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It was found that slow highly charged ions had a high ability to ionize F atoms on a F=Sið100Þ-2� 1

surface and desorb Fþ ions along the local bond direction. Actually, the Fþ ion yields were proportional to

the incident charge cubed, and the Fþ ions were emitted along the Si-F bond directions showing a fourfold

symmetry pattern. The trigger process of the Fþ formation is discussed based on a charge transfer process

of F 2p electrons by extending the classical over barrier model. Further, we found that the kinetic energy

of highly charged ion induced Fþ ions is lower than that of electron stimulated Fþ ions caused by the

removal of a F 2s electron.
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When a slow highly charged ion (HCI) impacts on a
solid surface, intriguing phenomena such as a multielec-
tron transfer, an acceleration by the image charge, and a
formation of the hollow atom take place due to its large
potential energy or strong electric field [1]. The classical
over barrier (COB) model has been successfully applied to
describe these phenomena for metals, semiconductors, and
insulators [2], where the transfer of surface electrons at the
Fermi level is considered. When the surface electrons are
removed, the target surface experiences a local charge up,
which induces the emission of target atoms if the local
charge up has a long relaxation time comparing to the
sputtering time, which is referred to as a potential sputter-
ing (PS) [3–9]. PS was frequently discussed by analogy
with electron stimulated desorption (ESD), e.g., the sput-
tering of protons [10] and insulators [3]. In order to judge
whether the emission mechanism is really the same for PS
and ESD, the direct comparison of thoroughly investigated
emission processes for an identical surface is important.

In this Letter, we investigate the Fþ sputtering process
from the F=Sið100Þ surface under slow HCI bombardment,
where the incident charge, energy, and angle are system-
atically varied and ESD is examined as a reference. We
report that the Fþ yield is proportional to q� (� � 3), and
Fþ ions are sputtered along the direction of the Si-F bond.
The latter finding is consistent with our electron stimulated
desorption ion angular distribution (ESDIAD); however,
the kinetic energy of HCI induced Fþ is smaller than that
by ESD. We demonstrate that the multiple removal of F 2p
electrons is important in PS by extending the COB model,
which is in contrast to ESD induced by the removal of a F
2s electron and is the reason of the different kinetic energy
of Fþ ions.

The experimental setup and data acquisition system
were described in detail elsewhere [11] and are only briefly
repeated here. HCIs were extracted from a compact elec-
tron beam ion source (mini-EBIS) [12], charge-state se-
lected with a Wien filter, periodically swept with a

deflector to form a 50 kHz train of 50 ns wide pulses,
and guided into a target chamber. A pulsed electron source
with the width of 15 ns was prepared to characterize the
target surface by ESDIAD technique, which is known to
provide information on the bond direction [13]. Positively
charged secondary ions released from the target surface
were accelerated normal to the surface and were detected
by a two-dimensional position- and time-sensitive detec-
tor; i.e., the full three-dimensional information on the
initial momenta is obtained with the present measurement
system [14]. The dose of the HCI to get a set of data
was typically 108. Considering that the beam spot size was
� 2 mm, the dose density was �109=cm2, which was
several orders of magnitude lower than the atomic density
of the Si(100) surface, 7� 1014=cm2, and the surface
deterioration should be negligibly small for all the mea-
surements presented here.
The target was a B-doped Si(100) wafer of 24� 14�

0:5 mm3 having resistivity of 18 �cm (orientation
accuracy� 0:5�) and was chemically treated to form a
thin oxide layer protecting the Si surface from contamina-
tion during installation in the target chamber [15]. After the
target chamber reached � 2� 10�10 Torr, the oxide layer
was removed by heating the sample at � 1170 K 3 times,
for 3 min each, which yielded the Sið100Þ-2� 1 recon-
structed surface [16]. Finally, the Sið100Þ-2� 1 surface at
room temperature was exposed to CFn (n ¼ 1; 2; 3) and
C2Fm (m ¼ 3; 4) molecules emitted from a heated polyte-
trafluoroethylene, which yielded a fluorine covered Si
surface. ESDIAD of Fþ ions with typical impact energy
of 350 eV was applied both before and after the HCI
measurements to assure that the F=Si surface was free of
deterioration.
It is known that ESDIAD of Fþ ions from a F=Sið100Þ

surface has four peaks in the (011) and ð01�1Þ planes with
fourfold symmetry [17], which is because the Si(100)
surface has two domains, one with its Si dimer bond along
the [011] and the other along the ½01�1� directions [16]; see
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Fig. 1(a). The first-principle calculation predicts that
(1) the polar angle of the Si-F bond from the surface
normal is 23� and (2) 0:4e� is transferred to the fluorine
atom [18]. Prediction (2) indicates that Fþ ions can be
emitted when two electrons are removed. Actually, the
threshold energy of Fþ emission by ESD process was
� 28 eV [17,19], which is close to the transition energy
of the F 2s state to the conduction band minimum, indicat-
ing that Fþ ions are formed via a Coster-Kronig transition
such as F�ð2s12p6Þ ! Fþð2s22p4Þ þ e� after the removal
of the 2s electron of a F atom [17,19].

A three-dimensional distribution fð"; �;�Þ of emitted
ions was evaluated combining the time of flight and two-
dimensional position information, where " is the emission
energy and � and � the polar and azimuthal angles, re-
spectively [20]. The emission angle distribution fð�;�Þ is
obtained by integrating fð"; �;�Þ over the emission energy

". Figure 1(b) shows fð�;�Þ of Fþ ions for 3.9 keV Arq
þ

ions (4 	 q 	 7) where the incident angle, �, with respect
to the surface normal is 35�. Like in the case of ESDIAD,
four peaks are clearly seen in the (011) and ð01�1Þ planes.
The most probable polar angles of emission extracted from
Fig. 1(b) were 22� � 4� from the surface normal for all the
charge states measured (4 	 q 	 7), which agreed quite
well with our ESDIAD value of 23� � 2�. These uncer-
tainties originated primarily from the time zero of the flight
time [20]. The polar angle so obtained is consistent with
the predicted value of 23� by the first-principle calculation
[18]. The full widths at half maximum of each peak in the
fourfold structure were 23�, 24�, 26�, and 29�, for q ¼ 4,
5, 6, and 7, respectively, where the effects due to the beam
sizes and the pulse widths were corrected for [14].

Figure 2(a) shows fð"Þ the kinetic energy distribution of
Fþ ions for 3.9 keV Arq

þ
(4 	 q 	 7) ions with � ¼ 35�,

which is obtained by integrating fð"; �;�Þ over the
emission angle � and �. The peak energies for q ¼
4, 5, 6, and 7 were 1:8 eV� 0:6 eV, 2:0 eV� 0:6 eV,
2:2 eV� 0:6 eV, and 2:2 eV� 0:6 eV, respectively; i.e.,
the peak energies were independent of q within the error
bars originating from the time zero of the time of flight
[20]. It was further found that fð"Þ and fð�;�Þ of Fþ ions
depended neither on the incident energy E (2:5 	 E 	
5:0 keV) nor on the incident angle � (22 	 � 	 65�) [14].
Figure 3 shows the yields of Fþ and Siþ ions as a func-

tion of the charge state q of the Arq
þ
ions (4 	 q 	 8)

incident at E ¼ 3:2 keV and � ¼ 30�. It is seen that the
Fþ yield increases with q like q� (� � 3), although the Siþ
yield is independent of q. Further, the Siþ yields depended
on the incident angle � like 1=ðcos�Þ1:7, but the Fþ yields
did not depend on � [14]. These behaviors of Siþ ions are
typical for kinetic sputtering phenomena, but those of Fþ
ions were quite different. Summarizing these experimental
findings: (1) the Fþ emission seems to be triggered by
some electron removal processes induced by the charge
or the field of the incident ions but not by any kinematical
effects, and (2) the emission proceeds following the Si-F
bond direction almost independent of the incident charge,
energy, and angle.
Here, we consider the trigger process of Fþ emis-

sion following the COB model [2] for a F=Si surface [see
Fig. 4(a)], where the case of normal incidence is inves-
tigated for simplicity. At the critical distance of an HCI
from a surface, RSiðqÞ, the electrons in the top of the Si
valence band with the work function of 5 eVare resonantly
and classically transferred to highly excited states of the
HCI. The critical distance is approximately given by

RSiðqÞ � 6:7
ffiffiffi
q

p þ 0:4 ða:u:Þ: (1)

The principal quantum number into which the electron is
transferred is approximately given by nSiðqÞ � qþ 1.
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FIG. 2 (color). (a) Kinetic energy distributions of Fþ ions
emitted from the F=Sið100Þ surface irradiated by 3.9 keV Arq

þ

(4 	 q 	 7) ions incident at � ¼ 35� and 350 eV e�. The
emission energy of Fþ ions in ESD is stable for the electron
energy of 70–750 eV and 50% higher than those in HCI impact.
(b) Schematic drawing of potential energy curves for the case of
Fþ (red line) and F� (light blue line), where the former shows the
smaller kinetic energy comparing to the latter [22].
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FIG. 1 (color). (a) Schematic diagram of the fluorine adsorbed
Si(100) surface. (b) Two-dimensional angular distributions of Fþ
ions emitted from the F=Sið100Þ surface irradiated by 3.9 keV
Arq

þ
(4 	 q 	 7) ions incident at � ¼ 35�. The peak intensity

for each distribution is normalized to unity.
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Once an electron is captured, the charge state of the HCI is
reduced by the screening of the transferred electron. Thus,
the potential barrier between the HCI and the surface gets
higher, and the next electron can be transferred after the
HCI gets closer to the surface. By this way, electrons are
transferred into high Rydberg states one by one, keeping
inner shell holes, resulting in a so-called hollow ion (HI)
or hollow atom (HA). Assuming a perfect screening of
the projectile by transferred electrons [21] and using
Eq. (1) to estimate the critical distance for the following
electrons, the charge state qSiðRÞ of the HI or HA at R
viewed from the Si valence electrons varies in a stepwise
manner, as shown by the green line in Fig. 4(b).

Next, we consider the outermost electrons (2p) in the F
atom located at � ð¼ 1:6 a:u:Þ above the image plane [18],
which is assumed to locate 1.3 a.u. (half an atomic layer)
above the topmost Si layer [see Fig. 4(a)]. Like in the case
for the Si valence electrons, a potential barrier between the
fluorine and HCI is formed for the fluorine 2p electron. We
should note that an effective charge of HI or HA viewed
from the fluorine, qFðRÞ, is different from qSiðRÞ because
the F atom protrudes from the image plane [see Fig. 4(a)].
The effective charge state qFðRÞ is approximately given by

qFðRÞ ¼ q�X
n

NnðRÞ
n2

Xn�1

l¼0

ð2lþ 1Þ

�
Z ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðR��Þ2þd2
p

0
c nl

2ðrÞr2dr; (2)

where d is the impact parameter, c nlðrÞ is the radial wave
function, n is the principal quantum number, l is the orbital
angular momentum, and NnðRÞ is the number of electrons
which have been transferred from the Si valence band to
the n shell of the HCI located at R. For the sake of
simplicity, the hydrogenlike wave functions were em-
ployed for c nlðrÞ in calculating Eq. (2). Deexcitation
processes of the HI or HA were neglected because the
interaction time is quite short (< 10 fs), as compared

with typical deexcitation time [2]. The red and blue lines
in Fig. 4(b) show qFðRÞ for two different impact parame-
ters, where qFðRÞ decreases slowly, as compared with
qSiðRÞ [green line in Fig. 4(b)], because the orbital radius
of HI or HA is larger than the distance between the HCI

and the F atom,
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðR� �Þ2 þ d2

p
[see Fig. 4(a)]. The criti-

cal distance, RF, is defined as the position of the HCI where
the potential barrier height for the fluorine electron gets
equal to the binding energy of the F 2p electron, EF2p þ
�EFðRÞ, where EF2p is the intrinsic binding energy and

�EFðRÞ is the sum of the positive and negative shifts by the
charge of HCI (qF) and by the image charge of HCI (qSi),
respectively. Here, EF2p ¼ 14 eV is adopted from the pho-

toelectron spectroscopy [19]. The solid lines in Fig. 4(c)
show RF for different q as a function of the impact pa-
rameter, indicating that the classically allowed electron
transfer process of the F 2p electron can take place com-
peting with that of the Si valence electron, which is re-
ferred to as an extended COB model here. As shown by
arrows in Fig. 4(c), there are upper limits of impact pa-
rameter for the electron transfer of the F 2p electron.
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FIG. 3. Incident charge-state dependence of Fþ and Siþ yields
emitted from the F=Sið100Þ surface irradiated by 3.2 keV Arq
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FIG. 4 (color). (a) Schematic drawing of the COB process for
the F=Si surface. The HI or HA is located at distance R from the
image plane and with the impact parameter of d. The gray area
with radius R represents the high density area of the already
transferred Si valence electron shared by the HI or HA and the Si
substrate. (b) The green line is the charge-state evolutions of HI
or HAwith the initial charge state q ¼ 8 viewed from the silicon
(qSi). The red and blue lines are the charge-state evolutions of the
same HI or HA viewed from the fluorine atom (qF), where the
impact parameters (d) are 0 and 3 a.u., respectively. (c) Critical
distances for the F 2p electron transfer are plotted as a function
of the impact parameter. The arrows show the upper limit of the
impact parameter for the extended COB.
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As soon as the second electron is transferred from the F
2p state, a Fþ ion is formed and is emitted due to the
repulsive force in the Si-F bond, which is referred to as the
pairwise PS model [10]. In contrast to the pairwise PS
model, Fþ emissions observed in ESD were induced by a
removal of the F 2s electron, i.e., formation of the
F�ð2s12p6Þ state [17,19]. This F� can be desorbed by the
repulsive interaction with the surface [22] and can be
changed into the Fþ state by the Coster-Kronig process
on the way of the emission [22]. Avouris et al. predicted
that the larger kinetic energy of Fþ ions formed via the
long-lived F� state comparing to that of the instantaneously
formed Fþ because of the absence of the repulsive image
charge [22]; see Fig. 2(b). If we assume that the electron
stimulated Fþ is emitted via the long-lived F� state and the
HCI induced Fþ is immediately formed by the collision
process, their calculation is consistent with our observation
[see Fig. 2(a)]. The time interval between the capture of the
first electron from the fluorine and the penetration of HI or
HA into the substrate is estimated to be a few fs, which is
shorter than the time necessary for the Fþ emission (order
of 100 fs). This time difference explains at least qualita-
tively why the trigger process and the emission process
take place independently.

The recoil process of fluorine by the projectile deter-
mines the lower limit of the impact parameter, where the F
2p electron can be transferred to HI or HA without losing
the bond information. For example, the recoil energy of a F
atom by an Ar atom with the impact parameter of 2 a.u. is
less than the dissociation energy of the Si-F bond (5 eV
[18]), where we assume the Thomas Fermi Moliere poten-
tial [23] between the F and Ar and neglect the Si atoms
around for simplicity. On the other hand, the upper limit of
the impact parameter is determined by the extended COB
model, which is shown by the arrows in Fig. 4(c). The
range of the impact parameter between the upper limit and
lower limit can contribute to the PS of Fþ which keeps the
bond information.

The probability that the Fþ ions are produced by sec-
ondary electrons induced by HCI bombardments is negli-

gibly small because (1) the Fþ emission energy for Arq
þ

impacts are considerably smaller than those for e� im-
pacts, i.e., both emission processes are intrinsically differ-
ent, and (2) the Fþ yield for Ar6þ ions was observed to
be 2 orders of magnitude larger than the maximum yield
for e� impacts (200 eV) [14], although the secondary
electron yields are at most ten [24] and their kinetic en-
ergies are mostly smaller than the threshold energy to
induce ESD [17,19].

In conclusion, we have investigated the HCI induced Fþ
sputtering process by measuring the kinetic energy and the
emission angle of the desorbed ions for various charge
states. We found that the ionization process of fluorine

and the desorption process of Fþ take place almost inde-
pendently, and the former shows the strong charge-state
dependence and the latter reflects the local bond configu-
ration of the fluorine atom on the Si surface. The extended
COB model predicts that the ionization of F 2p electrons
plays a dominant role in the Fþ sputtering. Further, we
found that the kinetic energy of HCI induced Fþ is smaller
than that of ESD, which is consistent with the prediction by
Avouris et al. [22]. Extending the present findings to
neutral species dominant in PS [3] is expected to deepen
our understanding on sputtering processes.
We are deeply indebted to J. Burgdörfer for his careful
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