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Abstract

Interactions between low-energy ions and solid rare gases have been investi-
gated by observing desorbed ions. When low-energy ions were injected into
solid Ne, we found that the kinetic energy of desorbed cluster ions signifi-
cantly increased with irradiation time for a film thickness of several hundred
monolayers. This result can be explained by charge-up (i.e., electronic holes)
in the solid Ne. The kinetic energy of the desorbed ions is considered to be
proportional to the number of holes created in the solid by the ion impacts.
The solid’s temperature effects on the desorbed-ion kinetic energy can be un-
derstood as a dependence on the diffusion rate of the holes. The temperature
was controlled between 4.7 and 7.0 K. The activation energy of hole-hopping
transport is estimated at 0.7 meV based on the slope of Arrhenius plots.

1. Introduction

When charged particles are injected into insulators or semiconductors,
charge-up often occurs by emission of secondary electrons. The charge-up
phenomenon can cause difficulties in, for example, obtaining accurate mea-
surements of secondary and photo-electron yields in a scanning electron mi-
croscopy (SEM) and a X-ray photoelectron spectroscopy (XPS), and energy
analysis of desorbed ions and Auger electrons in various surface analyses.
Charge-up causes damage to the oxide film of transistors because of dis-
charges in plasma-etching processes.

On the other hand, a number of recent studies have taken advantage of
charge-up for applications in beam-guiding systems. For example, a beam
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can be transported to the desired position through a glass capillary by means
of the repulsive force between the beam and the charge-up that occurs on
the surface of the capillary [1, 2, 3].

Consequently, it is important that the charge-up phenomenon is studied
in detail in a simple system. Kinetically induced sputtering of rare-gas solids
by low-energy ion impacts has been investigated for several decades [4, 5,
6, 7, 8, 9, 10]. However, charge-up in rare-gas solids, which is the simplest
insulating material, has not been studied in detail. In this paper, we discuss
the temperature effect of charge-up in solid Ne caused by low-energy ion
impacts. We found that the amount of charge-up can be determined by
measuring the kinetic-energy distributions of desorbed ions, which shift to
higher energy with increasing irradiation time. Relaxation of charge-up is
observed to depend on the temperature of the solid. This can be understood
in terms of diffusion or hopping transport of electronic holes. To identify the
conditions leading to a reduction of charge-up, and the methods by which to
achieve this, will contribute to more precise measurements in terms of, for
example, energy analysis of desorbed ions and Auger electron spectroscopy.

2. Experimental method

Figure 1 shows a schematic view of the main chamber. Ar+ ions are
generated by an electron-cyclotron-resonance ion source (NANOGAN). Ex-
tracted ions are mass-selected by an analyzing magnet and transported to
the surface of solid Ne at the center of the main chamber. A polycrystalline
Cu substrate is cooled to 4.7 K by a mechanical cryostat. The background
pressure is 3×10−8 Pa. The solid Ne is condensed onto the Cu disk by filling
the chamber with gaseous Ne to a pressure of approximately 10−4 Pa. The
film thickness was estimated from the exposure assuming the condensation
coefficient to be unity.

The incident angle of the beam is 60◦ from the normal direction of the
sample surface, and the detector for desorbed ion species is installed in the
direction normal to the sample surface. The desorbed ions are mass-selected
by a quadrupole mass spectrometer (QMS; MSQ-400, ULVAC) and detected
by a channeltron detector in pulse-counting mode. A bias potential (Vb) of
+15 V is applied to the sample substrate to accelerate the desorbed ions. The
kinetic-energy distribution of the desorbed ions is measured by sweeping the
retarding potential (Vr) to a four-grid-type energy analyzer mounted in front
of the QMS. Ions with initial kinetic energy greater than e(Vr−Vb) can pass
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through the energy analyzer and are counted. The desorbed-ion transmission
efficiency may slightly depend on the retarding potential, however, a relative
comparison of the mean kinetic energy is possible using this method.

Since the desorption yield, most of which are neutral particles, is very
large for solid Ne [11, 12], the incident ion-beam current was adjusted to
less than 3 nA to minimize changes in sample thickness during the mea-
surements. The temperature of the sample substrate was maintained at a
predetermined value using a heater with a temperature controller. After the
beam had irradiated the sample for several minutes and the desorbed-ion
kinetic energy had become saturated, the measurement was started. The
sample was evaporated and redeposited after each measurement.

The ion range of 1.8 keV Ar+ ions into the solid Ne was approximately
5 nm according to calculation by SRIM2008 [13]. Since this corresponds to
20 monolayers (MLs) of solid Ne, the influence of the substrate was negligible
in terms of sputtering and hole formation in our experiments. We did not
correct for contact potential.

3. Results and discussion

Figure 2 shows a mass spectrum of desorbed cluster ions from solid Ne
with a thickness of 2000 MLs at 4.9 K by 1.8 keV Ar+-ion impact. The
main desorbing ion species are the cluster ions Ne+

n (n: cluster size), and the
largest peak is the Ne dimer ion. The peak at m/q = 28 is identified as being
due to CO+ and/or N+

2 impurities. The small peaks on the right-hand side
of each detected Ne+

n cluster peak show clusters that include neon isotopes
(21Ne and 22Ne), whose natural abundance is 0.27% and 9.25%, respectively.
The combination including neon isotopes increases with larger cluster sizes.

Figure 3 shows normalized integrated kinetic-energy spectra of desorbed
Ne+

n (n = 1− 9) ions from the surface of solid Ne (2000 MLs) at 4.9 K and
impacted by 1.8 keV Ar+ ions. The kinetic energies of Ne+

n (n = 1 − 3)
decrease with size, while those of Ne+

n (n ≥ 4) ions are largely independent
of size. A detailed discussion of the process of Ne-cluster-ion formation and
the dependence of kinetic energy on cluster size is given elsewhere [14].

Figure 4 shows the temperature dependence of mean kinetic energies of
Ne+

2 desorbed from solid Ne with a thickness from 200 to 1000 MLs at a
sample temperature of 4.7− 7.0 K. Ne+

2 is selected because of its large yield.
The mean kinetic energy was defined as e(V ′r −Vb), where V ′r is the retarding
potential where the ion intensity has half the value of that at Vr − Vb = 0.
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The mean kinetic energy increases with thickness and reaches approximately
10 eV at low temperatures. This extraordinarily high energy may be the
result of charge accumulation in solid Ne. This charge-up phenomenon is
mostly caused by emission of secondary electrons generated by the ion im-
pacts. In fact, the desorption energy is known to be below 2 eV, as measured
for 120 MLs solid Ne, for which no charge-up effect is expected [14]. The
kinetic energy of Ar+

2 photodesorbed from solid Ar was reported to be less
than 1 eV [15]. This low kinetic energy was successfully explained in the
framework of the desorption induced by electronic transitions (DIET). This
indicates that high kinetic energy found in the present results can not be
explained by purely electronic sputtering process.

Figure 5 shows the mean kinetic energy of Ne+
2 desorbed from 2000-ML-

thick solid Ne at a sample temperature of 4.9 − 5.6 K. The results provide
information on the transport of holes in solid rare gases. The kinetic energy
is assumed to be proportional to the number of holes. The accumulated
charge in the solid is determined by the balance between hole formation by
ion impacts and the decrease in the number of holes due to their diffusion
into the metal substrate; the latter should depend on the temperature. The
activation energy of hole-hopping transport is estimated to be 0.7 meV from
the slope of the Arrhenius plots shown in Fig. 5.

Drift mobilities of the holes in rare-gas solids at a temperature of 18−25 K
were measured previously [16]. The activation energy was reported to be
24 meV, much higher than the present result. The likely reason for this
discrepancy is that they measure at over a triple-point temperature of 13.57 K
of Ne [17].

4. Conclusions

We measured the temperature dependence of the kinetic energy of des-
orbed ions from solid Ne by 1.8 keV Ar+ impacts. The kinetic energy changes
by more than 1 eV following a temperature change of less than 1 K. The rea-
son for this change is a temperature effect related to the diffusion rate of the
holes. The activation energy is estimated to be 0.7 meV.
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List of figure captions

Figure 1. Schematic of the main chamber (top view). BAG: Bayard-
Alpert ionization gauge, TMP: Tandem turbo molecular pump, FC: Mov-
able Faraday cup, RGS/Cu: Rare-gas solid and Cu substrate. Inset shows a
analyzer system of desorbed ions. Vb and Vr indicate a bias potential and a
retarding potential, respectively.

Figure 2. Mass spectrum of desorbed Ne+
n from 2000-ML-thick solid Ne

by 1.8 keV Ar+-ion impact.

Figure 3. Normalized integrated kinetic-energy distributions of desorbed
Ne+

n (n = 1− 9) from the surface of solid Ne (2000 MLs) at 4.9 K impacted
by 1.8 keV Ar+ ions.

Figure 4. Mean kinetic energy of the Ne+
2 desorbed from solid Ne from

200 to 1000 MLs at 4.7− 7.0 K.

Figure 5. Mean kinetic energy of desorbed Ne+
2 as a function of the

temperature of the solid Ne.
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