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Abstract.

A thin germanium crystal has been irradiated at GANIL by Pb beams of 29
MeV/A (charge state Qi = 56 and 72) and of 5.6 MeV/A (Qi, = 28). The
induced ion emission from the sample entrance surface was studied, impact per
impact, as a function of Qy,, velocity vy, and energy loss AE in the crystal. The
Pb ions transmitted through the crystal were analyzed in charge (Q.y) and
energy using the SPEG spectrometer. The emitted ionized species were detected
and analyzed in mass by a Time of Flight multianode detector (LAG).
Channeling was used to select peculiar AE in Ge and hence peculiar Pb ion
trajectories close to the emitting entrance surface. The experiment was
performed in standard vacuum. No Ge emission was found. The dominating
emitted species are H' and hydrocarbon ions originating from the contamination
layer on top of the crystal. The mean value <M> of the number of detected
species per incoming Pb ion (multiplicity) varies as (Qu/vin)’, with p values in
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agreement with previous results. We have clearly observed an influence of the
energy deposition AE in Ge on the emission from the top contamination layer.
When selecting increasing values of AE, we observed a rather slow increase of
<M>. On the contrary, the probabilities of high multiplicity values, which are
essentially connected to fragmentation after emission, strongly increase with AE.

I. Introduction.

When a swift heavy ion beam penetrates into a crystal parallel to a major
axis, most of the ions follow trajectories steered by the repulsive potential of
strings and, for not too large depths, their transverse energy Ep (kinetic plus
potential energy) associated to the ion motion in the plane perpendicular to the
beam direction (transverse plane) is conserved: particles are channeled [1].

Particles penetrating into a crystal very close to a string (at a distance of
the order of the thermal vibration amplitude), get a very high Eg value. They
suffer successive correlated elastic collisions with the target nuclei of the string,
that govern trajectories. They also suffer inelastic collisions on the target
electrons, mainly core electrons, leading, in the surface region, to a very high
energy loss dE/dx = S;,(Ep) which may be at least one order of magnitude larger
[1-4] than the stopping power Sg for a random orientation of the crystal (or for
an equivalent amorphous target). At a very short time scale (typically 1077 s),
the successive atoms of the string are highly ionized and, depending on the
kinetics of the crystal neutralization, these ions may repel each other, leading to
a Coulomb explosion of the string close to the surface. This could possibly lead
to a strong ion emission from the crystal for such high Ej incident ions. On the
contrary, particles penetrating into the crystal far from the rows (of low Ep),
suffer a small Si;,(Ep) value (typically Siy(Eg) = 0.4%Sg [3]) and ion emission is
expected to be much smaller than for high Ey values or for random incidence
conditions.

As will be shown in this paper, a precise Ep selection is achievable in a
transmission type experiment with a thin crystal by selecting the outgoing
charge state Q,, and/or the total energy loss AE(Q,y). However, for studying ion
emission from a crystal as a function of the energy loss close to the surface, an
Ultra-High Vacuum system coupled to a high energy heavy ion accelerator
would be necessary. Under such conditions, the residual contaminants would
have been reduced to adsorbate gases like H, or CO, [5].

The first stage experiment presented in this paper was performed under
standard vacuum in the SPEG beam line [6] at GANIL (Caen). We used a thin
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(100) germanium crystal and the beam was aligned along the [110] direction
(total path length 0.85 pum). Both faces of the crystal were unavoidably covered
by a thin disordered layer, containing essentially H, O, C and Ge atoms (see
below). In the last decades, numerous studies ([7-8]) were devoted to the
emission of organic compounds as a function of the beam charge state Qy, (i.e.
as a function of the energy loss rate), in particular when Qjy, 1s far from the
equilibrium charge state Qg in the solid. In the latter case, a fast variation with
depth z of Q towards Qe permits to observe the so called “depth effect” [7]
characterized by a mean depth <zg;> (typically 1-15 nm) within which the
interaction of ions with the solid has an influence on the surface desorption.

In the present experiment, for a given incident ion beam (i.e. given Qy,,
vin, charge changing cross sections), we use channeling in transmission to select
various energy depositions in the very near surface region of the Ge crystal
below the disordered layer: one of the main aims of our experiment is then to
study ion emission as a function of the stopping power Si,(Ep) in this region. As
already underlined, channeling allows to select S;,(Ep) values varying over more
than one decade. In the present experiment, Ge ion emission is not expected to
be the dominant process: ion emission is expected to originate from the entrance
disordered top layer. Note also that ion emission represents only a small fraction
of the sputtering yield Y (high proportion of neutral species) and may not be
representative of the overall emission.

Three lead ion beams (Z = 82) were used:

i) 29 MeV/A Pb™" and ii) 29 MeV/A Pb>®*. At this energy, the mean equilibrium
charge state Qq is very close to 72 (see table 1); iii) 6.5 MeV/A Pb*** (Qeq =
55). The random stopping power Sgeq of germanium at charge equilibrium [9]
for 6.5 MeV/A and 29 MeV/A Pb are close to each other (see table 1). 29
MeV/A Pb™*" and 6.5 MeV/A Pb*** ions being far from charge equilibrium, Sj,
differs markedly from Sgey, €ven in random geometry. Roughly one can assume
that S;, varies like (;,.= (Qin/vin)2 . One gets similar values for the Pb>®" and Pb***
beams (see table 1). The corresponding value is about 60% higher for the 29
MeV/A Pb™" beam.

In addition to the information brought specifically by channeling
measurements, the results obtained with the three different ion beams in random
geometry provide, like in previous studies [7], information on the dependence of
ion emission on Qy,, Vi, and on the trend towards charge equilibrium.

I1. Experimental conditions.

I1.1 Crystal
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The (100) Ge crystal, provided by the Aarhus University (Denmark), was
obtained by epitaxial growth on a Si crystal followed by electrochemical
dissolution of Si. In order to remove the defects induced by the lattice mismatch
at the Ge/Si interface, the sample was annealed under standard vacuum at 900 K
during 5 h. The Ge surface cleaning was performed using HF at 20% during 3
min [10-11] just before putting the sample into the vacuum chamber.

The surface disordered layer was chemically analyzed by Rutherford
Backscattering Analysis (RBS) and Nuclear Reaction Analysis (NRA) at the 2.5
MV Van de Graaff accelerator of INSP. We measured the quality of the crystal
and the absolute amount of Ge in the surface disordered layer using channeling
and RBS. The absolute amount of C and O was obtained using the C'*(d,p) and
0'°(d,p) nuclear reactions [12]. We found about 5x10" ¢cm™ C and O atoms in
the layer. The Ge surface peak observed in the RBS-channeling measurements
indicates that the Ge atoms displaced from crystallographic sites amount to
about 3x10"° ¢cm™. These atoms thus likely form a thin disordered oxide layer of
GeO; stoichiometry. The C atoms come from a hydrocarbon layer on top of this
oxide. The minimum RBS yield X, along [110], integrated over the whole
crystal thickness 1s 0.043, with a low 0.025 value close to the entrance surface,
indicating a good crystalline quality of our sample after thermal annealing.

I1.2 Experimental set-up at GANIL

The (100) Ge crystal was mounted on a 3-axis goniometer (see figure 1),
controlled with a 0.05 mrad precision. The crystal is tilted at 45° for [110]
alignment and its potential is + 8 kV relative to ground. The secondary electrons
ejected from the exit surface are accelerated towards a Micro Channel Plates
(MCPs) electron detector, set at +12 kV. Although the absolute electron yield
has been used previously by us to characterize the transverse energy of
channeled ions [13], this detector was here simply used to provide a START
signal for each ion entering the crystal.

The transmitted beam was analyzed by the SPEG high resolution
spectrometer (described in [6]). For each outgoing charge state Qo the
projectile energy spectrum G(Qou, Eou) was measured, with a 2x10 resolution.
Typical relative energy losses AE/E range from 3x10~ to 2x107.

A Time Of Flight (TOF) Multianode system, called LAG, located at 45° to
the beam and [110] direction, analyzes the positive ions emitted from the
entrance surface of the Ge crystal. It is provided with an accelerating grid close
to the crystal, set at -2 kV. This detector is made of a set of three MCPs
(O=42mm, geometrical efficiency 0.6) and of a 64 pixels anode array of 1600
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mm?® (MCPs detectors are used to deliver STOP signals). A similar detector with
256 anodes is described in reference [14]. With this detector located at 400 mm
from the target one measures the mass of the ions emitted from the target by
means of their time of flight, the number of ions emitted simultaneously and, if
necessary, the angular distribution of these ions. For each incident projectile, the
pixilated detector records the total number of impacts on the detector
(multiplicity M). The TOF detection efficiency for secondary ions in the mass
range from 1 to 300 a.u. is n, ranging between 0.44 and 0.49. This efficiency
accounts for the MCPs geometrical efficiency and the pixel structure of the
anode array [15]. The emission yields given throughout this paper are not
corrected for the detector efficiency and should not be considered as absolute
values.

The TOF measurement cannot give the axial velocity of the secondary
ions when emitted, but the angular distributions of the ions accelerated from the
target can be deduced from the 2D position spectra delivered by the multipixel
detector in coincidence with windows set on the TOF peaks [15]. The LAG
mass resolution varies from 0.1 to 0.25 atomic mass unit (amu), depending on
the mass and the detected species.

The GANIL beam intensity was kept very low, about 10° ions/second.
This permits an ion-by-ion analysis: Qqy, AE, emitted masses (and their 2-D
position on the LAG) are simultaneously recorded.

Ge crystal

(0.85 um) + 12 kV T

'\Aﬁg
“‘\ I_E
_L + 8 kV
Multi-Anode Time of ;|'7 SPEG Spectrometer
Flight Detector

(LAG) -2KkV

Pb®?" 10%s

Qout, AE

Figure I(color on line): experimental set-up

I11. Results

I11.1 Energy loss measurements in SPEG
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Energy loss spectra were recorded in SPEG for each Q. Typical energy
loss spectra are displayed in figure 2 for a 29 MeV/A Pb’*" beam. Here Qqu =
Qi = 72. In this figure, the direct beam and the energy loss spectrum for a
random beam orientation are compared to the [110] aligned beam spectrum
G(Qout = 72, AE)[110). The random orientation was set at 0.6° from the axial
direction, 1.e. at a much larger angle than the critical channeling angle (0.1°). For
[110] alignment, Qo = 72 represents 70% of the overall beam (and 30% for the
random orientation). The aligned energy loss spectrum is broad, reflecting the
various trajectories in the crystal. High AE values correspond high Ej ions that
enter the crystal very close to the [110] rows. The highest measured energy
losses correspond to more than 2 times the mean energy loss AER for a random
orientation. In fact, AE corresponds to the energy loss of the ions all along their
oscillating trajectories between the [110] rows. At the crystal entrance and,
depending on the oscillations, in a few places in the crystal bulk, ions interact
with the [110] rows at grazing incidence. In this region, the stopping power is
much greater than Si. But for most of their path, the ions travel rather far from
the rows, where the stopping power is smaller than Si. Hence, trajectories
leading to a total energy loss AE > 2AEg correspond to S;,/Sg much larger than 2
close to the surface: selecting AE 1n the G(Qoy = 72, AE)[11¢; distribution gives
access to variations of S; over a very wide range (typically one order of
magnitude).

Similar energy spectra were recorded for the three Pb ion beams used in
our experiment, together with the charge state distributions F(Qqy) of the
transmitted beam, in random and aligned geometries.

29 MeV/A Pb™ in Ge
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Figure 2 (color on line): Energy loss distribution of the transmitted ions as
measured by the SPEG spectrometer for a 29 MeV/A Pb”" incident beam:
direct beam (crystal target removed), energy spectrum of ions transmitted
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through the Ge crystal (0.85 um) for a random orientation of the crystal and for
the emerging charge state Q= Qi = 72, corresponding spectrum for the beam
aligned with the [110] direction.

I11.2 Ion emission measurements with LAG
I11.2.1) Mass spectrum

For each Pb ion impact on the target entrance surface, one measures with
the LAG the number M (multiplicity) and the corresponding masses m of all the
detected species consecutive to the emission of a positive ion. A mass spectrum
as measured by the LAG is shown in figure 3 for a 6.5 MeV/A Pb*" ion beam
incident on the Ge crystal randomly oriented. It was recorded for 53 < Qu < 57
(i.e. most of the transmitted beam; in fact the mass distribution is almost
independent of Q. in random and [110] alignment). As expected [16-18] a very
high H' yield is observed. Considering the isotopic composition of Ge and the
corresponding masses (around 72 amu), one finds that there is no evidence for
Ge ion emission. Thus the mass spectrum originates essentially from the
hydrocarbon top layer.

10000+ 6.5 MeV/A Pb™ on Ge -
(random orientation)

.
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Figure 3: mass distribution of ion species emitted by the entrance face of the Ge
crystal (random orientation) under 6.5 MeV/A Pb*®" bombardment as measured
by the LAG.

111.2.2) Multiplicity

For each Pb ion impact, the number M of detected ions in the LAG is a random
variable with possible values » = 0,1,2 etc..., associated probabilities P,, Py, P,
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etc... and mean value <M> = %, nP,. In our ion-by-ion experiment, for a given
bombarding ion, we may determine the P, associated to given Q. and AE
values. M corresponds here to the overall ion emission, whatever the emitted
mass. We may also measure the emission yield for given masses or group of
masses (light, heavy etc...)

a) Multiplicity mean value.

We have measured <M> in random and aligned geometries with very high
statistics. We have obtained the following results (see table 1) with no selection
on AE, and with Q,, in a range corresponding to most of the transmitted beam.

Ion Qeq Sreq La=(Qu/Vin) <M>g <M>110
Qin, Ein (keV/nm) (a.u.)

6.5 MeV/A 55 35 3.0 0.68 0.82
Pb28+

29 MeV/A 71.5 27 2.7 0.79 0.83
Pb56+

29 MeV/A 71.5 27 4.6 1.72 1.80
Pb72+

Table 1: mean equilibrium charge state Q,, (random orientation), equilibrium
random stopping power Sgeq [9], stopping parameter {, = (Oi/vi)’ (see §I;
here vy, is expressed in Bohr velocity unit), multiplicity mean values for random
(<M>g) and aligned (<M>[1,9;) geometries.

We observe that <M> depends on the crystal orientation but that this
dependence is weak. Moreover, <M> 1is larger in the aligned geometry. This
paradoxical feature will be discussed in section IV. <M> depends on the ion
beam energy Ej, (velocity vi,) and charge state Qy,. One finds that <M> scales
approximately as (Qin/vin)’. If one assumes that the stopping power S, for these
ions scales as (.= (Qin/vm)z, <M> is found proportional to Sinl's .

For a random orientation and the three ion beams, we have also measured
the mean ion emission yield as a function of the mass m of the ejected species
<M(m)>. One finds that <M(m)> depends on the stopping power approximately
as S;. For very light masses m, one finds p = 2 to 3, whereas for very heavy
masses, p = 1. Such differences were already pointed out in the literature [7],
although desorption of surface adsorbates - which may be more weakly bound -
may not be comparable in a straightforward way to high molecular weight
organic layers. Detailed results on <M(m)> will be presented in a forthcoming
publication.
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b) Multiplicity distributions

As already indicated, the multiplicity mean value depends only very
slightly on the crystal orientation. In fact, one of the main results in our
experiment concerns the probability P, associated with large multiplicity values
(large n). Figure 4 gives the P, distribution in random and in aligned geometries
for 6.5 MeV/A Pb**" incident ions. Thanks to the coincidences with SPEG, in all
cases a background arising from ions impinging the grid could be suppressed.
As for <M>, the random and [110] distributions are relatively close to each other
at small n values. However, for n > 6, P, is about two times larger for [110] than
for the random orientation. This has little consequence on <M> since the
corresponding P, are small. Note that for the channeled beam (filled squares),
there is here no selection on Q. or AE. Among all the channeled ions, we now
select two groups of particles:

i) The 1ons transmitted with high AE (AE > AEgR) and with high Qg values (in
the range 55 < Qo £ 57 corresponding to the charges detected in random
orientation conditions). These ions are representative of the ~ 5% ions with the
highest Ep in the transverse plane, i1.e. that enter the crystal close to atomic
strings.

ii) The 1ons transmitted with low AE and low Quu (38 < Quu < 41). They
represent 4% of the transmitted beam and correspond to the best channeled ions
in the beam.

With these two extreme selections, the channeled curve (filled squares)
splits in two very different curves. First of all, the mean value <M> is nearly 5
times higher for the high AE than for the low AE selection. More strikingly, for
n > 5, the probabilities P, are nearly two orders of magnitude larger for the high
energy loss trajectories (open squares) than for the low energy loss one (open
circles). Moreover, also for high n, the P, associated to high losses in [110]
aligned geometry are one order of magnitude larger than for the random
orientation. Note that for all these curves, the energy deposited in the disordered
top layer is the same: the ion emission yield depends very strongly on the energy
loss in the Ge crystal substrate, i.e. a depth effect does exist and extends over
depths zy larger than the disordered layer thickness. However, the mechanisms
involved here in channeling geometry, may be somewhat different from the one
involved in the depth effect described in [7] for a random geometry and large
emitted molecules.
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Figure 4 (color on line): Probability P, for 6.5 MeV/A Pb*®" ions incident on
the Ge crystal. The distributions are normalized to unity.

¢) Multiplicity mean value and energy loss

The results on <M> given above in §111.2.2.a) were obtained without any
selection on AE or Q. We have studied the variations <M(AE)> of the
multiplicity mean value as a function of the total energy loss AE of the ions in
the crystal. In particular (see figure 5), for the [110] energy loss spectrum of
figure 2 (29 MeV/A Pb™"), <M> varies linearly from 1.3 to 3.7 between the

lowest (0.3xAEg) and highest (2.5%XAER) AE values. This variation of <M> with
AE is steeper than one could have expected when considering the very small
influence of channeling (see table 1) when no selection on AE is applied. On the
other hand, as discussed in §III.1, to the lowest AE/AEgx = 0.3 value may
correspond S;,/Sg close to 0.3 at the crystal entrance, but for AE/AER = 2.5, one
may expect a much higher S;,/Sg ratio, of the order of 10: the variation rate of
<M> with S;, 1s thus about 3 times smaller than the variation rate of <M> shown
in figure 5.

10
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Figure 5 (color on line): Multiplicity mean value as a function of the total
energy loss AE in the Ge crystal for 29 MeV/A Pb”" incident ions (energy loss
bins are selected in the [110] energy loss distribution of figure 2).

IV Analysis, conclusion and further developments.

The experimental results presented in Figure 4 and 5 are related to the
dependence of the ion multiplicity M of emitted molecules from the target
surface with the energy OE;, deposited “close to the surface” by the incident
ions. The probability for the emitted particles to be ionized is dependent on the
species. Therefore, M may be not representative of the overall emission
(sputtering yield Y or total mass emitted per incident ion impact).

We have varied OE;, using two very different approaches:

A) by changing the ion velocity vy, and its charge state Qi,. With this approach,
we vary the “local” contribution OEj, in the surface disordered layer (from
where the ions are emitted) together with the “distant” contribution dEg. from
the crystal substrate, OE;, = OEj,. + OEg. (a 70% variation of OEy, is achieved, see
(in In table 1,).

B) in channeling geometry, for given Qj, and vy, by selecting special trajectories
in the crystal through a selection of AE and Q. values. Here, OE,, is kept
constant and OEg, is varied (typically by one order of magnitude). The specific
contribution of OE;,, to <M> may be estimated from curves such as that of figure
5, by extrapolating <M> at zero substrate total energy loss (for example,
<M(OEge = 0)> is close to 1 in figure 5).

All our experimental results show a rather surprisingly slow dependence
of <M> as a function of dEge when using procedure B), (in particular, see figure

11
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5, at high dEg. when <M> is essentially governed by OEg.). On the contrary,
when using procedure A, we find a (Qu/viy)® dependence for <M> in agreement
with the literature. Another striking feature (see table 1) is that <M> increases
when the incident beam is channeled. Finally, when considering the shape of the
distribution of M, the probabilities P, for high n (typically n >5), are small, but
(see figure 4), they exhibit remarkably strong dependences with OEg,.

However, all these results suggest that the parameter M, as measured by
the LAG detector, represents only one particular aspect of very complex
processes. M is related to the total matter emitted per impact through complex
physical processes: the (small) probability for an emitted molecule to be 1onized,
the probability for that molecule to be excited (electronic and vibrational
excitation) and to break into two or more fragments, ionized or not, the distance
from the accelerating grid where fragmentation occurs (related to he mean life
time of the excited molecule) etc...

The mass spectra measured by the LAG exhibit a continuous background,
which is the signature of fragmentation of large mass molecular ions. When
fragmentation occurs between the target surface and the grid, the TOF analyzes
a hypothetical mass which is neither that of the fragment nor that of the parent
molecular ion. Indeed, the mass spectrum when conditioned by large M values
exhibits mainly this background of undefined masses. Moreover, we have
assumed that the LAG efficiency n is constant, which may not be the case for
low velocity fragments (see §11.2). The observed differential effect involving
enhanced fragmentation probabilities (see fig. 4) may hence be underestimated.

Keeping in mind the above considerations, one may analyze the
experimental results as follows.

a) Our experimental results confirm the existence of a “depth effect”. The
relative influence of this effect as compared to the “local effect” (energy
deposited very close to the emission location) depends on the energy loss below
the sputtered layer. This dependence can be studied using the channeling
technique over a wide range (from values of dEg, about twice smaller up to ten
times larger than the energy deposit in random geometry).

b) 1t may be shown using Monte-Carlo simulations, that for the Pb aligned
beams, the mean value <OEg. >110) of the energy deposited close to the crystal
surface, averaged over all the ions of the beam and over a few tens of
nanometers, is typically of the order of 0.9X<®Ege >randgom. The fact that <M>
increases slightly when changing from random to [110] alignment shows that
the small fraction (10 to 20%) of ions with high S;, (grazing trajectories with
respect to [110] rows) do more than to compensate the lowering of the
multiplicity associated to the 80-90% ions experiencing low S;,.

12
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¢) We consider now the M distributions of figure 4 obtained for [110] alignment
with AE selection (open circles and open squares). The increase by nearly two
orders of magnitude of P, for high n values when changing from very low Ej to
high Eg is the signature of the dominant role of fragmentation at high M and of
the very steep dependence of excitation of primary emitted molecular ions with
Sin-

In order to get more insight into the relation between ion emission and
energy deposition, several studies, not presented here, are in progress:

i) Study of the ion emission yield for given emitted species (with given mass m),
in particular, mass peaks that receive no contribution from fragmentation (no
background). Preliminary results show, as expected, that for well identified mass
peaks, the ion emission yield varies more slowly with AE than when considering
the whole emission yield.

ii) Study of the overall well identified ions emitted per ion impact (i.e. with no
background of unidentified masses).

iii) Monte-Carlo simulations of the ion trajectories in Ge in order to relate the
energy OEg. deposited close to the entrance surface (or Sy,) to the total energy
loss AE as measured by SPEG. Using such simulations, one might directly relate
<M> in figure 5 to (OEge + OEjy) rather than to AE.

iv) Detailed analysis of the influence of the variation of the charge state of the
incident ions with depth, Q(z), for Pb*®" and Pb™**. The analysis may also be
performed with the help of Monte-Carlo simulations.

Further experiments in Ge or other materials could also bring valuable
information:

v) Study of the ion emission as a function of the angle between the beam and the
axis direction. In such experiments, the spatial repartition of OEg. close to the
surface is varied as a function of depth z (the flux map is varied). This may give
access to the depth scale z; contributing to surface emission (in the literature [7],
information on the "depth effect” was obtained through the variation of Q(z) in
the solid; here Q may be kept constant).

vi) Study as a function of velocity for two ions with the same energy loss rate in

random conditions but with “low” and “high” velocities (on opposite sides of the
maximum of the stopping power curve S(v)).

13
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