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Abstract

Hydrogen-covered Si(001) surfaces were exposed to swift heavy ions (SHI) and slow highly
charged ions (HCI). Using scanning tunneling microscopy as analysis tool, the ion-induced
modifications on the surface were resolved on the atomic scale. SHI were found occasionally to
lead to changes which are restricted to one or two Si surface atoms. In comparison, HCI form pits
of several nanometers in diameter, depending on the potential energy of the HCI. These
observations are in contrast to many material systems for which similar effects of SHI and HCI
have been observed. The results suggest a high stopping power threshold for SHI-induced
modifications in crystalline silicon with major implications for the application in silicon-based
nanotechnology.

1. Introduction

The formation of nanostructures on the surface of solids by either swift heavy ions (SHI) or slow highly
charged ions (HCI) has been observed for many different materials, including oxides, halides, polymers,
and 2D materials [1-3]. Both ion types interact primarily with the electronic subsystem of the target
material; it has therefore been suggested that the subsequent relaxation mechanisms might be similar and,
as a consequence, should lead to similar modifications. The evident morphological similarity of SHI- and
HCI-induced nanostructures does indeed support this assumption. In addition, the two-temperature model
(TTM) [4], which has been applied to interpret SHI related data with great success [5—8], has recently also
been applied to explain data from HCI irradiations [9-12].

The TTM takes into account that the ion projectiles deposit their energy in the electronic subsystem
and, via electron—phonon coupling, produce a thermal spike in the atomic system. Depending on the
energy density and the material properties, the thermal spike can be sufficient to drive phase transitions
such as melting. The relevant phonons are generated on the timescale of picoseconds, while the initial
electronic excitation happens within femtoseconds and forms a highly localized non-equilibrium state. The
details of the coupling of these two subsystems are known to be strongly influenced by material properties
(e.g. conductive versus insulating, crystalline versus amorphous structure). Track formation in the bulk and
damage creation on the surface are thus both linked to a stopping power threshold which depends on the
materials investigated [1].

A most interesting test case for the comparison of SHI and HCI is crystalline silicon, for which no
track formation was observed in the case of irradiation with monoatomic SHI up to a stopping power of
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21 keV nm™! [13, 14]. Only when using Cg cluster ions (total kinetic energy of 30—40 MeV) [15, 16] with
increased stopping power and effective energy density due to the lower ion velocity, ion tracks in the bulk of
crystalline silicon have been observed and a stopping power threshold of ~230 keV nm™! was deduced. On
the other hand, HCI irradiation of Si(111) 7 x 7 was shown to induce damage in areas of several
nanometers in diameter with a clear dependence on the potential energy of the employed ions [17-19].

The unusually high stopping power threshold was not reproduced in TTM calculations, which predict a
threshold between 5 and 10 keV nm™! for ion track formation in Si [14, 20, 21]. Possible reasons for this
discrepancy might be found in the details of the energy transfer from the electronic to the atomic
subsystem, e.g. the temporal and spatial distribution of low energy electrons [22], resulting in a lower
electron—phonon-coupling in silicon than assumed in the calculations. It has also been speculated that this
seemingly high threshold is not caused by the details of the excitation process as such but that fast
recrystallization of the silicon lattice suppresses the formation of permanent damage or renders it at least
too small (or too short-lived) to be imaged correctly by the ex situ analysis tools applied. As an example, the
different response of various oxides to swift Xe ions have been discussed in this way [23].

For the further interpretation of ion-induced phenomena in silicon, it is thus of great importance to rule
out recrystallization as the origin for the high stopping power threshold. In our experiments, we made use
of hydrogen passivated Si(001) surfaces in combination with scanning tunneling microscopy (STM) in
order to explicitly address this point: on one hand, hydrogen desorption from these surfaces leads to distinct
signatures in STM measurements [24, 25] that can be resolved on the atomic scale. On the other hand,
desorption of hydrogen under ultra-high vacuum (UHV) conditions is an irreversible process. Thus, if a
thermal spike would lead to hydrogen desorption at the surface at any time after ion impact, this
modification would be observable even if the substrate itself recrystallizes during the further process. With a
resolution on the atomic scale, the experiments are sensitive to very small changes on the surface.
Furthermore, working under UHV conditions excludes the formation of silicon oxide on the surface, which
easily forms ion-induced volume tracks and surface hillocks [26].

For the irradiation, we used U ions of highest energy deposition available with monoatomic ions
(4.8 MeV/u, 1.14 GeV, dE/dx = 27 keV nm™1). Even for those extreme conditions, we observed, if at all,
only a very small effect of SHI on the H/Si(001) surface; the detected signatures were restricted to one or
two silicon surface atoms. We compare our results for SHI on H/Si(001) with the effect of HCI (Xe*** and
Xe* ™) carrying a maximum potential energy of E,o & 60 keV (Xe* ") and a kinetic energy of 225 keV. For
HCI, we found substantial disorder and removal of material on/from the H/Si(001) surface caused by single
ion impacts, comparable to results on clean Si(111). We discuss our results in terms of a high stopping
power threshold for SHI-induced modifications in silicon.

2. Experimental

Surface microscopy investigations were performed at Justus Liebig University Giessen with a variable
temperature STM (Omicron VT-STM) mounted in a UHV chamber with a base pressure <1 x 107! mbar.
The STM measurements were performed in constant-current-mode using a tungsten tip and a sample bias
of U, = —2V; the tip thus images surfaces of constant density of states at the given energy, i.e. filled
electronic surface states in case of negative sample bias. Si(001) samples were prepared by degassing at

700 K and repeated direct current heating cycles to above 1450 K; cooling rates of about 1 K's™! led to a
well-ordered 2 x 1 reconstruction [27, 28]. Hydrogen terminated surfaces were prepared by exposing a
heated Si(001) surface (T ~ 650 K) to atomic hydrogen, leading to either a2 x 1 or 3 x 1 H/Si(001)
reconstruction, depending on the exact surface temperature. Atomic hydrogen was generated by
dissociation of molecular hydrogen at a hot tungsten filament (7% ~ 2000 K).

Figure 1 (top) shows filled state STM images of both, the H/Si(001) 2 x 1 and 3 x 1 reconstruction, as
well as a ball-and-stick model of the respective reconstruction. In the bottom, a schematic representation of
the performed irradiation experiments is shown. The samples which were prepared in the STM apparatus
were transported under UHV to the respective ion beam facility. Irradiation with SHI was realized at
UNILAC of GSI Helmholtzzentrum fiir Schwerionenforschung; beam parameters were: 23U with
Eiin = 1.14 GeV (4.8 MeV/u) at three different fluences of 0.2, 1.8, and 5 x 10" cm~2. Irradiation with HCI
was performed at University Duisburg-Essen at the HICS beamline [29] equipped with a commercial
DREEBIT EBIS-A ion source; beam parameters were: '*Xe*** with E,, = 38.5 keV at a fluence of
A3 x 10" cm™? as well as ' Xe®* with E,, = 58.8 keV at a fluence of ~1 x 10" cm 2. Kinetic energy
was Eyin = 225 keV in both cases. Both, SHI and HCI irradiation, were performed with the ion beam
perpendicular to the surface. After irradiation, the samples were transferred back to the STM chamber,
again without breaking the vacuum using a UHV transport system with mobile pumping unit (base
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Figure 1. Top: filled state STM images (5 x 10 nm?; U, = —2 V; I, = 0.5 nA) of hydrogen-covered Si(001) surfaces with

2 x 1 (left) and 3 x 1 (right) reconstruction. Center: ball-and-stick models of the respective surface reconstructions (blue balls:
hydrogen atoms; yellow balls: silicon atoms). Bottom: schematic representation of the experiments: after preparation of the
H/Si(001) surfaces and sample transfer in UHV to the respective ion sources, the samples were irradiated with SHI or HCI (the
red arrow indicates the impact of an individual ion). After UHV transfer back to the analysis chamber, defects on the surface
(indicated by the white and red signatures) were investigated by means of STM.

pressure <1 x 107! mbar). In the load locks of the respective chambers, the samples were briefly exposed
to a residual gas pressure <1 x 10~° mbar. Alle experiments were performed at room temperature.

3. Results

In figure 2, STM images (U, = —2 V; I; = 0.5 nA) of an H/Si(001) surface before and after irradiation with
28U jons are shown. In all images, both before and after irradiation, the dimer row reconstruction of
Si(001) is clearly observed. The unirradiated samples exhibit a few additional bright and dark features
(figure 2(a)). The dark features are typically ascribed to missing dimer defects. The bright features are
assigned to silicon surface atoms which are not saturated by a hydrogen atom [24, 25]. The respective
dangling bond states show a higher density of states at the chosen sample bias leading to the increased
brightness in the images. In principle, additional adsorbates on the H/Si(001) surface can lead to such
bright features as well; however, in the case of the freshly prepared surfaces, we can largely exclude such
contaminations.

STM images after irradiation with the lowest fluence (0.2 x 10! cm~2 which equals 0.4 single ion
impacts on the depicted area) and highest fluence (5 x 10'' cm~2 equaling nine single ion impacts on the
depicted area) applied in our experiments are shown in figures 2(b) and (c), respectively. After irradiation,
the well-defined surface reconstruction was still intact. However, more bright features were observed than
prior to irradiation whereas the number of dark features stays approximately the same. The number of the
additional bright features is increasing with increasing fluence, however, the observed density is significantly
higher than the applied fluence (approx. 5 to 10 times, compare figure S1 (https://stacks.iop.org//NJP/
23/093037/mmedia) in the supporting information). Reference samples kept in the irradiation chamber but
positioned outside the ion beam did not show these additional features. Therefore the results for the
irradiated samples indicate ion-induced effects which were either directly or indirectly induced by SHI.

We analyzed the spatial distribution of the bright features by evaluating the distribution of next
neighbor distances in the STM images; for comparison, Monte-Carlo simulations of a purely statistical
distribution were performed (figure S2 in the supporting information). The experimental results and the
simulations are almost identical (figure S2) pointing toward a purely stochastic distribution of bright
features after irradiation.

The experimental results can thus be summarized as follows: (i) we observe additional bright spots, but
with a higher density (5-10 times) than expected from the applied fluence when assuming that every ion
impact leads to one single bright feature. No additional dark features were observed. (ii) The bright features
do not show any spatial accumulation on the surface but follow a stochastic distribution. From the latter
observation, we can exclude that a single ion impact leads to several of the bright features, as they then
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Before irradiation

Figure 2. Filled state STM images (U; = —2 V; I, = 0.5 nA) of hydrogen-terminated Si(001) surfaces before and after irradiation
with 28U+ jons at different fluences. (a) Before irradiation, the H/Si(001) surface shows a mixture of 3 x 1 and 2 x 1
reconstruction with few dark and bright features. (b) H/Si(001) surface after irradiation with the lowest ion fluence used in the
experiments (0.2 x10'! cm~2 equaling 0.4 single ion impacts on the depicted area). The surface reconstruction is preserved.

(c) For the highest fluence (5.0 x 10'! cm~2 equaling nine single ion impacts on the depicted area), a distinct increase of bright
features is observed after irradiation. (d) A blow up of (c) indicates the size of the bright features. (e) H/Si(001) after thermal
desorption of a small amount of hydrogen [24, 30]; the observed features are of similar size as in (d).

should be accumulated around the impact point: with the known mobility of hydrogen on silicon and its
temperature dependence [25], a complete equilibration of an initially inhomogeneous distribution is not
possible on the relevant time scales. The majority of the bright features may thus be attributed to contami-
nations adsorbed on the surface. They could result, e.g. from ion-induced sputtering in the vicinity of the
sample, e.g. from the ceramic sample holder plate. Indeed, when scanning the surface with the STM tip,
some of the bright features could be moved on the surface. This is not possible for covalently bound
hydrogen at the tunneling parameters employed.

Still, some of the bright features might directly origin from a single ion impact and ion-induced
hydrogen desorption. It is thus interesting to compare the size of the bright features with images of a
hydrogen terminated Si(001) surface on which isolated dangling bonds and dangling bond pairs were
created intentionally by means of thermal hydrogen desorption and diffusion as shown in figure 2(e) [24].
This comparison clearly indicates that the bright features on the irradiated surfaces, as shown in figures 2(c)
and (d), are restricted to one or two silicon surface atoms. We thus conclude that the single ion impacts do
not lead to surface modifications larger than one silicon dimer. Moreover, as the hydrogen-terminated
surface stays intact across the entire irradiated area, we exclude that the impact of a single ion leads to local
melting followed by perfect recrystallization. Hydrogen desorption occurs at a much lower surface
temperature than surface melting or ablation [30]; under UHV conditions, hydrogen desorption is
irreversible as the hydrogen partial pressure is low and hydrogen dissociation on silicon shows a very low
reactivity [24, 31]. Thus, even if the surface recrystallized after temporal melting (thermal spike), the
originally adsorbed hydrogen would be desorbed. In consequence, the molten/recrystallized areas would
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Figure 3. Filled state STM images (U, = —2 V; I, = 0.5 nA) of a hydrogen-terminated Si(001) surface before and after
irradiation with ¥ Xe** jons (Ey = 58.8 keV; Eyiy = 225 keV). (a) Before irradiation, the H/Si(001) surface shows very few
small dark spots. After the irradiation, a slight increase of small dark and bright features is observed in areas outside (b) and

inside (c) the ion beam spot on the sample. On the irradiated area of the sample (c), well-defined holes of about 2.3 £ 0.3 nm in
diameter are observed. (d) Height profile through one impact area as indicated by the red line in (c).

show up in the STM images with higher brightness since the clean silicon dimers (without hydrogen
adsorbed) appear brighter due to a higher density of states probed by the STM at the given tunneling bias.
In the following, we investigate how the results obtained with SHI compare with HCI irradiation of the
H/Si(001) surface. Figure 3 shows filled state STM images (U; = —2 V; I, = 0.5 nA) of a hydrogen-
terminated Si(001) 2 x 1 surface before and after irradiation with '2*Xe®* ions (Epo = 58.8 keV;
Ejin = 225 keV). Before irradiation, the H/Si(001) surface exhibits a few small dark spots, which correspond
to defects originating from sample preparation (figure 3(a)). Some bright features as present in figure 2(a)
were also observed on larger scale images. After irradiation with '2Xe** ions, well-defined pits of in
average 2.3 & 0.3 nm in diameter appear in the irradiated area of the sample (figure 3(c) and figure S3 in
the supporting information). Within the error bars of the applied fluence, the number density of the pits
(0.5 x 10" cm~2) agrees well with the number of ion impacts per surface area. The red line in figure 3(c)
indicates a line scan through the impact area, the corresponding height profile is shown in figure 3(d). The
apparent depth of this pit is &= 0.5 nm, i.e. several atomic layers in depth. Due to the limitations of
measuring depth profiles with high aspect ratio by means of STM, this value can be seen as a lower limit.
After the irradiation, a slight increase of small dark and bright features is also observed; they are assigned to
the UHV transfer and sample handling procedure before and after the irradiation (compare figure 3(b)).
Irradiation of H/Si(001) with '®Xe** ions (E,o = 38.5 keV) also leads to clear signatures of
ion-induced damage on the surface (figures S3 and S4). However, in contrast to the effect of the 12°Xe*™
ions, the observed pits are less well defined in shape and less deep (= 0.2 nm). Some accumulation of
disordered material is observed at the rim of the pits and the pits are smaller than after irradiation with
Xe®>T jons (figure S5). Within the error bars, the number density of observed pits (2 x 10! cm~2) also
agrees well with the applied fluence.

4. Discussion

The presented results for SHI experiments on crystalline silicon substrates differ qualitatively from the
results of SHI on various insulator materials [1, 32] or compound semiconductors [13, 33]. In both
material classes, SHI irradiation leads to the formation of permanent nanostructures. Except for the
STM experiments by Osmani ef al on the impact of xenon ions on Si(111) (Ey, = 0.12 GeV;

dE/dx = 12 keV nm™!) [14], only very few experiments were reported for crystalline silicon so far. No




10P Publishing

New J. Phys. 23 (2021) 093037 C Langer et al

structural change induced by the impact of SHI was resolved in this former study, even when irradiating
under glancing angle of incidence (< 2° with respect to the surface) resulting in a higher energy deposition
close to the surface.

From the observation of the intact hydrogen-covered Si(001) surface after irradiation with SHI, track
formation followed by complete reconstruction/recrystallization is largely ruled out; from our STM analysis
we can exclude surface modifications larger than a few surface atoms in size. The stopping power of the
uranium ions applied in this study was 27 keV nm™! (figure S6), the results thus suggest a threshold above
27 keV nm™!, higher than the value predicted so far from the thermal spike model [14].

Furthermore, the results obtained with SHI on hydrogen-covered silicon clearly differ from the results of
our experiments with HCI on H/Si(001). The latter show permanent crater-like damage structures of
1-3 nm in diameter; the observed pit size is larger for ions with higher energy. These results are comparable
to the results of experiments with highly charged iodine ions (q between 30 and 50) on Si(111) 7 x 7
[17-19] which produced surface damage with radii between 1 and 3 nm, as well.

At this point, we would like to note that with Ey, = 225 keV, the Xe ions employed in our experiment
are close to the maximum of the contribution of nuclear stopping to the total stopping power (figure S7).
However, the absolute value is low (2 keV nm™! in equilibrium charge state) when compared to the total
potential energy available from the '2Xe*** and 'Xe*" ions. This goes along with the clear increase of the
induced damage with the potential energy of the impacting ions when keeping the kinetic energy constant,
which also points toward a major influence of E,,o for the formation of the observed damage.

So how can we explain the apparent difference between the impact of the SHI and HCI on crystalline
silicon? In earlier experiments with 30 and 40 MeV Cg ions of & 50 keV nm™! electronic stopping power,
track formation in Si was evidenced. From extrapolation of these data, a threshold of ~ 30 keV nm™! was
predicted [15, 16]. With 27 keV nm™!, we are just below this predicted threshold. In principle, the surface
should exhibit a somewhat lower threshold for mainly two reasons: (i) the broken bonds at the surface
reduce the effective binding energy (ii) it will reflect and thus increase the effective heat flux (although this
might be of minor importance for perpendicular incidence). Regarding Ceo projectiles compared to our U
ions, one has to consider the following difference: the much lower velocity of 30 or 40 MeV Cg clusters
leads to a higher energy density than in the case of the 1.14 GeV U ions. At high velocities, the energy is
spread into a larger volume and thus the required critical stopping power is expected to increase [34].

Regarding the effective energy deposition of SHI and HCI, it has to be considered that the electrons
generated by SHI are typically high in energy and leave the impact area rather fast [22, 35], thus lowering
the effective energy density. Furthermore, the strength of electron—phonon coupling depends on the energy
distribution of the excited electrons and thus on their thermalization. In contrast, the impact of an HCI is
associated with the creation of many electrons of rather low energies [36] confining the energy closer to the
impact point. It is these electrons which effectively transfer the energy to the lattice by creating phonons
[20, 35].

The energy effectively deposited is usually estimated to be between 50% and 80% [10, 37, 38]. Taking
additionally into account that the energy of the HCI is deposited within a depth of 1 nm (as a conservative
estimate [9]), an energy per track length of 30-46 keV nm~! is derived for Xe*>* ions. For Xe** ions with
an energy per track length of about 20-30 keV nm~!, the HCI-induced damage features are substantially
smaller. With a less efficient energy deposition in the case of SHI, it seems reasonable to expect a stopping
power threshold > 30 keV nm~!. Our data thus rule out the occurrence of a thermal spike in Si which is
high enough to induce track formation and surface damage structures with monatomic SHI. We attribute
this to a high stopping power threshold due to inefficient energy deposition in crystalline silicon [22].

5. Conclusion

In conclusion, we observed significant differences in the interaction of SHI and HCI with a crystalline
hydrogen-covered Si(001) surface. For SHI with a stopping power of 27 keV nm ™!, the upper limit for
single-ion induced surface damage was determined to be in order of 1-2 silicon atoms in size. In contrast,
the impact of single HCI with a potential energy between 40 and 60 keV results in surface pits of 1-3 nm in
diameter. As we could exclude recrystallization of silicon after SHI impacts, the striking difference between
the effect of HCI and SHI was attributed to a high stopping power threshold operative in the case of SHI.
This high threshold could result from fast spatial energy redistribution in combination with low electron
phonon coupling for the electrons excited in crystalline silicon by swift heavy ion impact. The U ions we
employed in our experiments exhibit the highest stopping power which can be realized in silicon with
monoatomic SHI. Our results thus suggest that nanoscale materials’ processing based on the impact of
single monoatomic ions cannot be applied to crystalline silicon.
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