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We have measured electronic sputtering yields of SiC and KBr by high-energy ions (198 MeV Xe, 99 MeV Xe,
89 MeV Ni, 60 MeV Ar and 55 MeV Cl ions with the equilibrium charge). Employing the carbon-foil collector
method, sputtered atoms in the C-foil are analyzed by Rutherford backscattering spectrometry (RBS) and the
sputtering yields have been evaluated. It appears that the sputtering yields Y follow the power-law of the
electronic stopping power (S.): Y =(1.86S.)"*® and Y = (0.77S.)>° for SiC and KBr, respectively (S in keV/nm).
The representative sputtering yield at S. = 10 keV/nm is evaluated to be 87.6 and 457 for SiC (bandgap

E, = 2.86 eV) and KBr (E; = 7.4 eV) and it is revealed that these can be explained within the bandgap scheme.
Lattice disordering by ion impact has been also measured by X-ray diffraction (XRD) and S. dependence of the
XRD intensity degradation is compared with that of electronic sputtering.

1. Introduction

Electronic sputtering representing atomic displacement near surface
caused by electronic excitation under high-energy ion irradiation has
been observed for many non-metallic solids, e.g., H,O ice [1,2], frozen
gas films of Xe, CO, and SFg [2], those of Ar, N, and CO [3], SiO, and
SizNy [4], UF, and UO, [5], UO, [6], LiF [7,8], SiO [7,9,10], SrCeOs
and SrTiO3 [9], CeO,, Al;03, MgO, TiO, and ZnO [11], crystalline SiO,
and comparison with SiO,-glass [12,13], MgAl,0, [12], AIN, Si3Ny,
Y,05 and ZrO, [14], Cu,0 [15], CusN [16], CuO [17], WO3 [18], Fe,0O5
[19], and WNOy (x=0.4) [20]. Nearly stoichiometric sputtering has
been reported [7,9,11,14,17-20], while considerable deviation has
been reported for YBa;Cu30, [21], Gd3GasO,» and Y3FesO,» [22], and
CaF, and UF4 [23]. Only heavy elements [4-6] or light element [10]
have been measured. Besides electronic sputtering, material modifica-
tion by ion irradiation has been observed, e.g., track formation in mica
etc. [24], mica, SiO,, Al,O3 etc. [25], SisN4 [26], lattice disordering
(i.e., degradation of X-ray diffraction (XRD) intensity) and lattice ex-
pansion for polycrystalline films of SiO, [27], WO3 [18], disordering of
ultra thin films of WO3 [28], disordering and lattice compaction for
polycrystalline films of Cu,O [15], CuzN [16], CuO [17], Fe;053 [19],
Mn-doped-ZnO [29]. Peculiarly, lattice expansion and compaction at
low and high ion fluence as well as disordering have been reported for
WNO, films [20]. Furthermore, drastic decrease of the electrical re-
sistivity has been observed for CusN [16], WNO, [20] and Mn-doped-
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ZnO [29].

Three models have been discussed for electronic-excitation induced
atomic displacement, Coulomb explosion (CE) model [24], thermal
spike (TS) model [7] and exciton model that non-radiative decay of self-
trapped exciton (STX, i.e., localized excited state coupled with lattice)
leads to atomic displacement [3,30-34]. Since, the fraction of sputtered
ions for 100 MeV Xe ions on SiO, glass is small [12], CE model is un-
sound. According to a crude estimation based on TS model, evaporation
yield of SiO, is far smaller than the experimental value [14], and thus
TS model neither sound. Moreover, transfer mechanism from the elec-
tronic energy into lattice (electron-lattice coupling) is not clear in the
model. According to the STX model or bandgap scheme, it is anticipated
that the energy of atoms in motion from non-radiative decay of the
electronic excited state coupled with the lattice is comparable with the
bandgap, resulting in larger sputtering yield with larger bandgap and
this seems to be supported by the experimental results for the bandgap
larger than 3 eV [19]. However, a drawback of this model is that ex-
istence of STX is known for limited materials, rare gas solids, SiO,,
Al,03, MgO, alkali halides etc. [3,33-34] and does not exist in MgO and
probably in Al,O3 [35]. A conflict is seen in refs. [33] and [35], and the
opinion of ref. [35] is favored in view of radiation sensitivity. Alter-
natively, a mechanism is suggested for coupling of exited state with
lattice via Coulomb repulsion during neutralization time of ~fs [19]. To
examine the suggested mechanism, more data is desired for materials
other than oxides, nitrides.
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In this paper, the electronic sputtering yields of SiC and KBr have
been measured and the bandgap scheme for the electronic sputtering
has been discussed. SiC has been chosen because of availability of
samples and no publication of electronic sputtering of carbides, and KBr
because of lack of electronic sputtering data and interest of comparison
with the electronic sputtering yields of LiF [7,8]. Furthermore, lattice
disordering induced by ions is measured and compared with the elec-
tronic sputtering.

2. Experimental

Commercially available samples of hexagonal-SiC with c-axis or-
ientation (CREE Wafer Products, 0.2 mm thickness) and face-centered-
cubic KBr (1 0 0) single crystal (Harshaw products, cleaved to sub mm
thickness before ion irradiation) are employed. Irradiation of high-en-
ergy ions (200 MeV Xe*!* 100 MeV Xe™ 4, 90 MeV Ni*!°, 60 MeV
Ar*7 and 55 MeV Cl1*7) have been performed at room temperature and
normal incidence by using the Tandem accelerator at Japan Atomic
Energy Agency (JAEA). Sample orientation is not intentionally aligned
to major axis of samples in order to avoid the channeling effect.
Moreover angular spread of approximately a half of degree under
scanning of beams for attaining beam uniformity is comparable with
the channeling critical angle of 0.32 deg. (SiC, along <0 0 1> ) and
0.65 deg. (KBr) for 100 MeV Xe ion calculated by Lindhard’s formula,
(2Z,Z,e*/Ed)"/? [36], reducing the channeling effect. Here, Z, is the
atomic number of the ion, Z, mean atomic number of samples, e the
charge of an electron, E the ion energy, d the atomic spacing of the
channeling axis. For calculation of the critical angle, d equal to the
lattice parameter of c-axis is taken to be 0.504 nm for SiC [37] and d
(=half of the lattice parameter) 0.33 nm for KBr [38]. The lattice
parameters are confirmed by XRD with Cu-k,. The beam current den-
sity is ~3nA cm ™2 for high-energy ions and the corresponding tem-
perature-rise during the ion irradiation is estimated to be less than 40 °C
[39], which is not significant.

Carbon-foil-collector method [9] is applied to obtain sputtering
yields for high-energy ions, i.e., samples are irradiated by high-energy
ions after passing through the carbon-foil (100 nm)-collector, and
sputtered atoms are collected in the C-foil followed by RBS of 1.5 and
1.8 MeV He™ ions. During passing through the C-foil, the ions attain the
equilibrium charge. The energy loss in the C-foil is calculated to be 2, 1,
1 MeV for 200 MeV Xe, 100 MeV Xe and 90 MeV Ni, and less than
1 MeV for 60 MeV Ar and 55 MeV Cl, using TRIM 1997 [40] and these
energy losses are insignificant. 120 keV Ne ions by a 200 kV accelerator
at Nagoya University, are employed to obtain the collection efficiency
of K and Br. Density of Si (SiC, 3.16 g cm ™ %) and Br (KBr, 2.74 gcm_S)
is taken to be 4.75 and 1.387 x 10%? cm ™2 [41] for stopping power
calculation [40] required for ion beam analysis.

3. Results and discussion

Fig. 1(a) shows the amount of sputtered Si collected in C-foil from
SiC vs ion fluence, noticing that sputtered C is unable to detect. It ap-
pears that the Si areal density is proportional to the ion fluence, in-
dicating negligible overlapping effect. From the slope of the Si areal
density vs ion fluence with the collection efficiency of 0.48 for Si [9],
sputtering yields are evaluated. Here, stoichiometric sputtering is as-
sumed, taking the experimental results into account that the composi-
tion ratio of C over Si for both irradiated after 200 MeV Xe at
3.7 x 10 cm™? and unirradiated part of SiC is found to be close to
unity by 1.5 MeV He RBS with the RBS accuracy of 10%. Thus, total
sputtering yield of SiC is twice of Si sputtering yield and the results are
summarized in Table 1. Sputtering yields by high-energy ions are much
larger than those calculated based on the elastic collisions (proportional
to the nuclear stopping power), indicating that for high-energy ions, the
electronic excitation plays a major role.

The XRD intensity (diffraction angle 26 of 35.6 °, (0 0 2) diffraction)
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Fig. 1. (a) Areal density of Si (10'* cm~?) collected in C-foil sputtered from SiC,
(b) XRD intensity of SiC vs ion fluence (10" cm ~2) for 198 MeV Xe (A), 99 MeV
Xe (O), 89 MeV Ni (V), 60 MeV Ar ((]) and 55 MeV Cl (¢) ions with the
equilibrium charge. An estimated error of the areal density and XRD intensity is
10%.

relative to that of unirradiated SiC vs ion fluence is shown in Fig. 1(b)
and it is seen that the XRD intensity degradation linearly depends on
the ion fluence. Similarly to the sputtering yield evaluation, the XRD
intensity degradation (Yp) per ion fluence is obtained from the slope
and the results are given in Table 1. Here, the X-ray attenuation length
(£) is obtained to be 69 um [42] and the attenuation depth ({ sin®)
21 pm. Thus the electronic stopping power is averaged over the depth
of dxp (S.Y) such that (S, at depth dxp / S, at surface) @exp(-2 dxp /¢
sin@) is less than 20%, meaning that XRD contribution at depth dyp is
less than 20% and S, being the electronic stopping power. As described
below, the contribution is much less than 20%, since Y, super-linearly
depends on S, or S.*". S." and dxp are given in Table 1. Sputtering yield
Y and Yp, vs S, are shown in Fig. 2. Y and Yp, are found to follow power
law: Y=(1.86S.)"°% Yp=(0.0287S)"7* and Yp=(0.037 S¢*")*7 as
shown in Fig. 2. S, dependence of Y and Yp, is similar, but the exponent
of the XRD degradation is slightly larger than that of sputtering. This
difference could be partly due to the fact that smaller displacement and
thermal annealing are involved in the lattice disordering.

RBS spectrum of C-foil after irradiation by 90 MeV Ni ions on KBr is
shown in Fig. 3(a). Br peak without appreciable background is observed
in the RBS and K spectrum is partly overlapped with Cl (probably due to
NaCl contamination). It appears that the areal density of K is larger by a
factor of 2-4 than that of Br. This implies, comparing with the
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Table 1

Electronic (S.), nuclear (S,) stopping powers (keV/nm) near surface of SiC and
KBr, and projected range (R,,) for 198 MeV '*°Xe, 99 MeV '3°Xe, 89 MeV **Ni,
60 MeV Ar*” and 55 MeV Cl*7 ions calculated using TRIM1997 [40] and
sputtering yield Y (per ion) of SiC and KBr. S, is the electronic stopping power
averaged over the depth of dxp relevant to XRD and Yp the XRD intensity de-

gradation.

Ions Se S R, Y S dxp Yp
(keV/nm) (um) (keV/nm) (um) (10~ *2cm?)

SiC

198 MeV Xe 20.74 0.0735 15.3 258  17.62 10.5  0.41

99 MeV Xe  17.2  0.129 10.2 200 13.53 65  0.29

89MeVNi 11.35 0.0207 103 110 9.91 85  0.145

60 MeV Ar 6.4 0.00924 10.5 44.4 5.97 9.2  0.052

55MeV Cl 6.1 0.00794 10.1  40.0

KBr

198 MeV Xe 12.38 0.0508 27 713 11.63 8 2.35

99 MeV Xe 9.7 0.089 183 500 85 8 1.3

89MeVNi 681 0.014 183 113  6.64 8 0.64

55MeVCl 365 0.0053 17.9 30

collection efficiency of Br (0.4) as described later, that the collection
efficiency of K in the C-foil collector exceeds unity and this is un-
realistic. Based on these results, Br yields with an assumption of stoi-
chiometric sputtering are employed to obtain the total sputtering yield
of KBr, considering that the composition ratio of K over Br for both the
unirradiated part and irradiated part of KBr by 100 MeV Xe at
2.6 x 10'2 cm ™2 is found to be close to unity by 1.5 MeV He RBS.
The amount of sputtered Br from KBr vs ion fluence is shown in
Fig. 3(b). It also appears that the Br areal density is proportional to the
ion fluence, indicating that the overlapping effect is not appreciable.
From the slope of the Br areal density vs ion fluence with the collection
efficiency of 0.4 for Br with assumption of stoichiometric sputtering,
sputtering yields are evaluated and the results are given in Table 1.
Here, the collection efficiency of Br in the C (100 nm) -foil is obtained
to be 0.4 as follows. The geometrically same set of C-foil and KBr is
irradiated by 120 keV Ne ions. The energy loss in the C-foil is calculated
to be 60 keV [40]. Sputtering yields of 60 keV Ne on KBr is estimated to
be 0.672, assuming that the elastic sputtering yield is proportional to
the nuclear stopping power [40] with the experimental value of 1.9 for
8 keV Ar [43]. The collection efficiency is given by the areal density of
Br times components number (2) divided by (Ne ion fluence times
sputtering yield of 60 keV Ne). We adopt the sputtering data [43] be-
cause the sputtering yield by 60 keV Ne for KBr is estimated to be 0.2
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Fig. 3. (a) RBS of C-foil (placed on graphite sheet of ~1 mm thickness) col-
lected K and Br sputtered from KBr after irradiation of 90 MeV Ni ions at
5.4 x 10'2 cm ™2, obtained by 1.8 MeV He* and normal incidence with the
scattering angle of 160 deg. Carbon edge and peaks of K and Br are indicated by
vertical lines. Peaks around 0.67, 0.9 and 1.16 MeV are identified as oxygen, Na
and Cl. (b) Areal density of Br (10'* cm™2) collected in C-foil sputtered from
KBr, (c) XRD intensity of KBr vs ion fluence (10'? cm™?2) for 198 MeV Xe (A),
99 MeV Xe (O), 89 MeV Ni (V) and 55 MeV Cl ([J) ions with the equilibrium
charge. An estimated error of the areal density and XRD intensity is 20%.

from [44] and this value is smaller by a factor of 3 than the value
mentioned above, implying that the collection efficiency is larger than
unity. As in the case of SiC, sputtering yields by high-energy ions are
much larger than those calculated based on the elastic collisions, in-
dicating that for high-energy ions, the electronic excitation plays a
major role.

The XRD intensity (diffraction angle 26 of 27 °, (0 0 2) diffraction)
relative to that of unirradiated KBr vs ion fluence is shown in Fig. 3(c)
and ion fluence dependence of the XRD intensity degradation is found
to be linear. The XRD intensity degradation (Yp) per ion fluence is
obtained from the slope and the results are given in Table 1. Here, the
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X-ray attenuation length (£) and depth (£ sin6) are obtained to be 34 pm
[42] and 8 um. Since the projected range (Table 1) is larger than the
attenuation depth, S.?" is averaged over the depth of dxp = 8 um so that
(S. at depth dxp / S, at surface) @exp(-2 dxp /£ sind) is less than 10%,
meaning that XRD contribution is less than 10%. As described below,
the contribution is much less than 10%, since Yxp super-linearly de-
pends on S or S.". S.*" and dyxp are given in Table 1. Sputtering yield Y
and Yp vs S, are shown in Fig. 4. Y and and Yp are found to follow
power law: Y =(0.77S)%>?, Yp=(0. 1185.)*? and Yp=(0.127 S.*")** as
shown in Fig. 4. For S, dependence of Y and Yp, the exponent of the
XRD degradation is a little bit smaller than that of electronic sputtering,
and this trend is opposite to SiC results. These could be partly due to the
fact that smaller displacement and thermal annealing are involved in
the lattice disordering. More data would be desired to investigate the
correlation between the electronic sputtering and lattice disordering.
Representative sputtering yield at Se = 10 keV/nm vs bandgap (E)
is shown in Fig. 5 for SiC (Y = 88) and KBr (Y = 457) as well as
published data [19]. Bandgap is taken to be 2.86 eV (SiC) [37], 7.4 eV
(KBr) [45]. Also shown is the LiF data (Y = 480 [8] and E; = 13.6 eV
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Fig. 5. Sputtering yields at Se = 10 keV/nm vs bandgap, E, (eV) for SiC and
KBr (@), other data [19] and LiF (@) [8]. E; dependence of the upper limit of
the sputtering yields at S = 10 keV/nm is indicated by dash line for
E; > 3 eV. Similarly, E; dependence is shown for S, = 15 keV/nm (dot line)
and 5 keV/nm (dot-dash line).
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[45]) after correcting for normal incidence and total (Li and F) yield.
The results of KBr and LiF are comparable with the fit to the upper limit
to the published data of oxides and nitrides (Eg4 dependence as illu-
strated by the dash line in Fig. 5) based on the bandgap scheme [19],
which will be discussed in the next paragraph, though the KBr result is
somewhat larger than the expected value from the fit and the bandgap
dependence is much weaker for alkali halides, KBr and LiF. This weak
dependence could be partly due to material dependence of anisotropic
component anticipated for alkali halides and the fact that the sticking
coefficient of Li and F on the collector is taken to be unity for LiF [7,8],
and more data is desired to resolve the issue. The yield of SiC is larger
than the value anticipated from the fit, though deviation is not as much
as for exceptionally large yield of WO3 and this is also to be in-
vestigated. It is noticed that some data scatter (SiO,, MgO and Al,O3
with nearly the same bandgap) can be explained by whether STX exists
or not, as mentioned in Introduction and [14]. In Fig. 5, sputtering data
of Cu,0 [15] has been reanalyzed and revised as Y = 3.67S.. Revised
value is 18 at S, = 10 keV/nm. Similarly to SiC and KBr, the compo-
sition ratio of O over Cu is found to be nearly 0.5 by 1.8 MeV He RBS for
both irradiated part by 90 MeV Ni at 2 x 10'? cm ™2 and unirradiated
part. Also, sputtering data of CugN [16] has been reanalyzed and re-
vised as Y = 960, 556, 342 and 142 at S. (keV/nm) = 27.34, 20.74,
15.0 and 8.47 for 198 MeV Xe, 99 MeV Xe, 89 MeV Ni and 60 MeV Ar
ions, respectively. The power-law fit remains the same, Y= (2.6 S)'*°.
The composition ratio of N over Cu is found to be nearly 1/3 by
1.8 MeV He RBS for both irradiated part by 90 MeV Ni at 1.4 x 10'2
cm ™2 and unirradiated part.

Now, a suggested mechanism of electron-lattice coupling [19] is
briefly described. A dense ionized core is generated by high-energy ion
impact and Coulomb repulsion leads to atomic motion. Generally,
neutralization time is too short so that CE model is not adequate to
explain the electronic sputtering. Nevertheless, displacement of one
tenth of the nearest neighbor distance (~0. 1 nm) is highly achievable
during the short neutralization time (~fs). As the first step, using a
formula [46], time required for Si*-C* separation (0.01 nm) is esti-
mated to be 6 fs, and 9 fs for K*-Br*. This comes up to suggestion [19]
that small atomic displacements lead to electron-lattice coupling, gen-
eration of highly excited-state coupled with lattice (h-ESCL). Non-ra-
diative decay h-ESCL leads to atomic displacement (larger displace-
ments result in sputtering and smaller displacements end up generation
of phonons or lattice distortion). For KBr, non-radiative decay of STX
near room temperature is dominant over radiative decay [47]. It also
has been argued that multi-exciton such as bi-self-trapped-exciton, a
form of h-ESCL leads to more efficient non-radiative decay [48]. In
addition, the effective depth contributing to the electronic sputtering of
WO3 has been obtained to be 40 nm for both 99 MeV Xe and 89 MeV Ni
ions and it turns out to be that the energy deposition within the ef-
fective depth is adequate for explaining the sputtering yield [49].
Quantitative argument is desired for efficiency of h-ESCL generation,
branching ratio of non-radiative decay and fraction of larger atomic
displacement leading to sputtering.

4. Summary

The electronic sputtering yields Y of SiC and KBr have been mea-
sured and Y fits to the power law formula: Y= (1.86S.)'°% and Y=
(0.77S0)>°, respectively, S, being the electronic stopping power (keV/
nm). It appears that the sputtering yield can be explained within the
bandgap scheme that non-radiative decay of highly excited-states
coupled with lattice assisted with Coulomb repulsion in the dense io-
nized core along high-energy ion path during the neutralization time
leads to atomic displacement. Lattice disordering by ion irradiation
have been measured and XRD intensity degradation per fluence Yy, fits
to power law formula: Yp, = (0.03775.)%7 and (0.127S.2V)%* for SiC
and KBr, respectively, S.»' being the electronic stopping power aver-
aged over the depth relevant to XRD. The exponent of sputtering and
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disordering are comparable, implying that the similar mechanism is
involved in sputtering and disordering.
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