Energy deposition in thin films calculated using electron transport theory
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In scanning electron microscopy and low voltage point-projection microscopy there is considerable
interest in estimating beam damage which can be related to the energy deposited in the specimen.
We derive an expression for the energy deposition using the electron transport equation and give
results for beam energies of 1-10 kV incident on 100 and 200 nm carbon films. The elastic
scattering was modeled using a Rutherford cross section and the inelastic scattering cross section
was derived from the Bethe stopping power equation. For the 100-nm-thick amorphous carbon film
90% of the incident beam energy is deposited in the sample at 2 keV, but at 6 keV only 20% of the
energy is deposited. The 200 nm sample exhibited a similar curve with 20% deposition occurring at
9 keV. Our calculations show the same variation with beam energy as reported experimental

results. © 1994 American Institute of Physics.

An electron beam striking a specimen interacts in a va-
riety of ways to generate signals that can give information
about the composition of the specimen. For thick samples
most of the beam energy is deposited in the sample, which
can lead to radiation damage. Radiation damage limits the
applicability of electron microscopy to sensitive biological
specimens, and there is therefore great interest in finding
experimental conditions that minimize damage. By contrast,
in the electronics industry beam damage is used in lithogra-
phy to define micron-sized areas in the production of de-
vices. The interaction of a low energy beam with a thin
specimen is also of great interest for new developments in
electron microscopy, particularly the point-projection
microscope.'2

Electron interactions in scanning microscope specimens
have been modeled using various simplified theories,>™
Monte Carlo methods®™® and the Boltzman transport
equation."~* An extensive review of many of these ap-
proaches has been given in the book by Reimer.!® The ad-
vantage of the transport equation method is that the explicit
analytic variation on various parameters can be explored.
The most serious deficiency of the transport equation is that
it can only be easily applied to simple slablike sample geom-
etries.

The energy deposition in an infinite medium was first
calculated by Spencer'® who solved the transport equation
using moments. Fathers and Rez" also published a calcula-
tion of the emergy deposition as a function of depth in a
semi-infinite slab of copper for 30 kV electrons. The results
were compared with the earlier work of Spencer. More re-
cently Valkealahti e al'” published Monte Carlo calcula-
tions of the depth distribution of energy deposition in a semi-
infinite medium for silicon, aluminum, and some light
element gases for electron energies between 1 and 10 kV. We
use the formalism of Fathers and Rez'>*> to derive expres-
sions for the energy deposited in a solid film. This energy is
the difference between the incident energy and that carried
away by backscattered and transmitted electrons. Numerical
solutions show that for thick films where the transmitted
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fraction is low, up to 90% of the energy of the incident beam
is deposited in the sample.

In the geomeiry of scanning electron microscope the
transport equation can be written as

dl(z,0.F)
0 -

cos
dz

=ff[a((),E;H’,E')I(z,G',E’)
—o(8',E";0,E)I(z,6,E)]sin 6’ d6' dE’', (1)

where I(z,6,E) is the flux per unit angle, per unit energy
range, o(6,E,0',E") is the cross section for scattering of an
electron at energy E, traveling in a direction specified by 6 to
a state in which the energy is £’ and the direction 8'. The
flux I(z, 6,E) can be defined in terms of f(z,6,E), the prob-
ability of finding an electron at energy E traveling in a di-
rection specified by 6,

where v is the electron velocity. The flux is therefore a mea-
sure of the number of electrons crossing unit area per second
with energy between £ and £— AE and traveling at angles
within a range A6 of 6. Following Fathers and Rez!>!® the
transport equation can then be converted to a matrix formal-
ism by making the angle and energy discrete variables (see
also Fig. 1)

dI(Z’ ei ’Em)
cos 8; —

=2 [0(6;,E ;3 6;,E)I(z,6; ,E,)
nj

—o(6;,E,;6,,E,)(z,0;,E,)]sin 0;do; dE,. (3)

Convergence can be achieved with 20 angle segments cov-
ering 180° and 10 energy steps. Equation (3) can be written
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FIG. 1. Schematic diagram showing specimen and coordinate system.

with the matrix in block form where (Iy.I,...) are vectors
representing groupings of the flux for the full range of polar
angles at a given energy,

00
I, A 0 0 o

I
d Il B A10 All 0 Il "
o A oAz L |L) @

dz | &
' 0

assuming electrons can only lose energy to the next lowest
energy level. The diagonal terms represent elastic scattering,
while the subdiagonal elements represent inelastic scattering.
If all elements of the flux are expressed as one vector, I, with
nXm elements where m is the number of angle segments in
180° and # is the number of energy segments, Eq. (4) can be
restated as

dl Al s

dz 7

where A is the general scattering supermatrix and the solu-
tion can be written as

I(z) =exp(Az)I(0)=V exp(Az)VI(0). 6)

Here V and A are the eigenvectors and eigenvalues of the
matrix, A. I and A can be partitioned into forward and back-
ward scattered components, thus giving

(IF(z) _(v1 VZ)(e“ 0 )(\q Vv, ‘l(lpm))
IB(Z) - V2 V1 0 eﬁ)‘z V?_ Vl IB(O) ’
™

Different problems can be treated by applying different
boundary conditions to Eq. (7). For example, the boundary
conditions for a film of thickness ¢ are

Ix(0)=1p
and
I5(0)=0. (8)

After some algebra the forward and backward scattered
fluxes, I, at depth z, in a film of thickness ¢ can be written as

Ig(z,6)=[(V, exp(—Az) V5 =V, exp[ —\(t—2)]V; 'V,
Xexp(—A)V; (1 —V; exp(—A5)V; 'V,
Xexp(—N)Vz )71 I,
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Ig(z,1)=[(V; exp(—Az)V; ' =V, exp[ -\ (—2)]V; 'V,

Y (—=MAV- N1 -V,
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- Avn(—k f\V:IV.
2 Vi eXpl—! Vs, ¥y

Xexp(—A) V7 171 I,. ©

The energy deposited in the film is given by the expression
Ep=2, (If(E;,0)~Ip(E;,0)~Ip(E;,0)E;.  (10)
i

The transport equation model explicitly assumes that the
solid is amorphous and that diffraction effects from coherent
elastic scattering can be neglected. Following Fathers and
Rez!>!® we use a screened Rutherford cross section for the
elastic scattering and derive an inelastic scattering cross sec-
tion from the Bethe stopping power18

dE (E,,+E,,_1)

U(gi’En—l;ez:’En)AE%_ 2

s (11)

The cross sections used in our calculations can be justified
because they give excellent agreement with experimental
electron backscattering yields and energy distributions as
well as Monte Carlo results for normal scanning electron
microscopy energies of 20-30 kv.1213

There are improvements to the cross sections which
could have been implemented for lower energies. In the elas-
tic scattering cross section, the Rutherford cross section can
be replaced, rather, by a cross section of the form

16 Z—f(AK))?

where f, is the x-ray scattering factor, a is the Bohr radius,
and Ak is the change in wave vector due to scattering. The
inelastic scattering cross section can be taken directly from
the measured energy loss spectra, appropriately scaled for
beam energy. Moreover, for electrons with energy below 1
keV there is the problem of electron exchange, which has to
be considered in the cross sections. Additionally, electrons at
energies below 300 eV are below the ionization threshold for
inner shell excitations. This might not be as serious a prob-
lem as one might suppose, since most of the contribution to
stopping power, i.e. the energy deposited per atom per path
length, comes from deep valence excitations with ionization
energies less than 100 ev.?

Figure 2 shows the energy deposited in 100- and 200-
nm-thick carbon films as a function of the normally incident
beam energy. Calculations with 16 angle segments in 180°
and 8 energy segments showed negligible differences from
results calculated with 20 angle segments and 10 energy
steps, indicating that the calculations have converged. These
results have the same functional form as shown by Howie for
a 23-nm-thick film of coronene, a carbon-based compound.20
Figure 3 shows the percentage of beam energy backscattered
and forward scattered from the sample. It is clear that when
the beam energy is large the majority of the electrons pass
through the thin film, as is expected. By our definition of the
energy deposited in the film, Eq. (10), this implies that most
of the electrons are forward scattered at small angles. Mul-
tiple large angle scattering would lead to longer path lengths
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FIG. 2. Energy deposited Ep, in 100-nm- (—) and 200-nm- (---) thick amor-
phous carbon films as a function of the incident beam energy E,,.

which means that more energy would be lost to the sample.
Here we see that the fraction of energy deposited in the film
goes to zero quite rapidly.

More interesting however is the low energy, 1-4 keV
region in which a substantial fraction of the beam energy is
imparted to the film. While the fraction of electrons back-
scattered is small (<15%) over the 1-10 keV region, the
fraction of forward scattered electrons increases dramatically
above 2 keV for the 100 nm case, and above 4 keV for the
200 nm case. In the low energy limit the sample is in effect
a bulk sample and backscattering then limits the energy de-
posited.

Perhaps the most important implication from these re-
sults is that for samples with thicknesses of the 100-200 nm
order, an electron beam of less than 3 or 4 keV will produce
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FIG. 3. As a function of the incident beam energy the left-hand scale shows
the percentage of energy forward scattered from 100 nm (—) and 200 nm
(——-) amorphous carbon films. The right-hand scale shoes the percentage
of energy backscattered from 100 nm (—-) and 200 nm (---) amorphous
carbon films.
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substantial energy deposition. This has serious consequences
for low energy electron microscopes that wish to avoid
heavy sample damage. Thinner samples should allow for the
use of electron beams without substantial energy deposition
down to the 3 or 4 keV energy range.

We have found that at very low energies (on the order of
1-2 keV) 100- and 200-nm-thick amorphous carbon films
behave very much like bulk samples. At these energies most
of the incident beam energy is deposited in the sample. For
the 100 nm sample as much as 90% of the beam energy is
deposited. When the beam energy is increased above 2 keV
the energy deposited drops off dramatically with 55% of the
beam being transmitted at 4 keV. By 10 keV over 90% of the
beam is transmitted. For the 200 nm sample 90% of the
incident energy is deposited at 2 keV. At 6 keV the energy
deposited has dropped to 45% and by 10 keV only 16% is
deposited while 85% of the beam energy is transmitted
through the sample. Though the data are from a much thinner
sample, we produce the same functional form as the experi-
ment. Both our results and those of Howie®® indicate that
below a certain energy a substantial amount of the beam
energy is deposited in the sample. The increase in the frac-
tion of backscattered electrons shows that a thin film behaves
as a bulk sample at low energies.

It is important to note that we have modeled a simple
thin film. Of interest is the condition of a thin film on a
substrate, which is more relevant to layers on a semiconduc-
tor substrate. It would be worthwhile to extend the formalism
to deal with this case and multilayer films.
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