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The basic physical mechanisms of damage formation in semiconductors due to swift heavy ion (SHI)
irradiation are not yet fully understood. In the present paper damage evolution and the formation of ion tracks
during SHI irradiation in InP, InSb, GaAs, GaP, and Ge are investigated for irradiation with Xe or Au ions
having specific energies ranging from about 0.8 to 3 MeV/u. Based on these experimental results and those
obtained by other authors for cluster-ion irradiation of InP, GaAs, Ge, and Si, extensive calculations were
performed in the framework of the thermal spike model. As we published previously, the model was extended
to correctly treat processes being specific to semiconductors. Additionally, the computer code was modified to
perform calculations for cluster ions too. The calculated track radii are compared with those measured for the
various irradiation conditions. Thereby, one unknown parameter in the calculations was determined by fitting
one data point. With this procedure a very good agreement between calculated and measured track radii is
obtained for InP, Ge, and Si irradiated under various conditions. This implies that the extended thermal spike
model is well capable to explain track formation in SHI irradiated semiconductors. Furthermore, special
experiments were performed, the results of which also support the thermal spike model of ion track formation
and contradict competing mechanisms such as Coulomb explosion, shock waves, or lattice relaxation. Thus,
visible (amorphous/heavily damaged) ion tracks occur if the electronic energy deposition per ion and unit
length clearly exceeds the threshold value necessary for melting. This is possible for elemental ion irradiation
of InP and InSb. In Ge and Si (and probably also in GaAs and GaP) the energy deposition necessary for
melting is that high that it cannot be reached by elemental ion irradiation. Moreover, at least in InP and GaAs
ion tracks can be formed also in a subthreshold irradiation regime if the material is predamaged. This suggests
that the existence of point defects and clusters of point defects in the crystal lattice noticeably increases the
electron-phonon coupling efficiency, resulting in a more efficient energy transfer to the lattice. Within the
thermal spike model, this means that for a given electronic energy deposition in the predamaged crystal a
higher temperature is reached than in the perfect one.
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I. INTRODUCTION

In the last decades ion implantation into solids has
evolved into a powerful and well established technique
widely used to modify various physical properties of materi-
als in locally defined regions. In particular, irradiation of
solids with very fast projectiles (having energies within the
megaelectron volt or even gigaelectron volt range) leads to
many spectacular effects not specific to irradiations with
much less energetic ions. To study the effect of fast ion bom-
bardment on structural modification in various materials is
thus not only of interest for the formation of nanotubes
within the target matrix, for instance, but also in connection
with the use of semiconductor devices under extreme condi-
tions, as, e.g., in space or in the vicinity of particle accelera-
tors or nuclear reactors.

Four main competing mechanisms of the damage forma-
tion in solids due to high electronic energy deposition are
discussed in literature. These are Coulomb explosion,l’4
shock waves,>” lattice relaxation (also called “athermal
melting”),810 and inelastic thermal spikes'!~!> dating back to
Dessauer,'¢ and Seitz and Koehler.!” Due to the complexity
of all energy relaxation processes involved, all four models
are subjected to criticism. However, among them the thermal
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spike model seems to be the most elaborated one; further-
more, currently it is the only model being able to provide at
least approximate predictions on ion track formation in nu-
merous conducting and nonconducting targets.

The thermal spike model suggests that the electronic en-
ergy is transferred to the lattice via various processes of
electron-phonon coupling, which leads to an increase in the
lattice temperature. If this increase surpasses the melting
point, the material can melt and the following fast cooling
down of the molten zone can freeze the resulting damage in
and thus leave an ion track behind.

No experimental results available in literature directly
prove that a fast heavy ion passing through matter causes a
local melting of the target material at the ion path and close
to it. As a rule, the resulting effects (e.g., various phase trans-
formations in simple or layered structures, or modifications
of the existing surfaces and interfaces, etc.) are registered
and measured on a time scale that is incommensurable with
the characteristic time intervals of the basic processes being
the first cause of the changes observed. (The “microscopical”
or “nanoscale” processes triggered by a fast ion penetrating
the matter usually do not last longer than 107'* to 10710 s,
whereas the conventional methods, such as Rutherford back-
scattering spectrometry (RBS), transmission electron micros-
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TABLE 1. Selected basic and thermal properties of InP, InSb, GaAs, GaP, Ge, and Si at 300 K.

Property/material InP InSb GaAs GaP Ge Si
Structure Zinc blende Zinc blende Zinc blende Zinc blende Diamond Diamond
Space group F43m F43m F43m F43m Fd3m  Fd3m
Lattice parameter a; (nm) 0.587 0.648 0.565 0.545 0.566 0.543
Mass density (solid) p, (g/cm?) 4.79 5.32 4.13 5.32 2.33
Mass density (liquid) p; (g/cm?) 5.1 5.71 4.6 5.6 2.57
Atomic density N, (10?> cm™) 3.96 2.94 442 4.94 4.40 5.00
Nature of energy gap Direct Direct Direct Indirect Indirect  Indirect
Energy gap E, (eV) 1.34 1.42 2.27 0.66 1.12
Thermal conductivity [W/(m K)] 72 55 110 58 148
Specific heat C,, [J/(g K)] 0.31 0.20 0.33 0.43 0.31 0.65
Melting point 7,, (K) 1335 800 1513 1730 1210 1683

copy (TEM), secondary-ion-mass spectrometry (SIMS), op-
tical ones, etc., demand many orders of magnitude larger
time spans for collecting a spectrum or acquiring an image
even if applied in situ.

Nevertheless, some observed effects support the idea of
the local melting indirectly. One of such effects is the well-
known intermixing in layered structures by swift heavy ions
(SHISs)."8-24 It was shown that the mixing takes place only if
the electronic energy deposition per unit length, &,, exceeds a
certain threshold value (above threshold regime) that is de-
termined by the more radiation resistant material of the cor-
responding structure.'® The last conclusion gives a clear in-
dication that an efficient intermixing occurs only if both
sides of the interface are locally molten by SHIs. Further-
more, for all experimental conditions favoring the intermix-
ing (its efficiency is primarily dependent on the ion energy
loss and on the irradiation temperature) the effect is gov-
erned by very efficient interdiffusion of the constituent
atoms.?>?* This diffusion is too fast to be ascribed to solid-
state processes, because the respective diffusion coefficients
(from about 107 to 1072 cm? s7!) are several orders of mag-
nitude larger than the solid-state ones. In fact, such diffusion
coefficients are characteristic to liquid state diffusion, which
supports again the idea that the interface mixing results from
the transient interdiffusion in the molten tracks of the SHIs.?

In this paper we present experimental and theoretical re-
sults on the formation and accumulation of radiation damage
in various semiconductors due to fast heavy ions. Further-
more, one of the main purposes of this study was to check
whether local melting of the target material within the tracks
of fast ions occurs, and thus to determine which of the four
mechanisms of the damage formation mentioned above is
responsible for the track formation in the studied materials.

II. EXPERIMENTS

We have used (100)-oriented single crystalline mirror pol-
ished wafers of InP, InSb, GaAs, GaP, and Ge bought from
the CrysTec company. All wafers were nominally undoped.
Only in the case of InP some of the samples were doped with
S or Cd during the crystal growth resulting in n or p doping

of the substrate, respectively. Some selected basic and ther-
mal properties of the investigated materials are presented in
Table I. The table data are from Refs. 26-30. The wafers
were cut into pieces (typically from 5X5 to 8 X8 mm?
large), and the samples were then irradiated at the Hahn-
Meitner-Institut with 390 '*Xe2'* or 593 MeV *’Au*"* jon
beams either at room temperature (RT) or at liquid nitrogen
temperature (LNT) (77 K). The irradiation conditions are
briefly outlined in Table II. Ion-beam scanning was used to
irradiate the whole sample surface in a uniform way. In order
to prevent heating of the samples during the irradiations, the
samples were mounted to the sample holder with silver paste
giving a good thermal contact between them. Additionally,
0.8 wm thick aluminum (Al) foils were placed in front of
some samples to bring the projectiles into the mean equilib-
rium charge state. As follows from the SRIM-2003
calculations,?! in this way the fast Xe and Au ions mentioned
above were decelerated by about 15 and 20 MeV, respec-
tively, resulting in 375 MeV Xe and 573 MeV Au beams.
Several samples of InP were also irradiated with 593 MeV
Au ions through a 20 um thick Al foil resulting in a 150
MeV Au ion beam. Furthermore, in order to check whether
existing lattice disorder has influence on the radiation dam-
age formation, some GaAs samples were predamaged prior
to the SHI irradiations. The predamaging was performed by
means of implantation of 600 keV Ge ions at LNT. The
respective calculations with the SRIM-2003 code®' show that
the predamaged layers reach depths not larger than 500 nm.

In order to analyze the samples, mainly three experimen-
tal methods were used: Rutherford backscattering spectrom-
etry combined with the channeling technique (RBS/Ch),
TEM, and SIMS. As a measure of the relative concentration
of damage within the irradiated layers, the difference in
minimum yield Ay, was taken. It is determined from the
channeling RdBE spectra as a function of the depth z by
M@= 52505 0 where VL) and V()
are the RBS yields of the aligned spectra (unirradiated virgin
and irradiated samples, respectively); Y uniom(z) is the yield
measured in random direction. Assuming a random distribu-
tion of displaced lattice atoms within the lattice cell, the
depth distributions of the relative concentration of displaced
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TABLE II. Performed fast ion irradiations. lon energy E, range of ion fluences N,, irradiation temperature
T, electronic (g,) and nuclear (g,) energy loss, and number of displacements N, per ion and unit path length.
The values of ¢, &,, and N, were calculated with the SRIM-2003 (Ref. 31) using mean displacement energies
E; of 8.0 eV for InP (Ref. 32), 7 eV for InSb (Ref. 33), 9.5 eV for GaAs (Ref. 34), 16.5 eV for GaP (Ref. 35),

and 20 eV for Ge (Ref. 36).

Material Ion E N, T, g, &, Ny
(MeV) (cm™2) (keV/nm) (keV/nm) (nm™)

Xe 375 8.4x 10" RT 21.4 0.046 1.5

Xe 390 3x10'1-3x10“  RT, LNT 21.5 0.044 1.4

InP Au 150 5x10'1-2x10"? RT 18.8 0.275 7.5
Au 573 1x 10" RT 28.9 0.082 2.6

Au 593 1x10"-1x 10" RT 29.1 0.078 2.5

InSb Au 573 5% 10'0-5x 101 RT, LNT 30.2 0.103 43
Au 593 5%100-5x 10" RT 30.4 0.100 4.2

GaAs Au 573 5%X10°-1x10>  RT, LNT 33.2 0.095 3.5
Au 593 1x103-3x10" RT 333 0.091 34

GaP Au 573 1X10'? RT 29.1 0.082 1.3
Au 593 8 x 10M-5x 10 RT 29.3 0.079 1.2

Ge Au 593 5x10"-3x 10" RT 32.8 0.105 1.5

lattice atoms, ng,(z), were calculated from the measured
Axmin(z) values. These calculations were performed using
the DICADA code?” that is based on the discontinuous model
of dechanneling. In the following the relative concentration
of displaced lattice atoms, n4,(z), is referred to as “damage
concentration” for short. In all cases the values of ny, re-
ported in this paper correspond to a depth of 200 nm.

Furthermore, some samples selected on the basis of the
RBS results were additionally studied using TEM. The TEM
investigations were performed using a JEOL JEM 3010 in-
strument operating at 300 kV. The thinned (electronically
transparent) samples for TEM were prepared by means of
chemical etching performed prior to SHI irradiations. The
etching technique used saves much time and effort so as to
allow thinning of many samples simultaneously; further-
more, it makes unnecessary such common steps as mechani-
cal polishing and final ion-beam milling.

In order to prove whether fast heavy ion irradiation of
semiconductors leads to local melting of the target material,
we performed SIMS studies of the intermixing of layered
structures. As already mentioned in Sec. I, such experiments
are potentially capable to provide important information on
the local melting of the target matter inside the ion tracks.
For that purpose, two GaAs and InP samples were covered
with thin (tens of nanometer) metallic surface layers by
means of vapor deposition. Because the respective threshold
(minimum) value of &, to trigger the intermixing is deter-
mined by the less sensitive material,'® it is reasonable to
select a material with a low radiation resistance. According
to Refs. 38—40, such metals as Ti, Fe, Co, Zr, and Bi are the
most sensitive ones with regard to fast ion irradiation. There-
fore, they are the best candidates. Taking further into account
the respective melting points (Ti: 1933 K, Fe: 1808 K, Co:
1768 K, Zr: 2125 K, and Bi: 545 K), Bi seems to be the best
choice. Therefore, we prepared Bi/GaAs and Bi/InP layered
structures by means of vapor deposition of Bi onto the GaAs

or InP substrates, respectively. Afterwards, they were irradi-
ated with 593 MeV Au ions up to a fluence of 5
X 10'* ¢cm™2 at RT. Finally, both the unirradiated and SHI
irradiated layered structures were investigated by means of
SIMS. The SIMS studies were performed by using a Cameca
IMS-4f facility with a 12.3 keV O3 primary beam.

III. EXPERIMENT RESULTS

A. Comparative study on the efficiency of radiation damage
formation and accumulation

Figure 1 shows fluence dependences of the damage con-
centration, ng,(N;), formed by 593 MeV Au irradiation of
InSb, InP, Ge, GaP, and GaAs at RT. One can see that the
irradiation leads to efficient damage formation in InP and
especially in InSb. It is worth mentioning that only four ex-
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FIG. 1. (Color online) Relative concentration of damage, ng,,
taken at depth of 200 nm versus ion fluence N,;. The experimental
data are for InSb, InP, GaAs, GaP, and Ge irradiated with 593 MeV
Au at RT. In all cases the data points can be fitted by sigmoid
curves, which are plotted in the figure.
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FIG. 2. Bright field PV-TEM images of virgin InP samples irradiated at RT with either (a) 375 MeV Xe up to the ion fluence of 8.4
X 10" em™2 or (b) 573 MeV Au up to the ion fluence of 1 X 10'" c¢cm™. In both cases the InP samples were tilted off the (100) axis in the

microscope.

perimental data points are presented for InSb in Fig. 1. The
reason for that is that at ion fluences above 5X 10'! cm™ a
friable surface layer is formed that can be easily scraped
away; therefore, reliable data on ny, cannot be retrieved from
the respective RBS spectra. We believe that such a modified
surface layer stems from a three step process. First, a heavily
damaged and partly amorphized surface layer is formed due
to large electronic energy deposition by the fast ions. That
amorphization is not the final stage of the ion induced lattice
damage in InSb in the region of nuclear energy deposition as
it was shown nearly 30 years ago.*! With ongoing irradiation
this disordered layer is gradually transformed into a porous
layer (as observed previously, e.g., in Ge by Huber et al.*?
and in Si by Hedler and co-workers***%). Also in Ge the
formation of porous regions was observed after low-energy
heavy ion irradiation at high ion fluences (see, e.g., Refs.
45-47). Finally, the thermal outflow of the deposited energy
from the surface into the bulk becomes largely hindered due
to the presence of the numerous voids. Obviously, this leads
to a very efficient heating of the whole surface layer and its
thermal decomposition (see, e.g., Ref. 48). In contrast to InP
and InSb, the materials Ge, GaP, and GaAs demonstrate
much higher radiation resistance, the values of ny, for the
maximum fluences used are not higher than 0.05, i.e., only
5% of the atoms are displaced from their regular positions in
the respective lattices. Therefore, it seems to be impossible
to produce high concentration of defects in Ge, GaP, and
GaAs by means of fast ion irradiation (see also Ref. 49).

Similar to the case of InP,’>>! in InSb much less damage
is formed due to fast ion irradiations at LNT than at RT. For
instance, the damage concentration, ng4,, formed in InSb due
to irradiation with 573 MeV Au up to the ion fluences of 2
X 10" and 5% 10" cm™2, equals about 0.2 and 0.4 at RT
and 0.03 and 0.1 at LNT, respectively (not shown).

As it was shown above, different semiconductors exhibit
different radiation resistance to fast ion irradiation. There-
fore, it is expedient to consider the more sensitive materials
separately from the less sensitive ones.

B. TEM results for InP and InSb

Many TEM results on the formation and overlapping of
tracks due to fast ion irradiation of InP were already pre-
sented previously.*>3!-3* Here only some TEM results on the
nature of ion tracks in InP and InSb will be discussed. As an
example, Fig. 2 shows ion tracks formed in InP either by 375
MeV Xe or 573 MeV Au irradiation at RT [parts (a) and (b),
respectively]. One can see that the ion tracks are discontinu-
ous in the former case and continuous in the latter one.>
This is in agreement with our calculation results on the ion
tracks in InP published previously (see Secs. VII and VIIIB
in Ref. 51).

Figure 3 shows two bright field PV-TEM images of ion
tracks formed in virgin InSb due to the RT irradiation with
573 MeV Au up to the ion fluence of 5X 10! ¢m=2. The ion
tracks are visible either as light spots embedded in the dark
(i.e., hardly transparent to the analyzing electron beam) sur-
roundings [part (a) of the figure] or as dark regions [part (b)].
As follows from Fig. 3(a), the surface density of the ion
tracks (5X10'° cm™) is in a perfect agreement with the
respective value of the ion fluence used. Therefore, in con-
trast to the much more radiation resistant materials (e.g.,
GaAs and GaP, see Sec. III C), in the case of InSb each 573
MeV Au ion produces a continuous track at RT. The ob-
served ion tracks are continuous although their diameters are
not constant, but vary along their length from about 9 nm to
about 18 nm [see Fig. 3(b)]. In contrast, the diameters of
tracks visible in Fig. 3(a) are not larger than about 12 nm.
Taking further into account the much lower density of the
material within the track core as compared to the rest of the
track®® and the irregular shape of the tracks at the entrance/
exit surface (not shown), it seems to be very probable that
the missing material from the track core is transported in the
molten state away toward the surfaces of the thin wedge
shaped samples until the track is cooled down due to the heat
dissipation. Similar processes were discussed, e.g., in Ref.
57.
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FIG. 3. Bright field PV-TEM images of a virgin InSb sample irradiated at RT with 573 MeV Au up to the ion fluence of 5
X 10'% cm™. Part (a) was obtained by TEM analysis along (100) direction, while (b) stands for the sample tilted 17° off the axis in the

microscope.

C. TEM results for GaAs and GaP

As an example, Fig. 4 shows PV-TEM images of either
virgin or predamaged GaAs samples irradiated with 573
MeV Au ions at RT. The ion tracks are visible as local re-
gions having dark contrast (as indicated, e.g., by the dark
arrows in the figure). It is worth mentioning that in virgin
GaAs [see Fig. 4(a)] only about one of seven ions forms a
visible track®® (cf. the number of tracks of 1.5X 10'" ¢cm™2
and the accumulated ion fluence of 1 X 10'? cm™2). Further-
more, as it follows from the TEM image taken with the same
sample but tilted with respect to the analyzing electron beam
[Fig. 4(b)], the tracks in virgin GaAs are strongly discontinu-
ous and have a close resemblance to single blobs aligned in
the incidence direction of the Au ions (as marked by the dark
straight lines in the figure). The surface density of the ion
tracks formed due to the 573 MeV Au irradiation at LNT [see
Fig. 4(c)] of approximately 7.4 X 10'° ¢cm~2 (cf. with the re-
spective ion fluence of 1X 10> cm™) is even lower than
that for the RT irradiation. Furthermore, the blobs constitut-

ing the ion tracks formed at LNT are shorter and much rarer
as compared to the tracks formed at RT (not shown). In
contrast to virgin GaAs, in predamaged GaAs [Fig. 4(d)] the
number of tracks (4.5X 10" cm™) is very close to the value
of the ion fluence used (5% 10'® ¢cm™2). Taking into account
the experimental error in the estimation of the ion fluence
(£10%), one can conclude that each 573 MeV Au ion pro-
duces a visible track in predamaged GaAs.

Similar to the case of GaAs, the irradiation of virgin GaP
with 573 MeV Au at RT leads to the formation of ion tracks
(see Fig. 5). Their surface density was found to be equal to
about 7 X 10'° c¢m™2 (cf. with the respective accumulated ion
fluence of 1X10'> ¢cm™2). Furthermore, the off-axis PV-
TEM investigations have shown that they are heavily discon-
tinuous (not shown) and that was also the case for GaAs.

D. SIMS results for GaAs and InP

As it was already mentioned in Sec. I, experiments on
intermixing of layered structures are potentially capable to

FIG. 4. Bright field PV-TEM images of either virgin (a)—(c) or conventionally predamaged (d) GaAs samples irradiated with 573 MeV
Au up to the ion fluences of (a)—(b) 1 X 102 cm™2 at RT, (c) 1 X 102 ¢cm™ at LNT, and (d) 5 X 10'° ¢m™2 at RT. Parts (a), (c), and (d) were
obtained by TEM analysis along (100) direction, while (b) stands for the same sample as shown in (a) but tilted 30° off the axis in the
microscope. The dark straight lines in (b) indicate the incidence direction of the Au projectiles. The dark arrows in all parts of the figure
indicate some tracks.
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FIG. 5. Bright field PV-TEM image of GaP sample irradiated
with 573 MeV Au up to the ion fluence of 1X 10'> ¢cm™2 at RT.

provide an important information on the local melting of the
target matter inside SHI tracks. Therefore, Bi/GaAs and Bi/
InP layered structures (see Sec. II on details of the sample
preparation) were irradiated at RT with 593 MeV Au (5
X 1013 em™).

Afterwards, both the unirradiated and SHI irradiated lay-
ered structures were investigated by means of the SIMS tech-
nique. In all cases the sputtering starts from the Bi layer on
the top of the GaAs or InP bulk, respectively. In Fig. 6 the
resulting SIMS yields are plotted versus the sputtering time ¢
for Bi/GaAs (upper part) and Bi/InP (lower part). In both
parts close to the surface the x coordinates correspond to
equal depths because the Bi layers on top of the GaAs or InP
have equal properties; particularly, their thickness equals
62*2 nm in both cases, as it was measured by RBS and
surface profilometry.* From the upper part of Fig. 6 one can
see that the irradiation of the Bi/GaAs layered structure al-
most does not modify the SIMS profiles for both Ga and As
constituents. The slight difference between the respective
profiles can be explained by the ballistic intermixing®*-? due
to the low but not negligible value of the nuclear energy loss
£,

By contrast, in the case of the Bi/InP system the effect of
the SHI irradiation is very noticeable. It is quite obvious that
In and P atoms are in large quantities transported through the
Bi/InP interface toward the surface. This means that unlike
the interface between Bi and GaAs, the Bi/InP interface is
not so sharp after the SHI irradiation as it was prior to it. If
the observed large effect in the Bi/InP system were a result
of ballistic intermixing,’°~%? the same large effect should oc-
cur in the Bi/GaAs as well because the respective values of
g, and N, are very close to each other for InP and GaAs (see
Table II). However, this is clearly not the case, as shown
from Fig. 6. Thus, the efficient intermixing observed in the
case of the Bi/InP layered system cannot be ascribed to the
action of the nuclear energy deposition ¢, and, consequently,
must be governed by the electronic energy loss &,. Taking
further into account the observation that both sides of the
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FIG. 6. (Color online) SIMS results on the intermixing in Bi/
GaAs and Bi/InP layered structures due to 593 MeV Au irradiation
(5% 10" cm™ at RT). The upper and the bottom parts of the figure
stand for Bi/GaAs and Bi/InP layered structures, respectively. The
bottom part shows also the respective profiles of Bi for comparison.
The small peaks at the surface (at /=0) are inevitably caused by the
transitional character of the target sputtering at the very beginning.

interface must be locally molten by SHIs in order to make an
efficient intermixing possible (see Sec. I and Refs. 18-20,
22, and 23), one can conclude that the observed large differ-
ence between the magnitude of the intermixing in Bi/GaAs
and Bi/InP layered systems can be easily understood if as-
suming that in GaAs, contrary to InP, no molten tracks are
formed (alternatively, the ion tracks have negligible dimen-
sions or exist too shortly to cause a noticeable transient in-
terduffusion across the interface Bi/GaAs).

To sum up, the observed difference between GaAs, on the
one hand, and InP, on the other hand, is in agreement with
the fact that GaAs is much more resistant to SHI irradiation
than InP (see Sec. IIT A).

IV. CALCULATION RESULTS

In our previous paper’' we presented calculation results
on the possibility of track formation in InP due to elemental
ions. In this paper the theoretical study is extended toward
cluster and elemental ion irradiations of such technologically
important semiconductors as Si, Ge, GaAs, and InP.

The available experimental results on the formation of
tracks in InP, GaAs, Ge, and Si by cluster ions are summa-
rized in Fig. 7. The figure shows that the irradiation with
energetic cluster (Cyy or Cg fullerene) ions leads to the for-
mation of ion tracks provided that the respective electronic
energy loss is higher than the threshold of approximately 14,
31, 33, and 37 keV/nm for InP, GaAs, Ge, and Si, respec-
tively. With increasing electronic energy loss, the cross sec-
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FIG. 7. (Color online) Experimental damage cross section, Sexp
versus the electronic energy loss, g,, for Cyg or Cg cluster ions. The
data on InP are from Refs. 63 and 68, the data on GaAs and Ge are
from Refs. 67 and 64, respectively, and the data on Si are from
Refs. 65 and 66.

tion of the damaged zones (tracks) increases as well (see Fig.
7). A further important point to mention is the number of ion
tracks and specifically the question whether each incident
cluster ion forms a (visible) track. A comparison of the value
of the ion fluence used with the resulting surface density of
the ion tracks in various materials shows that this question
can be answered positively for InP,%®> Ge,** and Si (Refs. 65
and 66) but not GaAs.%” In the latter case, as shown in Fig. 1
of Ref. 67, the surface density of the ion tracks formed by
Cyo cluster ions in GaAs is equal to about 4 X100, 5.2
X 10°, and 3.3 X 10° cm™? for the beam energies of 20, 30,
and 40 MeV, respectively. The corresponding values of the
ion fluences used are about 2X10'2, 3x 10! and 2.5
X 10" c¢m™2, respectively. Therefore, in the case of GaAs
the surface density of the visible tracks is more than one
orders of magnitude lower than the respective ion fluence
used. Hence, GaAs must be first predamaged in order to
observe a one to one ratio between the surface density of the
ion tracks and the ion fluence used. This finding is in agree-
ment with the TEM results on GaAs (see Sec. IIT C); further-
more, it is similar to that for InP (see Ref. 53).

In the following the experimental data mentioned above
were used for the calculations in the framework of the ex-
tended thermal spike model presented in Ref. 51. In order to
perform calculations of the thermal spikes due to cluster
ions, our program code HEAT (Ref. 51) was slightly modified
to take into account the internal structure of the cluster ions.
This step is especially important to calculate the spatial dis-
tribution of the radiation dose D(r) (i.e., the local energy
density) in the matter due to each particular cluster ion. For
that, we calculated the Cartesian coordinates (x,y,z) of all
constituent atoms in a cluster relatively to its center of sym-
metry by using the respective data for Cg, molecules.”® Fur-
thermore, three-dimensional rotations of the cluster ions
were accounted for in the program as well by means of
quaternion and matrix operations. It should be mentioned
that the “vicinage effects” affecting the stopping of cluster
ions in matter (see, e.g., Refs. 71 and 72) were not consid-
ered because of their complexity. The dependence of the
electron-phonon coupling on the local electronic temperature
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TABLE III. Comparison of some intermediate data in the case
of irradiation of InP with either elemental ions (390 MeV Xe) or
cluster ions (40 MeV Cgp). The data include the maximum range
RI™ of the detached electrons [calculated with the CASINO code
(Ref. 69)], as well as their initial concentration Nienit and the radia-
tion dose at the projectile path [obtained by using our program code
HEAT (Ref. 51)]. The data are for the target surface (z=0).

Value 390 MeV Xe 40 MeV Cg
RI™ (nm) 160 1.7
N™ (hm™3) 24.1 330
Dose (keV/nm?) 3.36 44.8

in InP was already presented in our previous paper,’! and
thus only the electron diffusivity D, remains unknown in the
case of cluster irradiations. In order to calculate its value, D,
was first taken arbitrarily and changed until the calculated
radii of molten zones, Ry, in InP irradiated with 30 MeV
Cyo 1ons equaled the radii of the ion tracks known from the
recent experiments (Refs. 63 and 68). The resulting value of
D,=4.65X10"° m?/s was used for all calculations on clus-
ter irradiations of InP. It is worth mentioning that in the case
of Cg, cluster irradiation the energy is deposited into the
target electrons within a much narrower cylindrical region as
compared to the case of elemental ions. This is illustrated in
Table III where some characteristic values are presented for
irradiation of InP with 390 MeV Xe, on the one hand, and 40
MeV Cg, on the other hand. Obviously, irradiation of InP
with 40 MeV Cg, leads to a much higher local excitation of
the target electrons than that of 390 MeV Xe (see Table III).
The last explains well the large difference of about an orders
of magnitude between the corresponding track radii in InP
due to elemental and cluster-ion irradiation (Refs. 54 and
63), respectively.

Furthermore, the results obtained for InP enabled us to
perform calculations of thermal spikes caused by fast cluster-
ion irradiation of Ge and Si as well. Here we assumed that
the values of D, in Ge and Si for either elemental or cluster-
ion irradiations can be approximated by the corresponding
values for InP. Furthermore, we have used the same formula
for the efficiency of the electron-phonon coupling, g, as in
our previous paper,!

B ﬂlmenevi

= , 1
§ 67T, )

where m, is the electron mass, n, is the volume concentration
of the free (detached) electrons, v, is the sound velocity, 7, is
the mean free time between two successive electronic colli-
sions, and T, is the electronic temperature. In order to calcu-
late the value of the only unknown parameter in Eq. (1), 7,
we used one experimental point in Fig. 7 for each material
(Ge and Si). The corresponding value of 7, for each material
was at first taken arbitrarily and then changed until the cal-
culated radius of the molten zone, R, equaled that of the
ion tracks found in the experiments (Fig. 7). The resulting
values of 7, are 42X 107'% and 1.9X 1077 s for Ge and Si,
respectively.
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FIG. 8. (Color online) Dependence of the maximum atomic
temperature at the ion track axis (r=0) on the energy of fast Au
ions. All results are for RT irradiations. The data for InP are from
Ref. 51.

After that step one can perform the calculations on irra-
diation with elemental ions. As it was mentioned above, each
Cyo cluster ion forms a track in InP, Ge, and Si but not in
GaAs. That is why we were able to perform the calculations
for irradiation with elemental ions in InP, Ge, and Si but not
in GaAs. The results of the calculations for the case of RT
irradiations with Au ions are presented in Fig. 8. In that
figure the calculated maximum atomic temperature (at r=0,
where r is the radial distance from the ion path) is plotted
versus the energy of Au ions. In all cases the maximum
atomic temperature first increases and then gradually de-
creases with ion energy. The corresponding melting points of
InP, Ge, and Si are plotted as dashed lines. One can see that
only in the case of InP the maximum atomic temperature
exceeds the melting point within a broad range of ion ener-
gies. In contrast, this is definitely not the case for both Ge
and Si, where the respective maximum values are about 600
K at the most (see Fig. 8). This explains well why no con-
tinuous ion tracks were found in crystalline Si and Ge after
irradiations with elemental ions but only dotlike heavily dis-
continuous tracks in Ge (Ref. 73) due to simultaneous strip-
ping of many electrons off the ion (such processes have very
low probability’4).

Figure 9 shows an overview of the calculated track radii,
Ry versus the corresponding experimental ones, Ry, for
RT irradiations of InP, Ge, and Si with either elemental or
cluster ions. One can see that the calculated values are in
good agreement with the experimental ones.

V. DISCUSSION

As it was shown in Sec. III, bombardment of crystalline
semiconductors with fast ions leads to the formation of ra-
diation damage. The measured damage concentration, ng,,
depends primarily on the target material, ion species and
energy, and irradiation temperature. In GaP, GaAs, and Ge
the respective values of ngy, are still relatively low (less than
5%) even for the highest ion fluences used (see Fig. 1). Most
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FIG. 9. (Color online) Track radii calculated by our program
HEAT (Rcyc) versus experimental (TEM) values of track radii (Rexp)
for RT irradiations of InP and Ge with various ion species and
energies. The experimental data on the Cg cluster-ion irradiations
are from Refs. 63, 64, and 68.

probably, for these materials the threshold value of the elec-
tronic energy deposition to melt the material along the whole
ion tracks is not yet reached with 593 MeV Au ions, which is
in agreement with results published by other groups.”> That
means that no continuous tracks can be produced at RT in
those materials by fast elemental ions but only heavily dis-
continuous tracks consisting of small blobs (clusters of de-
fects). This is in good agreement with the TEM results ob-
tained for GaAs and GaP (see Figs. 4 and 5, respectively).
Furthermore, because the electronic energy loss is thus too
low to form heavy damage/tracks in GaP, GaAs, or Ge, the
damage production due to the nuclear energy loss can be-
come the principal mechanism for such subthreshold re-
gimes, as it was discussed previously.**>17677 Usually the
number of displacements per lattice atom ng,, is taken to
quantify the nuclear energy deposition with 7y ,,=NyN;/N,,
where N, and N; are the number of displacements per ion
and unit path length (see Table II) and the ion fluence, re-
spectively, and N, is the atomic density of the target (see
Table I). For example, in the case of 593 MeV Au irradiation
up to the ion fluence of 3 X 10" c¢cm™2, the value of n, pa 18
thus equal to about 0.23, 0.07, and 0.10 for GaAs, GaP, and
Ge, respectively. However, the corresponding measured rela-
tive concentration of the damage, ng4,, does not exceed 0.04
in all three cases, as shown in Fig. 1. This demonstrates that
the radiation damage formed due to the elastic stopping in
single atomic cascades is not stable. That instability can be
explained, e.g., by efficient diffusion and annihilation of
point defects or by the damage annealing due to the high
electronic energy deposition g,.

However, if the studied materials are predamaged prior to
the irradiation with fast ions, this obviously makes it easier
to produce visible tracks though (see Refs. 51 and 53, and
Sec. III C). We believe that the existing disorder (e.g., point
defects and point defect clusters) enhances the interaction
between electrons excited by fast ions and surrounding at-
oms, and thus noticeably increases the electron-phonon cou-
pling efficiency g (see Eq. (1)). In this way the energy ini-
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tially deposited in the electrons is more efficiently
transferred to the lattice (i.e., in terms of the thermal spike
model, higher lattice temperature is reached at a fast projec-
tile’s path), which obviously facilitates the formation of vis-
ible tracks.”!

In contrast to the much more radiation resistant GaP,
GaAs, and Ge, for equal irradiation conditions, a very notice-
able amount of radiation damage is produced in InP and InSb
(see Fig. 1) in form of point defect clusters and ion tracks
due to the high electronic energy deposition g,. With increas-
ing ion fluence, more and more radiation damage is formed
until complete amorphization of thin surface layers. It is
worth mentioning that no significant difference in the atomic
structure of InP samples amorphized either due to SHI or
conventional ion irradiation was found recently by Schnohr
et al.’8, despite the fundamentally different energy-transfer
mechanisms. The measured concentration of the damage, ng,,
depends not only on the target material, ion species and en-
ergy, and irradiation temperature but also on the ion flux and
target doping. Specifically, the RT irradiation with 390 MeV
Xe up to the ion fluence of 1 X 10'* ¢cm™? produces in n-InP
an about 5.5 times larger damage concentration than in p-InP
(not shown). Furthermore, all other irradiation conditions be-
ing equal, in the case of p-InP also the magnitude of the ion
flux, influences the resulting value of n,, For example, for
the RT irradiation of p-InP with 390 MeV Xe up to the ion
fluence of about 1X 10" cm™2, the measured value of n,,
for the larger ion flux ® of 3.4 X 10" cm™2 57! is about 4.5
times larger than that for the lower value of ® of 2.1
X 10'% ¢cm2 57! (not shown). In contrast, in the case of 150
and 593 MeV Au irradiations of InP no noticeable influence
of the target doping was observed. It should be mentioned in
this connection that for both 150 and 593 MeV Au irradia-
tions the corresponding calculated radii of molten ion tracks
are relatively large (about 2 nm, see Ref. 51). In contrast, the
respective calculated radii of the molten zones in virgin InP
irradiated with 390 MeV Xe do not exceed 0.6 nm.”' Be-
cause this value is only slightly larger than the lattice con-
stant of InP (0.587 nm, see Table I), not tracks but rather
point defects and point defect clusters are formed at first in
virgin InP by fast Xe ions. Therefore, as it follows from the
results mentioned above, target doping cannot remarkably
influence the efficiency of the damage formation in InP for
irradiation conditions where each single ion produces a
heavily disordered track with a track radius, which is notice-
ably larger than the respective lattice constant.

The ion tracks observed in InP and InSb can be either
discontinuous or continuous depending on the ion species,
ion energy, and irradiation temperature (see Figs. 2 and 3,
and Ref. 51). With increasing ion fluence single-ion tracks
accumulate and overlap, which finally leads to the formation
of amorphous surface layers at large ion fluences.’*>3376
The observed intermittence or quasi-intermittence of the ion
tracks can have different nature. In the first basic approach
the primary importance is assigned to the well-known dy-
namic fluctuations of the ion charge due to the electron cap-
ture and loss processes (see, e.g., Ref. 74). Those statistical
fluctuations of the ion charge are immediately followed by
the corresponding fluctuations of the energy loss. Providing
that from time to time such fluctuations reduce the momen-
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FIG. 10. Bright field PV-TEM image of virgin InP sample irra-
diated at RT with 573 MeV Au up to the ion fluence of 1
X 10" cm™. The TEM analysis was performed in the (111} direc-
tion. The inset in the top right corner shows the corresponding
diffraction pattern.

tary value of the energy loss below the respective threshold
(minimum) for track formation, discontinuous tracks can be
produced in this way. Such discontinuous tracks have no
regular structure, as shown, e.g., in Fig. 2(a), because of the
statistical nature of the underlying processes. However, pro-
viding local melting within the ion tracks, it is also imagin-
able that the liquid phase is broken into droplets due to the
surface tension. Such a process must be particularly facili-
tated if the material mass density in the liquid state is higher
than that in the solid state, which holds for InP, InSb, GaAs,
Ge, and Si (see Table I). In that case the observed internal
structure of ion tracks must be more regular than in the first
case (see above). This is illustrated in Fig. 10 that shows the
same sample as in Fig. 2(b) but analyzed in the (111) direc-
tion. One can see the regular intermittent structure of the
tracks, which was already discussed in Refs. 79 and 80.
However, despite that apparent intermittence, a more careful
observation shows that the ion tracks depicted in Fig. 10 are
still continuous but consisting of regions with lighter and
darker contrast.®!

As it was described in Sec. IV, the available experimental
data on track formation in InP, Ge, and Si due to RT irradia-
tions with Cg, fullerenes were used in our calculations based
on the thermal spike model. Those calculations enabled us to
estimate the unknown values of 7, in Eq. (1) for Ge and Si
and thus to perform the respective calculations of the maxi-
mum lattice temperature within tracks of fast elemental ions
(see Sec. IV). The results obtained by the calculation of the
Au irradiations at RT showed that in contrast to InP, in both
Ge and Si, the respective maximum lattice temperatures
within ion tracks are at the most about 600 K and thus much
lower than the melting points of Ge and Si (see Fig. 8). This
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explains well why no continuous tracks were found in crys-
talline Si and Ge after irradiations with elemental ions but
only heavily discontinuous ones in Ge.”?

As it was mentioned in Sec. I, besides the thermal spikes,
there are three more competing mechanisms of the damage
formation in solids due to high electronic energy deposition,
specifically, Coulomb explosion, shock waves, and lattice re-
laxation (also called athermal melting). However, the experi-
mental results on the above threshold irradiations presented
in this paper and elsewhere®!' can be understood only in the
framework of the thermal spike model. Particularly, the large
influence of the irradiation temperature on the radii and in-
ternal structure of visible tracks’! supports the thermal spike
mechanism but contradicts the three others. Also the TEM
results on the ion tracks in InSb (Sec. III B) and the SIMS
results on the intermixing of the Bi/GaAs and Bi/InP layered
structures (Sec. III D) support the idea of the local melting
within the ion tracks and, consequently, are a sound argu-
ment for the thermal spike model of track formation. Never-
theless, in the case of subthreshold irradiations of semicon-
ductors some other mechanisms (presumably, the lattice
relaxation mechanism) can become the dominating ones,
apart from the processes triggered by the nuclear energy loss.

Such a remarkable difference between InP and InSb, on
the one hand, and GaAs, GaP, and Ge, on the other hand, is
very intriguing. However, it still remains to be answered why
materials with similar properties (cf., e.g., GaAs and InP, see
Table I) behave themselves so differently under SHI irradia-
tion. The existing models that try to answer this question are
divided into two basic classes. The first class is constituted
by the so-called “topological” models that relate the radia-
tion resistance of materials to their respective geometrical
structure (e.g., see Ref. 82). The second large class includes
various models that relate the resistance to certain physical
or chemical properties of materials, such as ionicity, density,
elastic moduli, glass forming ability, or melting point (as
reviewed, e.g., in Ref. 83). Nevertheless, up to now, no
model is able to describe all different materials self-
consistently.

VI. SUMMARY AND CONCLUSIONS

Swift heavy ion irradiation of semiconductors leads to the
formation of radiation damage in the region of dominating
electronic energy deposition. Under identical irradiation con-
ditions, the relative defect concentration ny, measured by
means of Rutherford backscattering spectrometry differs sig-
nificantly for the various materials investigated. Whereas in
GaP, GaAs, and Ge, the relative defect concentration after
elemental ion irradiation at room temperature does not ex-
ceed about 5% also at high ion fluences, in InP and InSb the
relative defect concentration increases with increasing ion
fluence until a continuous amorphous layer is formed. Cross-
section transmission electron microscopy (XTEM) observa-
tions show that in GaP, GaAs, and Ge heavily discontinuous
tracks occur and the track formation is obviously favored if
any predamage is produced prior to the fast ion irradiation.
On the other hand, in InP and InSb continuous amorphous
tracks are formed, the number of which increases with the
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ion fluence thus leading to the formation of amorphous lay-
ers.

Based on our own results and those obtained by other
authors for cluster-ion irradiation of InP, GaAs, Ge and Si,
the maximum atomic temperature at the ion track axis, as
well as the track radii, were calculated in the framework of
the thermal spike model. In order to calculate the thermal
spikes caused by elemental and cluster ions the electron dif-
fusivity D, in Ge and Si for either individual or cluster-ion
irradiation was approximated by the corresponding values
for InP. For the efficiency of the electron-phonon coupling
the same formula as previously used for InP was taken, and
the only unknown parameter—the mean free time between
two successive electronic collisions, 7,—was determined
from the track radii caused by the cluster ions. With this
procedure a very good agreement between calculated and
measured track radii for InP, Ge, and Si irradiated under
various conditions was obtained. The calculations further-
more showed that in contrast to InP, in both Ge and Si, the
maximum lattice temperature within the ion tracks is much
lower than the respective melting points of Ge and Si. This
explains well why no continuous tracks were found in crys-
talline Si and Ge after irradiation with elemental swift heavy
ions but only heavily discontinuous ones.

Summarizing, our results as well as those obtained by
other groups on damage formation due to high local elec-
tronic energy deposition provide support for the thermal
spike model of track formation in semiconductors but con-
tradict the three other competing mechanisms, namely, Cou-
lomb explosion, shock waves, and lattice relaxation. Thus,
visible amorphous or heavily damaged ion tracks occur if the
electronic energy deposition per ion and unit length exceeds
the threshold value for the melting of the corresponding ma-
terial. This is possible for elemental ion irradiation of InP
and InSb but not in Ge and Si (and, probably, also not in
GaAs and GaP) where the energy deposition necessary for
melting is that high that the melting temperature cannot be
reached by elemental ion irradiation. Moreover, at least in
InP and GaAs ion tracks can be formed also in a subthresh-
old irradiation regime if the material is predamaged. This
suggests that the existence of point defects and clusters of
point defects in the crystal lattice noticeably increases the
electron-phonon coupling efficiency, resulting in a more ef-
ficient energy transfer to the lattice. Within the thermal spike
model this means that for a given electronic energy deposi-
tion in the predamaged crystal a higher temperature is
reached than in the perfect one.
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