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ABSTRACT

Electronic sputtering of volatile organic substances like decane and phenol have been
investigated in experiments recently. Some results indicate different formation conditions
for positive and negative molecular and cluster ions. The cbservations are explained by
applying electronic transport theory and elementary scattering theory.

INTRODUCTION

K. Wien presents in this volume his experiments about the temperature dependence
of PDMS spectra of light volatile molecules. These made use of the possibility to cool
samples in the spectrometer in a somewhat controlled way, a feature we had originally
intended to usc in obtaining spectra of frozen sediment samples from the Wadden Sea.
The new data of K. Wien, which are described in this volume contain considerable in-
formation about the dependence of electronic sputtering from outer physical conditions
for volatile organic samples. Of the many interesting and unexplained points, we selected
one interesting topic, which can be investigated on the basis of previous, more general
theoretic work. Electronic sputtering from a pure decane sample yields very different
positive and negative secondary ion spectra: while the positive ion spectrum shows quite
sharp peaks but nearly no cluster series, the negative ion spectrum contains a series of
very broad lines which can be assigned to multiples of the molecular weight.

A theory of jon formation requires hasic information about the physical conditions
which are formed in the desorption process and which determine the behaviour of the
molecules while being ejected. As an outcome of previous theoretical (still unpublished)
work we can provide more precise information about the dimensions of the regions which
are involved in sputtering, clectron and molecular temperature and the time scale of
molecular excitations. This theoretical background can be outlined only briefly; a detailed
presentation is in completion [1].
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Observations

Figure 1 shows positive and negative ion spectra at comparable conditions. The
coincidence of very broad lines and clustering might be interpreted in different ways:

o cluster ions can decay during acceleration (variation of mass during acceleration),

o clusters need a longer time for formation than molecular ions (variation of ejection
time),

» cluster ions are produced in molecule collisions in the gas phase (variation of kinetic
energy and mass).

The above observations can be completed by the results found in kinetic energy measure-
ments by Matthius and Meshammer [2]. It seems to be a very general phenomenon that
negative ions are ejected with lower velocities than positive ions.

Our theoretical explanation for these observations is that positive and negative ions
are produced from different spatial regions, the former from the inner ion track where
atoms are positively ionized, the latter from the outer ion track, where the slow sec-
ondary electrons are stopped. In later stages of the desorption mechanism electronic
transport of heat and charge causes an expansion of the excited zone and a partial equi-
libration of charge imbalance. Due to the transport properties of decane still at higher
electron temperatures (but below the ionization energy) the charges can stay separated
until molecules and clusters are ejected.

Note that this approach implies that ion pair formation does not contribute to the
ion vield. This assumption makes sense for the spectra observed here; we do not extend
it to samples with molecules which are used to show ion pair reactions (e.g. salts).

To give possible reasons for the experimantal observations from the theoretical point
of view, we need at first a short discussion of the processes which form the conditions of
lon sputtering,.

GENERAL PHYSICAL PRECONDITIONS
Elastic Scattering of Secondary Electrons

As discussed in many review articles, the impact of a #2Cf fission fragment causes an
energy deposition in the range of about 1 keV/A. Contrary to the conventional view of the
situation, where the electronic energy density in the ultratrack is assumed to follow a 7%~
law down to short distances [3, 4], we assume that a broader spatial energy disiribution is
formed. The reason is the elastic scattering of the secondary electrons with initial energies
of about 50 eV and below, which dominate the SE spectrum, and which havea short mean
free path in organic matter. The consequence of elastic scattering is that the motion of
the SE has a diffusive rather than a linear character, and the width of the spatial energy
distribution results from the distance they need to be stopped by inelastic scattering.

Flastic electron scattering cannot be neglected in condensed matter in the region
around the ion track. One can estimate its role from the elastic cross section, which can
be calculated as in the Lenz model [5, 6]. The quantum mechanical differential scattering
cross section ( proportional to the spatially Fourter—transformed potential} becomes
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Figure 1 Positive (top) and negative (bottom) PDMS-Spectra from a decane sample at -180 °c
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The screening parameter A is (owing to Thomas—Fermi-theory) taken as Z%3/ag. From

this formula one can derive a cross section o, for the deflection of a collimated beam of

clectrons by a target. o is defined by

A?Jz = Cl'g'n"n‘.A)DU2

(n 4=atomic density, D=target thickness) and gives
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Note that the total scattering cross section (giving the number of all scattering events)
scales with Z*/3, but @ is weighted with the momentum transfer proportional to A2,

The character of motion of an electron beam can be qualified by a dimensionless
parameter a = |{v)|/v which gives the relative contribution of “straight” motion. For an
isotropic velocity distribution, expected alter many scattering events, {v) = 0. From a
Boltzmann-equation applied to the distribution function for a single electron it follows
that

G = ~RATVE = —VQ

or — in terms of the total distance s, ds = vdt:
da = —na0ads

The mean distance of the electron to the place of its production is (R} = |{=}| = | [ {v}dt},
and AR? = {22) — ()" can be calculated from

_é%!; =2A(z - v) = 2[{z - v) — (=) (v}]
and
% B_A"%._U) = —vA(z - v) + Ov*

One can compare the action of elastic and inelastic scattering by using the energy
loss formula (which finally defines ds):

dF = —nacgpds

with - P
B 47r '10 Al
9F =~ log{ ZEQ)

(the {-value in this formula is approximated by Z Eg/2 which makes an error of some 10%
for lighter elements). Due to the different scaling with Z it becomes clear that elastic
scattering has a strong effect:
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scales with Z. Figure 2 shows the dependence of VAR?/{R) on the energy. Electrons
starting with a certain energy Fg (given in Ry units) lose a small fraction of £y until
the radius of the area they are distributed over exceeds their mean distance from the ion
track; very fast electrons never reach this point.

Relative Radial Width

O E~ 10

A O E= 20

2 A Ep~ 30

< O Eg= 6.0
vV E= 10,

1 0

E:]’ ¥ Egq
+ E~ 25
d Eg= 40,

0.0 ‘ 0.2 ‘ 0.4 l 0.8 I 0.8 I 1.0
(Eg-EV/E,

Figure 2 Change of Ar/(r} with decreasing energy (increasing (£q — E)/Fo). The
initial energies are given in Ry units.

Initial Distribution of Charge and Energy

There are two main contributions to the spatial distributions of charge and energy,
which are caused by direct of indirect action of the projectile. Clese to the path atoms
can be excited directly as they are ionized. The radius of this close excitation zone is
vy/wp where hwg is the mean excitation energy, here (where the projectile is relatively
slow) the ionization energy is 10 eV. From a plain wave Born approximation it follows
that the secondary electron spectrum is weighted like (£ + E;)™™ where n lies between
2 and 3 [7]. Within a radius of vywy (hwy=mean ionization energy) atoms are ionized;
this 1s the radlus where positive charges are concentrated initially. Secondary electrons
carry charge and energy into more distant regions, where they are stopped. We take
the respective radius from the mean SE energy which comes to about 30 eV for a #°2Cf
fission fragment on a decane sample (v, = 0.5vg). Electrons with this initial energy lose
90% of their energy within a radius of 50A. While this gives the width of the negative
contribution to the charge distribution, the SE contribution to the energy distribution has
a mean radius of 30 A (this is the distance where secondary electrons produced with the
mean energy have lost 50% of their energy).

The resulting distribution of charge shows a narrow peak in the center of the ton
track where positive ions remain alter the projectile has passed. The negative charge
contribution is a gaussian with a width of 50 A. Electronic energy is highly concentrated
in the close region and lhe SE contribution is distributed by a Gauss function with a
width of 30 A. This is the physical situation one femtosecond after the passage of the
projectile. About 50 charge units per A are removed from their initial positions, causing
a strong electrostatic field which is 90% screened outside a radius of 100 A by the stopped
secondary electrons.
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Diffusion of Heat and Charge

Scattering and stopping of secondary electrons happens within a very short time
(about 10 times the inverse Bohr frequency), while an excitation of molecular motion
requires at least multiples of the typical molecular vibration period (in the picosecond
range). This time gap is closed by thermal evolution of the electron system. Electronic
heat is distributed over a growing velume by diffusion, while at the same time energy
is transformed into molecular heat by electron-phonon and exciton-phonon coupling.
Both processes — diffusion as well as molecular and lattice coupling — decrease the
electron temperature and are thus competing processes. The conditions which are “seen”
by ejected molecules are a product of electronic heat diffusion with a time scale in the
picosecond range.

Gencrally, one may distinguish two stages in this diffusion phase: the first at a tem-
perature comparable to the ionization energy, when a “free-electron-plasma” determines
the transport behaviour. Once the temperature has decreased so far that only the lowest
levels are populated, the solid state properties come into effect. I'or ordered crystals,
conduction band and hole transport will still play a role; where an exciton spectrum ex-
ists, exciton diffusion will contribute to energy transport. The latter is strongly affected
by exciton self-trapping: where excitons couple strongly to the lattice, they are trapped
immediately and diffusion happens only by rare hopping events. This condition holds in
aliphatic solids, where in contrast to aromatic molecules, electronic states are localized to
single atoms or covalent bonds. Therefore effective heat diffusion is limited to a tempera-
ture comparable to the ionization energy, where the system hehaves like a plasma. Once
it has been cooled down so that the energy distribution “freezes”, the conditions for later
molecule sputtering are formed.

So we start with a large radial gradient of electron density and temperature. Con-
trary to earlier models we do not treat the return of the electrons in a ballistic way,
assuming that they carry their full potential energy inside the center of the ion track.
Even in organic solids the motion of electrons is limited by scattering, and generally in
solid bodies the energy they can get in an external field is limited to the band width.
Therefore electron motion must be treated by transport theory, as well as heat transport.

Diffusion is described by Fick’s laws

J. = —opgradn —a,rgradl’ — eS8 E
Jg = —oag,gradn —agrgradT — efgE

and the continuity equations

n = —divd,
E = —divJg—eJ,-E

The electrostatic field is connected to the electron density by
divE = 4dren

In the frame of a simple plasma theory the transport coefficients are calculated as
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1 1
Yo = gnM(v!ff) Yo = gnM(EUIff)

where f is the Fermi-function [exp{(E — Er)/T} + 1]7! and [’ its derivative f(1 — f).
Due to the short mean free path of slow “free” electrons for inelastic scattering, Iy is
taken as the lattice dimension. For cylindrical symmetry and axial translation invariance
(in z—direction)
E = 4rxeJ,
results, and thus
E = —47e’8,E + apa AE — dweapy grad T

This means that 4we?g, gives the inverse of a relaxation time constant 7g; when this
time scale has expired, the electron current has become negligible and the electrostatic
fields are compensated. The remaining electric field is then {for a classical, nondegenerate
electron gas)

grad T

e
and the charge per unit length associated with this field, o = dQ/dz (where E g = eo/R),
has the order of magnitude of T/e?, i.e. less than one per A when T is below 14.4 eV. 75
results from an effective plasma frequency as can be seen from its definition:

E=-

4r f(l — finae? mvff>~4irfn,462 [
m A 7

It was assumed that f < 1 and {v) = /2T /m. Obviously 7g increases with exp{ £y/T'}, so
the conditions for electron transport are principally different with respect to a temperature
larger or smaller than Ej.

In plasma physics the condition J, = 0 means that electron pressure and electro-
static fields are in balance. So g can be used to check if the initial charge separation
is important for ion sputtering. Immediately after the projectile has passed, T is less
than the ionization energy in the negatively charged region, while it is larger in the in-
ner excited region. When the inner excited zone expands, positive charges move along,
thus minimizing the electrostatic energy as far as possible that way. Electronic transport
comes to an end where the peak temperature gets below the ionization energy; diffusion
does not stop abruptly, but runs now as slow as the excitation of molecular motion. The
resulting distribution of charge is then the (nearly) unchanged negative contribution as
above and is gaussian for the positive charges with a width D which fulfills the condition

ToRo _
5=

As assumed in earlier models the motion of the electrons in the electrostatic field (equiv-
alent to a decay of that field) releases potential energy; since the respective process is
electron—lattice-scattering we assume that the molecular system is heated in that way.
The amount of energy transfered in that way is (per unit length)

7=

L

dAV = eo? log(%g)
1

where the positive charge is inside a radius R, before and R, after. In our case this gives
50 eV/A; note that this amount of energy is transported towards the center of the ion
track since the associated process is a drift motion of electrons back inside.
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In aliphatic solids all outer—shell electrons are involved in o-bonds. This means that
lattice (or molecular) forces are nearly always created where electrons are excited. The
respective exciton band widths are small, but the deformation energy is large as are the
phonon frequencies. Following Rashba, these are typical conditions for the formation of
“light” self-trapped excitons with a low self-trapping barrier. This means that excitons
are reapidly trapped, at a rate comparable to molecular oscillation frequencies (since the
required activation energy is small). This makes the case simple: one can assume that the
electron energy distribution in which T is less than the ionization energy, is the “final”
one; the one which produces the spatial distribution of molecular energy.

CLUSTER AND MOLECULE SPUTTERING AND BREAKING
Cluster Formation and Molecular Heat

The temperature dependence of PDMS spectra should be rather small, since the
energies deposited at each bend are large compared to the temperature of the lattice.
However, due to the change of the solid structure we still expect different support of a
shock wave. With increasing lattice temperature the compressibility of the material de-
creases as does its density. Both will decrease the shock transport effectiveness. However
this should be tested by motecular dynamics calculations. {See that section. )

We have estimated the sublimation of volatile frozen material starting from the
Clausius Clapeyron equation. However, since this stems from comparing vapour and
solid in equilibrium, one has to correct for vacuum by subtracting the vapour pressure
term. With realistic equations of state we find about the same resuits as for v.d. Waals-like
substances. That is, in terms of the critical temperature, pressure, and density, the rate
of sublimation rises most quickly at about .5 of the critical temperature of the respective
material. Thus this is a good estimate for the temperature at which the spectral lines for
the molecular ion should disappear in PDMS, as the sample is heated.

Aliphatic Molecule Fragmentation

For a first rough attempt to understand the fragmentation pattern of positive vs.
negative decane PDMS spectra, we made use of a new program, CRUNCH, written in
our group by K. Kruse and A. Dullweber. We assume the storage time of energy in the
molecules to be so short in PDMS, that each chemical bond gets its own energy share
independent of that of the others. This short time or entropic energy deposition is in
contrast to the more commeon thermal energy deposition, where over a much longer time
than the lattice oscillation times, relatively little energy is offered to each bond, favouring
the excitation of collective vibrations, leading eventually to breaking as well.

CRUNCH calculates the fragmentation pattern for a given chemical structure. For
the positive spectra, following the ionization arguments of the previous sections, we give
each chemical C-C bond the same breakup probability. Then the calculation yields
almost equal peak heights for all fragment lines. This is in contrast to the experimental
PDMS spectrum, which looks rather similar to the well known EI spectrum. Thus we
have to assume an internal excitation energy, which contributes thermally to breaking up
the molecule. In fig.3 we give the result for an assumed 'temperature’ of 0.2885 in the
expression w = ezp{—{pT)™"), for the breakup probabiltiy w, given by the reduced mass
of the fragment pair p and the parameter T'. This seems to give the best fit to the EI
spectrum (also shown in figure (3), as well as to the experimental PDMS data.

For larger T' the molecular line fades away, disappearing for T' = 500, and for lower
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T all fragment groups become more equal. For this simple model study we used C'H> and
' Hjy as building blocks.

We conclude that positive spectra indicate that the decane molecules are internally
excited hy PDMS5.

For the negative spectra we tried to starl from a lattice of Decane molecules. For sim-
plicity we assumed an idealized perfect 'threc-cluster’: each molecule has three v.d. Waals
type bonds to other molccules. If we assume a low internal excitation and set the PDMS
entropic breakup probabilitics to be inversely proportional to the direct breakup channel
level densities, giving for the C-C bond about 1/20th of the probability for a van der Waals
bond, we end up with a multimer series of peaks of slowly decreasing amplitude. Since
this resembles the experimental PDMS finding, it may be interpreted as an indication
that negative lons are internally colder than positive ions.
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Figure 3 PDMS spectruin by CRUNCH program (full lines} versus the
experimental El-spectrum (broken lines)

CONCLUSIONS

It is a strong simplification to assume that lon formation in electronic sputtering is
dominated by the charge separation which is caused directly by the projectile. Even for
samples with molecules (or atoms) which normally form ions in usual chemical reactions,
there is no need to exclude such effects when regarding jon desorption. There is, however,
not yet any clear evidence for direct ion pair formation as a source of sputtered ions. The
decane sample we investigated in this paper should clearly be free from such reactions,
except perhaps ions whick require much energy to be formed and are more exolic than
molecular ions and simple fragiments.

Despite the necessary restriction to our hypothesis on the current state of its de-
velopment one should point out some of its interesting aspects. If lons are formed when
the respective charge and electronic energy is in excess, this would be a natural expla-
nation for the rare observation of multiply charged ions, because mobile charges tend
to be distributed in a way that coulomb energy is minimized. This means that matrix
properties could be exploited by combining probe molecules for positive ion ohservation
with matrix molecules with a higher level density above the Fermi-edge, so that they can
keep the excited electrons. For negative ion observation the matrix should have a lower
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level density than the probe molecules to “offer” electrons to them.

The specific mechanism we described should also enable the use of plasma desorption
in cases where usual ionization methods fail because of the specific material properties.
The general behaviour of the sample would then be governed by its solid state (transport-)
rather than its chemical properties.
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