and the mean excitation energy f (see Refs. 44-46).

Material Ey/Ey I {eV)
N, 0.72 38
Ne 0.81 137
Al 0.77 163
Si 0.76 173
Ar 0.65 190

processes (bound-bound transitions ) are included by using a
constant approximation for the low-energy differential scat-
tering cross section (Fig. 2). The value of that cross section
is equal to the differential ionization scattering cross section
[Eq. (1}] for AE = E; . The threshold energies E,, asso-
ciated with each shell / are chosen so that the ratio £, /Ep is
constant for all contributing electron shells / in a material
and the total electronic stopping power is equal to the Bethe
resuit** at 10 keV. The ratios E,;, /E, and the mean excita-
tion energies 7, used in the Bethe formula, are presented in
Table L.

For hydrogen the inelastic scattering model is based on
the total stopping power expression from Parks, Turnbull,
and Foster®” and the ionization cross section from Green
and Sawada.*® A constant excitation cross section between
the threshold energy E,;, = 8.8 eV and the ionization energy
E, = 15.42 eV is utilized so that the total stopping power is
equal to the expression by Parks and co-workers.*” The
whole differential inelastic scattering cross section is then
multiplied by the constant C = 0.75, which includes a possi-
ble reduction of the stopping power from gas phase to solid
hydrogen. The reduction of the stopping power by afactor of
Q.75 resulted from the fit of the simulation that showed the
best agreement with the experimental electron reflection
measurements on the hydrogen-gold system.*

Trajectories of 10 000 incident electrons are calculated
in each simulation and a termination energy of 20 eV is ap-
plied. Both the paths of the primary electron and all second-
ary electrons are followed. The contributions from the se-
condaries are included in all calculated parameters and
distributions unless otherwise noted.

B. Feasibility of the simulation method

There are two types of basic experimental data, which
can be used for an appropriate test of the simulation proce-
dure at keV energies. First, the transmission probabilities
through thin films have been measured for several materials.
The transmission probabilities of electrons and positrons
through thin aluminum and copper films were simulated®*°
and good agreement was found with the experimental trans-
mission data.**>? Second, the backscattering probabilities
from numerous semi-infinite solids have been measured for
keV electrons. The backscattering probabilities have been
compared®*° with experimental results for several materi-
als and good general agreement is found, as shown in Fig. 3
for argon, aluminum, nitrogen, and hydrogen.®' > Both the
transmission and backscattering probabilities of electrons of
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FIG. 3. Reflection coefficient as s function of energy for electrons normally
incident on hydrogen, nitrogen, aluminum, and argon. Circles are Monte
Carlo results and the solid lines are drawn just to guide the eye. Both the
primary and secondary electron reflections are counted with the cutoff of 50
eV, which corresponds to the experimental grid voltage. Experimental data:
+ , H,, Risé (Ref. 53); X, D,, Risg (Ref. 53); O, N,, Risé {Ref. 54); v/,
Al, Vyatskin er gl. (Ref. 52); §, Al, Fitting (Ref. 55); A, Al, Vyatskin and
Khramov (Ref. 51}; , A}, Roptin (Ref. 56}; », Al, Bronstein and Denisov
{Ref. 57); ---, Al, Thomas and Pattinson (Ref. 58).

the present MC simulation model®**® with the improved in-
elastic scattering cross section are in better agreement with
the experimental data than the results of the earlier simula-
tions.,’iZ,BB

In addition to the direct ways of checking the validity of
the MC results, some indirect but convincing experimental
results have been reported. For example, Vehanen er 0.5
have recently confirmed that the shape of the positron im-
plantation profile is well approximated by a derivative of a
Gaussian function, in agreement with the MC simula-
tions.*>*% They measured the annihilation line-shape pa-
rameter®™ as a function of positron implantation energy in
multilayer structures of ALQ,, ALO./ZnS, ALG,, or
ALOG,/ZnS/ AL, grown on a glass substrate. Those mea-
surerents were very sensitive to the shape of the positron
implantation profile and only by using the profiles indicated
by the MC simulations could the experimental annihilation
line-shape parameter versus the incident energy curves be
reproduced.

Moreover, the penetration depth properties of electrons
(and positrons} in solids can be compared to some direct
experimental results. For example, the median penetration
depth has been deduced from several thin-film transmission
measurements**~ %! and the behavior as function of energy
is similar to that of the calculated mean penetration depth.
The behavior is expected to be similar, because the range
profite of keV electrons has practically the same shape inde-
pendent of the material and energy.”” The shape of the range
profile of keV electrons in the very light materials {e.g., hy-
drogen) differs slightly from the general shape.

The simulation procedure demonsirates the importance
of the inelastic scattering cross section. The present adjust-
ment of the threshold value £, is crucial for the precise
agreement between the simulated and experimental data for
the reflection coefficients from: the solids in Fig. 3. The re-

2261 J. Appl. Phys., Vol. 85, No. 8, 15 March 1888

sults from Ref. 34 show that an increase of the electron stop-
ping power via a change of £, leads to a clear reduction of
the backscattering yield.

IV. RESULTS

The present standard distribution of deposited energy
incorporates the energy loss to all electron shells for both
primaries and secondaries as well as the termination energy
of the moving electrons. As mentioned previously {Fig. 1)
this distribution is very similar to the spatial distribution of
ionizations from the outermost electron shell. Even the ioni-
zation distribution of the tightly bound inner-shell electrons
did not deviate much from the standard distribution. This
agreement was found from calculations of the fonization dis-
tributions of all electron shells. All the calculated distribu-
tions are qualitatively similar, but the ionization distribution
of a tightly bound electron level is slightly nearer to the sur-
face than the ionization distribution of the least bound elec-
trons. The reason for this is that electrons have lost a part of
their energy when they have penetrated deeply into the ma-
terial and the remaining energy is not sufficient to ionize the
tightly bound electrons.

Since the depth scale is important for the scaling proper-
ties of the standard distribution, we have to consider a suit-
able length vnit for the comparisons between different pri-
mary energies and materials. The standard concept is the
range 7, determined by the intercept of the extrapolation of
the linear part of the distribution on the right-hand side of
the maximum with the horizontal axis, D(E,x,1) = 0 (Fig.
4).12 We have not used this extrapoiated range, even though
a well-defined quantity has been suggested by Everhart and
Hoff*:

rO:aoEiJS, (2)

where the primary energy F is in keV and a, = 4 ug/cm’.
However, Eq. (2) is an approximation only for 10 <« £ < 15,
and a practical determination of r, requires either a subjec-
tive estimate or a complicated procedure after the simula-
tion. This extrapolated range is different from the usual
range concepts as for example the mean penetration depth »
(Fig. 5} and the mean path length. The range distribution is
always deeper in the material than the energy-deposition dis-
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sition profile of 5-keV electrons incident on aluminum.
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FIG. 5. Mean penetration depth as a function of electron energy. The solid
curves show the range approximation from Table IL

tribution, because the range distribution is a sampling of the
termination points, whereas the energy-deposition distribu-
tion includes points from the entire trajectory. Therefore,
the mean energy-deposition depth 7y is always smalier than
the mean penetration depth. Since both quantities must be
caleulated, and in fact are quite similar apart from a constant
ratio, we have decided to use »;; as the unit for the depth scale
in the comparisons.

The mean energy-deposition depth #,. for a semi-infinite
target is described well by the approximation

rp =akE", (3)

where E is the incident energy in keV, and » and ¢ are con-
stants, characteristic for each material {Table II). Also the
mean penetration depth » may be approximated by a relation
similar to Eq. (3}. 75 is about 20% smaller than  for all
primary energies considered here. For the mean energy-de-
position depth at 1 keV « is well approximated by 61 x 10'°
atoms cm™ 2/Z except for hydrogen. This relationship is
demonstrated in Fig. 5 and in Table II as well. Essentially,
the dependence on the atomic number reflects that the stop-
ping power is proportional to the atomic number of the tar-
get material in this energy region.

The distribution of deposited energy is depicted in units
of the stopping power NS(E) rather than in the normalized

TABLE I1. Parameters of the exponential fit, Eq. {3}, to rand 7y vs inci-
dent energy data. The exponent # is a unitless constant and « is given in
units of 10'° atoms/cm?.

¥ vy

Material I3 a I a
H, 1.81 66.9 1.81 4R.8
N, 1.73 10.9 1.74 8.6
Ne 1.74 7.5 1.74 5.9
Al {70 6.0 1.70 4.8
Si 1.70 5.5 1.70 4.3
Ar 1.65 49 1.65 3.6
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units which, for example, Griin,® Berger and co-workers,’
and Everhart and Hoff® have applied. The reason is the ob-
vious advantage that the energy-deposition density at the
surface D(E,0,1) up to NS(E) is produced by the incoming
electrons, whereas the exceeding value D(E,0,1) — NS(E)
is caused by backscattered or secondary electrons.”®? As a
matter of fact, the step NS(E) at the surface was utilized by
Griin® for the experimental determination of the stopping
power. In the present work the values of the stopping power
are obtained from Gryzifiski’s cross section [Eq. (1)] as
described previously.

The existing data for the energy deposition of keV elec-
trons in solid hydrogen are scarce. In Fig. 6 the energy-depo-
sition profile is presented for 1-, 2-, §-, and 10-keV electrons
in the lightest element, solid hydrogen, and in Fig. 7 similar
profiles for a heavier material, silicon, are shown. The distri-
butions for solid hydrogen between 1 and 10 keV are quite
similar in units of #,, and NS(E), whereas the distributions
for silicon deviate more from each other. The values close to
the maximum increase as a function of the primary energy.
The increase is more pronounced for silicon and argon than
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FIG. 7. Standard energy-deposition profiles of 1-, 2-, 5-, and 10-keV elec-

trons incident on silicen.
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FIG. 8. Standard energy-deposition profiles of 1- and 10-keV electrons.

for sclid hydrogen but occurs also for heavier materials such
as copper at considerably higher energies.”” This shape de-
pendence on the primary energy is, of course, suppressed, if
the energy-deposition profile is approximated by a standard
polynomial, as, for example, the one from Everhart and
Hoff.* On the other hand, Fig. 6 shows that the distribution
in hydrogen for energies between 1 and 10 keV may be ap-
preximated by an average curve in the present units. Actual-
iy an average curve is feasible for silicon as well, but the
deviations are much larger for silicon than hydrogen.

The possibility of having one “universal” curve for ail
light materials is demonstrated by the curves in Fig. 8. Only
the distribution for hydrogen deviates strongly from those of
the others both at 1 and 10 keV. The distributions for the
other elements (7<Z<18) are similar apart from depths less
than »; at 10 keV. This similarity means that it would be
possible to approximate the energy-deposition distribution
for these elements by the neon or aluminum curves with an
acceptable accuracy. Consequently, the present units, 7 and
NS(E), allow us to evaluate one simple curve in analogy to
the standard curve from the work of Griin” or Everhart and
Hoff.> However, rather than offer an average distribution we
prefer to present approximations for all elements in the pres-
ent energy region, in such a way that the features of the
individual distributions are significant (Sec. VI).

The most striking difference for the distributions in dif-
ferent elements is illustrated in Fig. 8 for 10 keV. If we disre-
gard solid hydrogen, one notes that with rising atomic num-
ber the maximum value increases and the position shifts
towards the surface. The reason for both effects is the en-
hancement of the backscattering probability with the atomic
number, which means that the fraction of energy absorbed
near the surface is enhanced. Both irends have been demon-
strated by Spencer in the computations'’ as well.

Furthermore, the surface value D(E,0,1) increases with
the atomic number for the energies under consideration.
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Even the value for hydrogen fits into this pattern. The in-
crease is cansed, again, by the increasing backscattering
probability of electrons with the atomic number of the ele-
ments.

V. COMPARISONS TQ PREVIOUS RESULTS

We have compared our Monte Carlo simulations to
some of the most relevant experimental and theoretical re-
sults of other authors as weil as to other MC simulations.

In Fig. 9 the energy-deposition distribution of 5-keV
electrons in pitrogen is compared with experimental and
theoretical distribations in air. The MC distribution agrees
well with the lumninescence radiation meaurements by Griin?
for 3-keV primary electron energy in air. In the surface re-
gion our simulated values are slightly lower than others. Cur
results are also in good agreement with the fluorescence
measuremenis by Cohn and Caledonia®? for 2-5-keV elec-
trons in nitrogen gas (not shown in the figure}. These kinds
of measured profiles are very accurate estimates of the real
energy-deposition distributions and should be considered as
the most relevant data for comparison. The theoretical eval-
wation by Spencer'” for above 25-keV energies differs slight-
ly from the profiles of other authors at lower energies. How-
ever, it seems to be a general trend (Figs. 6 and 7 and Ref. 2)
that the profile becomes sharper and moves deeper into the
material with increasing energy.

Numerous Monte Carlo simulations have been per-
formed to investigate the energy deposition of electrons in
different materials. Berger and co-workers' have made a MC

{Ny O MC (5 keV)

14 [—Griin {5 keV)
44 Berger et al.
i1 e {5 kev)
X {12 ke £
---Spencer {25 keV

ENERGY DEPOSITION(NS(E})

4

1
Or— L
0.0 05
PENETRATION DEPTH

FIG. 9. Standard energy-deposition distribution of 5-keV electrons in solid
pitrogen and air along the surface normal. The energy deposition is plotted
in units of the stopping power and the depth in units of the practical electron
range 7, from Berger and co-workers (Ref. 1), Gur Monte Carlo distribu-
tion for 3-keV electrons in sitrogen is plotted so that nitrogen has the same
surface density (in units of g/cm®) as air in the experimental distribution
from Griin (Ref. 2) for 5-keV electrons. The dashed line is & theoretical
curve from Spencer (Ref. 17) and the crosses and circles are from the
Monte Carlo calculations by Berger and co-workers (model Bin Ref. 1) for
air.

T v 4 v Ll
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FIG. 10. Standard energy-deposition profile of 1-keV electrons incident on
nitrogen. The triangles denote our Monte Carlo calculations, the histogram
Monte Carlo results from Grosswendt and Waibel (Ref. 27), and the
dashed line experimental data from Barrett and Hays (Ref. 13).

calculation for air where the elastic collisions are handled on
the basis of the screened Rutherford cross secticn including
a spin-relativistic correction factor. The inelastic collisions
are treated by the continuous-slowing-down approximation.
Their results are in good agreement with our results. Only
the decreasing tail deep in the material is missing from their
distribution. The obvious reason is that they have used the
continuous-siowing-down approximation to describe the in-
elastic energy losses instead of the Monte Carlo sampling,
which is superior, and a simulation cutoff energy of 200 eV
compared to ours of 20 eV.

For 1-keV electrons incident on nitrogen the experimen-
tai and Monte Carlo energy-deposition distributions of Bar-
rett and Hays'® and Grosswendt and Waibel,?” respectively,
are in satisfactory agreement with our MC simulations (Fig.
10). Both of them are somewhat more spread out in nitrogen
than our distribution. Their ranges are also about 10% larg-
er than ours and the experimental ranges by Griin® and
Cohn and Caledonia.®” Grosswendt and Waibel®” have used
the screened Rutherford scattering cross section for elastic
collisions in their MC calculations. The Rutherford cross
section underestimates considerably the elastic coliisions at
keV energies® and therefore increases the penetration. In
addition to this reduction, Grosswendt and Waibel dimin-
ished the cross section by a factor of G.63 in order to obtain
an agreement with electron backscattering data on molecu-
lar nitrogen below 100 eV. This procedure is responsibie for
the low energy-deposition values compared to our results at
smali depths.

Our energy-deposition profiles in aluminum and silicon
are in qualitative agreement with the experimental data by
Everhart and Hof® for aluminum-silicon dioxide-silicon
multilayer target (Fig. 11). Our mean energy-deposition
depth is about 10% larger than their depth, but the distribu-
tions have the same shape. Everhart and Hoff evaluated the
energy-deposition profiles indirectly from the measured
charge-carrier generation in the layer of silicon dioxide as a
function of the incident electron energy. Furthermore, the
authors presented an energy-independent expression which
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FIG. 1. Standard energy-deposition profile of 5- and 10-keV electrons inci-
dent on aluminum and silicon. The triangles and circles are MC values for
aluminum and silicon, respectively. The solid and dashed lines indicate the
Everhart-Hoff profile for aluminum and silicon, respectively, derived from
the experimental aluminum-silicon dioxide-silicon data by Everhart and
Hoff (Ref. 3).

was supposed to cover the entire energy region from 5 to 25
keV. Therefore, our curve for 10 keV agrees better with the
Everhart—-Hoff profile than that for 5 keV.

Vi. GAUSSIAN APPROXIMATION

The standard energy-deposition distributions of elec-
trons in the studied materials have guite a similar skape. The
distribution differs slightly from those for heavier materials
only for hydrogen. Therefore, we present a parametrization
which primarily agrees with the distributions for heavier
materials. However, this parametrization can be a useful ap-
proximation also for hydrogen in many applications. Of
course, a more accurate profile for hydrogen can be obtained
by using Fig. 6 and Tables II and IV.

We approximate the energy-deposition distribution of
normally incident electrons by a Gaussian profile, written as

D(Ex,1) =AG(Ex), {4)

TABLE III Parameters of the exponential fit, Egs. (3) and (4), to r; and
s vs incident energy data. The exponent n is a unitless constant and ¢ is
given in units of 10'° atoms/cm?.

¥ TG
Material n a n o
H, 1.83 47.8 1.78 2.3
N, 1.78 6.5 1.71 6.6
Ne 1.80 4.2 1.7 4.8
Al 1.75 33 1.66 4.1
Si 1.74 2.9 1.70 33
Ar 1.66 2.5 1.67 2.9
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TABLE IV. The stopping power NS(E) {above), the stopping cross section (middle), and the surface value of the energy-deposition distribution D(E,0,1)
of the Gaussian fit {below) for 1-, 2-, 5-, snd 10-keV electrons. NS(X) and S(E) are given in units of eV atoms/. A and eV cm’/10" atoms, respectively, and
D(E.0,1) in the stopping power units | NS(E) ]. The values of D for hydrogen close to the surface deviate so much from the MC simulation that they are not

included in the table.
Energy H N Ne Al Si Ar
1 keV 0.2335 1.084 1.447 2.231 1.930 1.234
0.4361 2.448 3.109 3.701 3.862 4.569
1.572 1.736 1.836 1.899 1.893
2 keV 0.1384 0.673 0.902 1.425 1.243 0.814
0.2603 1.520 1.939 2.264 2.438 3.033
1.543 1.776 1.836 1.927 2.017
5 keV 0.0671 0.341 0.461 0.739 0.650 0.434
0.1263 0.770 0.991 1.227 1.300 1.617
1.477 1.739 1.947 2.041 2.095
10 keV 0.0384 0.198 03.276 0.436 0.384 0.259
0.0722 0.446 0.57% 0.723 0.768 0.966
1.464 1.681 1.950 2.078 2.241
Atomic density (A7) 0.053 0.044 0.047 0.060 0.050 0.027

where

G(E.x) = (1/4/2mog Yexp] — (x —r5)/20%]. (5)

ro (£} and o4 (E) are the mean depth and the standard devi-
ation of the distribution. A(£) is a material-dependent pa-
rameter that varies approximately as the primary energy.
A(E) is fixed by the normalization

f D(Ex\)dx=E—E, (6)
0

where £, is the average energy that is carried away by the
reflected electrons. r; (E) and o (E) are given in Tabie 111,
and 4(Z) may be determined from Table IV through the
relation D{(E,0,i) = AG(E,D). The Gaussian approxima-
tion can be applied for many distributions other than the
standard energy-deposition profile just by introducing a
proper constant 4 (rescaling). It was pointed out in Secs. I
and H that, for example, the ionization, excitation, and ener-
gy-transfer distributions are practically all similar. The stop-

ENERGY DEPOSITION (NS(E}}

DEPTH (Ie)

FIG. 12. Standard energy-deposition profile of 2-keV electrons incident on
hydrogen, nitrogen, and argon. The solid lines are fits of the Gaussian pro-
file to the MC distributions.
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ping power NS E} and the surface value of the energy-depo-
sition profile D(E,0,1) are presented in Table IV for all the
studied energy and material combinations. A Gaussian dis-
tribution has been suggested previously for electron probe
microanalysis at energies around 30 keV by Wittry.*

The mean depth and the standard deviation of the Gaus-
sian distribution increase as functions of energy similarly to
the mean energy-deposition depth [ Eg. (3)]. Parameters of
the fits of Eq. (3) to the r; and o, versus incident energy
data are presented in Table 111 Both for r; and o; the power
r decreases slightly as a function of atomic number of the
target material similarly as for r and 7, but is practicaily the
same in a given material for all the four parameters {Tables
11 and 111}. The value of & for both quantities depends more
strongly on the material. The mean depth r; is about 0.87,
except for hydrogen.

Apart from hydrogen, the Gaussian approximation de-
scribes the energy-depesition and associated profiles of keV
electrons in the studied materials, as well as in heavier mate-
rials,** very well (Fig. 12}.

The agreement between the Gaussian approximation
and the MC simulation demonstrates that it is possible to use
the scaling procedure

B(EX V) = (E/MA{x/F) {7

for an individual material, as long as the requirements of
accuracy are not too large. ris usually an extrapolated range,
e.g., that from Everhart and Hoff [Eq. (2)], and 4 a dimen-
sionless function of the ratio x/r alone. If the exponent n in
the expression for this r is close to that for ; and r,;, it means
that A is almost independent of the primary energy £. How-
ever, this feasibility of A for one material does not mean that
one may apply this material-dependent A4 for other elements
than neighbor elements with a fair accuracy. The variation
of the exponent »# with the atomic number is obviously so
strong ( Tables I and III), that a “universal” expression for
A cannot exist, even not for the lightest elements. Therefore,
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one has to regard the Everhart-Hoff profile® as a simple, but
not highly accurate, tool.

Vil. CONCLUSIONS

The spatial energy-deposition distribution of 1-10-keV
primary electrons are calculated for a number of light mate-
rials (1< Z<18) by Monte Carlo simulations. The elastic
scattering cross sections used from atomic Coulomb poten-
tials are sufficiently accurate in this connection. For inelastic
scattering processes we have applied model cross sections
which have been adjusted to agree with the existing stopping
power data, particularly with that of Bethe (about 10 keV),
The proper description of the inelastic scattering is crucial to
describe the electren slowing-down properties accurately.
Moreover, the Monte Carlo sampling is found to be supertor
to the continuous slowing-down approximation at the pres-
ent energies.

The ionization distributions of all electron shells, espe-
cially that of the least bound electron shell, are found to be
similar to the standard energy-deposition distribution. This
distribution can be described well by a Gaussian profile and
actually all the profiles, except for hydrogen, are almost sim-
ilar in units of the mean energy-deposition depth and the
stopping power. The mean depth of the Gaussian profiie is
about 20% smaller than the mean energy-deposition depth,
which in turn is about 209 smaller than the mean penetra-
tion depth. These depth parameters together with the stan-
dard deviation of the Gaussian profile have a similar energy
dependence r = aE ", where 1 is almost the same for the four
parameters, but decreases slightly as a function of atomic
number and « is a materiai parameter different for each
depth parameter. o and the depth parameters, in units of
atoms/cm”, are inversely proportional to atomic number of
the target material, which demonstrates the expected de-
pendence of the stopping power on atomic number. The cal-
culations show that the commonly used Everhart-Hoff pro-
file only has a limited accuracy for other elements than the
neighbor elements of aluminum and silicon.
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