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Nuclear-reaction analysis of H at the PWSi(111) interface: Monolayer depth distinction
and interface structure
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Hydrogen atoms buried at the interface between Pb layers and ¢thEl)Ssurface were investigated by
resonant nuclear reaction analy@iRA) using *H(**N, ay)*?C in grazing incidence geometry. Pb atoms were
deposited on the H-terminated(§11) surface at 110 K, and the H depth was clearly distinguished with a depth
scale of one monolayer. The NRA spectrum revealed a monotonous shift to higher energy with increasing Pb
coverage indicating H remains at the interface between Pb and the Si substrate. The dependence of the spectral
shift on the Pb coverage was found to have an offset corresponding to a depth of about 0.1 nm. This offset
suggests a model for the Pb/H/BL1) interface structure implying that the initial Pb layer resides in the
preadsorbed H layer.
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I. INTRODUCTION and early stages of interface formation, improvement of the
depth resolution is highly required. Therefore the first aim of
Hydrogen interacting with solid surfaces and interfaces ighe present paper is to improve the depth resolution by
of great importance and interest not only in fundamentachanging the incidence angle of the ion beam: the effective
physics and chemist? but also in a variety of technologi- thickness experienced by théN ion traveling through an
cal applications. Due to the light mass and small atomic size2dlayer is increased in a tilted geometry. Here we report
H atoms tend to be absorbed by materials as demonstrated BYRA measurements of H buried at the interface between a
hydrogen storage materials and are responsible for undesip!(111) substrate and thin Pb overlay¢@s8—5 ML) taken in
able phenomena such as hydrogen embrittlement. In case 8f2Zing beam incidence geometry, and achieved atomic-layer
semiconductor technology, hydrogen at interfaces is practdePth distinction of hydrogen. The dependence of the
cally interesting and important because of its influence on thy'deIOth profile on the Pb coverage allows us to discuss the

Schottky-barrier heigR' and its ability to reduce the density initial stage of the Pb/H/Si interface formation and to derive

of the interface states by saturating dangling bonds. In the model of the interface structure.

epitaxial growth of metals and semiconductdrshydrogen
atoms sometimes modify the growth mode acting as a sur- IIl. EXPERIMENT

factant. The experimental setup is described elsewhegriefly,
Despite the importance of H in a variety of surface andthe sample preparation and NRA measurements were per-
interface phenomena, H is visible to only a limited numberformed in a UHV chambefbase pressurez1x10°8 Pa) at
of techniques, because of the small scattering factor due tthe 2C beam line of the tandem-type Van de Graaff accelera-
its light mass and the small number of electrons available fotor at the Research Center for Nuclear Science and Technol-
electron spectroscopy. For the investigation of H at surfacesagy of the University of Tokyo. Thé®N?" ion beam at an
subsurfaces, and interfaces therefore, a depth-resolved teatrergy around 6.385 MeV produced by this accelerator was
nique is strongly required. Resonant nuclear reaction analyintroduced into the UHV chamber for the NRA measure-
sis (NRA) (Refs. 8,9 and elastic recoil detectiofERD)  ment. The nuclear reaction we used 8(**N,av)'%C,
(Refs. 5,10 enable depth-resolved measurements. In the prewhich is resonanced at @N?" energy of 6.385 MeV with a
vious publications, we investigated the formation of metal/resonance width of 1.8 ke\: Detection ofy rays with an
H/Si(111) interfaces by NRA using the'H(**N,ay)'*C  energy of 4.43 MeV by a BGe,0,, scintillator placed at a
reaction'!? In these studies, it was found that an interfacedistance of 40 mm behind the sample enables us to measure
layer of H atoms is formed between a Pb overlayer and a She H concentration. Furthermore, variation of the ion energy
substrate and the deposited Pb atoms form a uniform layer gives us the depth information of H atoms. The energy width
110 K. Compared with the Pb/ill) interface’®!* a  of the incident ion beam was 3 keV, which was achieved by
H-induced dipole layer was suggested to be present at thmonochromatization with the energy analyzéispersion:
interface modifying the Schottky-barrier heightut the real 2560 mm) at a slit width of 1.2 mm and with the help of a
interface structure is not known yet. The depth resolutiorslit feedback system. The typical beam current and beam size
(the spectral width divided by the stopping poyvat normal  at the sample were 30 nA and 2 mm in diameter, respec-
ion beam incidence on the sample turned out to bedively. The NRA measurements in the present work were
~5 nm!*2je., twenty monolayeréML) of Pb, which is  conducted at an ion incidence angle of 80° with respect to
mainly determined by the zero-point vibration of H againstthe surface normal. Special care was taken concerning the
the surface and the straggling of thN ions in the Pb over- sample position against the ion beam, because striking of the
layers. For further detailed studies of subsurface occupationeam at any surfaces other than the sample increases the
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background signal. The-ray yield was normalized by the 250
sample current integrated over the acquisition time of 100 s

per data point. The spectra shown in the present paper, unlegy
otherwise stated, are the average of two independent specti2. 200
to reduce experimental uncertainty. Since the ion currentZ

density at the sample surface is lower than that at a norma§ 150
incidence by a factor of cos 80°, the decay of theay yield S
due to ion-induced desorption can be negledted. -

The sample used in the present study is Si(1X}1H, = 100
which was prepared by dosing atomic H at a sample tem-:
perature of 650 K until the H coverage was saturafele- =
fore dosing atomic H, the &ill) sample (850 > 50

X 0.5 mn?) was cleaned by resistively flashing in UHV to

1370 K until LEED reveals a clear>7 pattern. Atomic 0

hydrogen was produced by a tungsten filament heated a 637 638 639 640 641 642
1900 K, which is mounted in a molybdenum tube and placed Energy (MeV)

at a distance of about 100 mm from the sample. After H

dosage, the sample exhibited a clea¢ 1L LEED pattern in- FIG. 1. Intensity profile of they ray from the *H(**N,ay)?C

dicating the formation of a H-terminated($11) surface. Be- nuclear reaction as a function of the incideN beam energy
low 400 K, the sample temperature was measured by taken for the sample of Pb deposition of 0.20 nm on th@13)1
Chromel-Alumel thermocouple attached to the Ta electrode<1-H at a sample temperature of 110 K. Solid curve is a fit to a
supporting the Si sample, while temperatures higher thafpaussian form and the dashed curve denotes a fit to the spectrum
700 K were measured with an optical pyrometer. The evapobefore the Pb deposition.
ration of Pb was performed using a tungsten filament and the
evaporation rate was measured by a quartz oscillator placed1 pattern without noticeable changes after the Pb deposi-
below the sample. The typical evaporation rate was 0.0%on. In Fig. 2a), the peak shifts are more pronounced com-
nm/s. The metal-deposited surfaces were characterized pared to Fig. 1. After 1.11 nm of Pb deposition, the spectrum
LEED and Auger electron spectroscofyES). The sample  exhibits a peak shift as much as 10 keV together with a
temperature during the metal evaporation was kept at 110 Ksubstantial decrease of the peak height and an increase of the
During the NRA measurements, the beam irradiation mightpectral width. Both spectra are fitted to a Gaussian form
have caused a local temperature rise of the surface up tghich are displayed by the solid curves in the figure and the
about 150 K even though the sample was kept cooled byit parameters obtained are listed in Table I. The H concen-
liquid nitrogen. trations estimated from the integrated areas of the spectra are
1.16+0.08 and 0.96:0.08 ML for Pb coverages of 0.37 and
lIl. RESULTS AND DISCUSSION 1.11 nm, respectively. Therefore, the initial H is concluded to
be preserved after Pb deposition, which is in agreement with
Figure 1 shows they-ray intensity as a function of the our previous results Since the peak of the NRA spectrum
incident N beam energy(NRA spectrum taken from shifts to higher energy with increasing Pb coverage, the H
Si(111)1x 1-H after Pb deposition of 0.20 nr{0.84 ML). atom preadsorbed on (811) is, furthermore, considered to
The profile reveals a peak near the resonance energy of 6.388main at the interface between th¢13il) substrate and the
MeV. The solid curve is a fit to a Gaussian function of thePb overlayer, which is also consistent with the previous
form of A ex —{(E—Eg)—Eo}?a?], whereE is the ion  studies*'? These data therefore emphasize the fact that the
energy,Eg is the resonance energy of 6.385 MeV, ad, NRA technique in grazing incidence geometry has the capa-
and o are fit parameters. Also shown in Fig. 1 by a dashedility to distinguish changes of the hydrogen depth due to
curve is a fit curve of the spectrum taken for the puremetal overlayers within the submonolayer regime.
Si(111)1X 1-H substrate before Pb depositiofThe data By using theE, value representing the peak shift with
points are shown in Fig.(2).] The results show that the peak respect to the resonance energy, we can calculate the mean
of the NRA spectrum after Pb deposition is shifted to higherdepth of H. With the stopping power of Pb fé*N at 6.385
energy compared to the bare(Bil)-H substrate. The peak MeV, 2.32 keV/nmt®1°the H depths for the three samples
shift deduced from the fits amounts to 0%66.11 keV. The are calculated to be 0.28, 1.09, and 4.58 nm, respectively.
spectral width ¢) obtained from the fit is 6.480.11 keV, Assuming that the Pb atoms form a uniform layer, the thick-
which is slightly broader than the width of 5.90 keV for ness of the Pb overlayer is estimated to be 0.049, 0.189, and
Si(111)1x 1-H. Assuming that the H coverage on the clean0.795 nm taking account of the incidence angi 6f 80°.
Si(112)1x 1-H surface is 1 monolay€ML ), the H coverage Figure 2b) shows the relation between the thickness esti-
after Pb deposition was estimated to be @07 ML by  mated from the NRA spectra and the deposited amount of Pb
comparing the integrated areas of the spectra. measured by the quartz oscillator. A fit to a linear relation is
The NRA spectra taken after Pb deposition of 0.37 andlisplayed by the solid line in the figure, which does not cross
1.11 nm(1.56 and 4.68 ML, respectivelyn Si(11)1x1-H the origin indicating that the thickness estimated by NRA has
are shown in Fig. @). Note that LEED exhibited a clear 1 an offset of —0.118-0.013 nm. This corresponds to
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(@) Energy (MeV) FIG. 3. Evolution of the Auger intensity at about 90 eV corre-
gy sponding to superposition of Si LVV and Pb NOO as a function of
the deposited amount of Pb measured by the quartz oscillator on

1.0 T T T T T
Si(117)1Xx 1-H at 110 K.
. 08 T accurate within a few % of a monolayer. We note that such
g an underestimation of the angle or distance influences only
::/ 06 - the gradient of the relation in Fig.() but would never
2, cause an offset.
3 We can conceive three possible reasons for the offset in
é 045 T Fig. 2(b): change of the sticking probability, electronic modi-
Z. fication and geometric structure. If the sticking probability of
0.2k . Pb atoms for the initial first layer is substantially lower than
that of the second layer, the actual thickness observed by
a . . | . NRA becomes smaller than the deposited amount measured
0.0 by the quartz oscillator at the initial stage of the growth.

0.0 0.2 0.4 0.6 0.8 1.0 1.2 . .
) Deposited amount (nm) However, thl§ p035|blllty is excluded by AES'data taken dur-
ing Pb deposition. Figure 3 shows the evolution of the Auger
intensity at about 90 eV corresponding to superposition of Si
LVV and Pb NOO as a function of the deposited amount of

beam energy taken for the ($11)1x 1-H surface before Pb depo- PP on S(111)1x1-H. Although the two Auger lines are su-
sition (triangle and after Pb deposition of 0.37 nffilled circles ~ Perimposed, Si LVV is dominant over Pb NOO in this cov-
and 1.11 nm(open circle¥ at 110 K. Solid and dashed curves are €rage region. As seen in Fig. 3, the Auger intensity decreases
fits of the spectra to a Gaussian forth) Relation between the Pb  monotonously from the beginning without showing any
thickness estimated from the shift of the NRA spectra and the deabrupt changes of the sticking probability.
posited amount measured by the quartz oscillator. Solid line is a fit If the electron density in the first Pb layer were substan-
to a linear relation. tially depleted due to a possible charge transfer to the sub-
strate, the stopping power of this layer for th# ion would
~50% of a monolayer and is not experimental error. It ap-be reduced compared with the value we used representing
pears as if the first 0.5 ML of the deposited Pb did not stickbulk Pb. Considering, however, the fact that the Si surface is
to the surface. We consider, however, that this offset reflectaell passivated by H atoms and rather inactive to other gas
the structure of the Pb-Si interface. The gradient of the fitmolecules, a large charge transfer between the substrate and
line in Fig. 2b) is smaller than unity by 18%, which is easily Pb ad-atoms does not appear probable. Hence, we exclude
understood in terms of slight underestimations of the ionpossible electronic effects as the origin of the offset. As for
incidence angle and/or quartz oscillator position. Howeverthe possibility of geometric effects, the offset might indicate
the relative value measured by the quartz oscillator is quit¢hat the first 0.1 nm of Pb could be located within or beneath

FIG. 2. (a Intensity profile of the y ray from the
TH(™N, ay)*?C nuclear reaction as a function of the incidémy

TABLE |. Parameters obtained from the fits of NRA spectra at different Pb coverages to a Gaussian form
of A ex —{(E—ER)— Eo}*/d?].

Pb coveragénm) 0 0.20 0.37 1.11
E, (keV) 0 0.66+0.11 2.53-0.11 10.62-0.21
o (keV) 5.90+0.10 6.43-0.11 7.54-0.13 12.780.30
A 253+4.8 234+-4.8 229-4.5 104t 2.5
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FIG. 4. Side view of the schematic model for the initial adsorp-
tion of Pb on Si111)1x1-H at 110 K. Filled, open, and shaded
circles denote H, Si, and Pb atoms, respectively.

the H layer. Since the experiment was performed at 110 K,
the Pb-Si interdiffusion and Si-H bond restructuring may be
neglected, which is indirectly supported by the fact that H
remains at the Pb-Si interface even at 300 K. As a naive (®)
model, we propose that in the initial stage of the interface
formation Pb atoms occupy the threefold hollow sites of the FIG. 5. Schematic figures df) layer growth and(b) three-
H-terminated Si111)1X 1 surface residing in the H layer to a dimensional island growthD, t, and T are island height, island
certain extent as schematically shown in Fig. 4. These Plength, distance between islands.
atoms only partially shade the H atoms from the ion beam
causing an offset in the Pb overlayer thickness monitored bi(11)-H.** In the case oD tan¢=T, on the other hand, the
NRA. It should be noted that the atomic radius of Pb is 0.146spectrum is expected to exhibit a single peak at an energy
nm, which can be reconciled with the nearest-neighbor discorresponding to a depth df cosé with a broadening of the
tance of 0.384 nm between H atoms on(1$l). The spectral width. It is worth noting that the apparent spectral
Schottky barrier height for the Pb contact formed ondepth averaging over all signal contributions from the uncov-
Si(111)1x 1-H is reported to be higher than that formed onered Si-H surface and the interface below the Pb islands is
the bare Sil11) surface by 0.08 eV and a H-induced dipole given by d/cosé in both cases. The experimental results
layer has been suggested as a possible explarfsforhe  shown in Figs. 1 and 2 exhibit a single peak excluding the
present data may offer a clue to the interface structure osituation ofD tan§<T. Consequently, even if the Pb atoms
Pb/H/S(111), and with electronic structure calculations the deposited on the 8i11)-H surface did not grow as a uniform
mechanism of the change of the Schottky barrier heightayer forming three-dimensional islands in the early stage of
would be clarified. the growth, the average thickness apparent in NRA spectra
The Pb atoms deposited at 110 K were found to grow in avould have to be described a#cosé, which is the same
uniform layer at a coverage of 20 MiZ.At room tempera- result as observed for a uniform layer. Therefore, the offset
ture, on the other hand, it is reported that Pb atoms undergabserved in Fig. @) can be ascribed to the interface struc-
a three-dimensional3D) island growth*??%220n S{111)7 ture reflecting the relative position between H and Pb, rather
X7, it is reported that Pb forms multistep height islafitls. than being a result of the Pb overlayer morphology.
One might consider that the deposited Pb atoms form small It is noticed that the spectral width becomes broader with
islands in the early stage of the growth at 110 K and thaincreasing Pb coverage as shown in Table I. The width of the
such 3D islands instead of a uniform layer affect the effecNRA spectrum is essentially determined by the following
tive energy loss of the incident ion leading to underestimafactors: the natural reaction width, instrumental width, zero-
tion of the thickness by NRA. Nevertheless, this effect carpoint vibration, H depth distribution, and energy straggfing.
be neglected in the first approximation as discussed belowsince the ion beam suffers from no straggling for H on the
For discussing such a possible effect of Pb islands, we modéurface, the width of the spectrum before Pb deposition rep-
the overlayer morphology instead of a uniform layer as regusesents the former three factors. The spectral broadening,
larly arranged one-dimensional islands with H atoms at théherefore, originates from the H depth distribution and/or en-
uncovered substrate surface and at the interface between thegy straggling. According to Bohr’s expression, the energy
substrate and the Pb overlayer as shown in Fig), here  straggling (1) of high-energy ions in solids is proportional
D, t, T, andd (=Dt/T) are island height, island length, to the square root of the ion-transmitting thickné$s as
distance between the island centers, and average coveragedsfscribed by = JQt where Q is the straggling cross
the overlayer. At a given coveragel)( the NRA spectrum  section Since the Q value for thé°N ion at~6.4 MeV is
changes depending on the relationfT, and ¢ (incidence  not established yet~2" unfortunately, we tentatively follow
angle of the iol As laid out in detail in the Appendix, the the empirical formula obtained by Rudt al.?® where
NRA spectrum, in the case &ftand<T, i.e., the fraction of FWHM due to the energy straggling in the Pb layer is de-
the uncovered Si-H surface shaded by the Pb island iscribed as 5.% Jt[nm] [keV]. The effective Pb thicknesses
smaller than the distance between the Pb islands, reveals tvad the samples in Figs. 1 and 2 are 0.28, 1.09, and 4.58 nm,
separate peaks corresponding to depths of ODatwbs6é (or  which are obtained from the shift of the NRA spectrul)
t/sin ), which is well demonstrated in the normal incidenceand the corresponding energy stragglings are calculated to be
condition? and in experiments of In deposition on 3.0, 5.9, and 12.2 keV, respectively. Assuming that both en-
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ergy straggling and the spectrum before deposition are ddédy a Grant-in-Aid for Scientific Research and COE Research
scribed by a Gaussian form, convolution of these two termd$rom the Ministry of Education, Science, Sports and Culture
leads to total widths of 10.3, 11.5, and 15.6 keV, which areof Japan.

smaller than the experimental values of 10.7, 12.6, and 21.3

keV, respectively. Since the difference becomes larger with APPENDIX

increasing thickness, the discrepancy is not due to the change \yhen the deposited atoms form a completely uniform
of the vibrational frequency of H buried at the interface. Thelayer with a thickness af as shown in Fig. &), the depth of
difference can be ascribed to the H depth distribution due t@y pe|ow the overlayer is observed to bEcosé by NRA. If
morphological roughness of the Pb layer and/or an underespe atoms grow as 3D islands, on the other hand, the NRA
timation of the energy straggling. Assuming that the differ-gpectrum is accordingly modified depending on the island
ence originates solely from the H depth distribution and thesjze and density and the ion incidence angle. We model the
distribution is described by a Gaussian form, by deconvolutyyerjayer structure as regularly arranged one-dimensional is-
ing the straggling width, the widttFWHM) of the H distri-  |ands ‘as shown in Fig.(B). With a fixed coverage ofl

bution is estimated to be 1.3, 2.3, and 6.3 nm. Considering:Dt/T) and incidence angle of, the H depth distribution

the mean H depth of 0.28, 1.09, and 4.58 nm for the thregpqeryed by the ion beam is classified into six cases depend-
samples, respectively, the depth distribution seems to be tqﬂg on the relation oD. t. T. and é.

large. This might indicate that the Q value for the straggling (1) D tané<t. The ion sees H on the Si surface with a

width needs to be modified. depth of 0 as well as H at the Pb-Si interface as a depth of
D/cosé. Therefore, the NRA spectrum reveals two peaks at
IV. CONCLUSION energies corresponding to the two depths.

Pb deposition on the H-terminated(Bi1) surface at 110 (2) Dtan6<t. In addition to the distinct peaks corre-
K in the monolayer regime was investigated by NRA usingspondlng to the depths dfl), a continuous distribution is
H(*®N,ay)%C in grazing incidence of 80° with respect to observed at depths between 0 andcosd because of the
the surface normal. The NRA spectrum revealed a clear shiﬁ?""rt'al shading of H by_th_e island edge. .
after Pb deposition of 0.20 nm implying that the H depth can (3 t<Dtand<T. Similarly to (2), H is observed at
be distinguished on a depth scale of one monolayer. Thdepths of 0 and/_smewnh a small continuous distribution
dependence of the spectral shift on the Pb coverage wggtween 0 and/siné. _
found to have an offset corresponding to a depth of about 0.1 (4) MT=D tand wherem is a natural number. The depth
nm. This offset suggests that the initial Pb layer resides in th@bserved by NRA becomescosé for both surface and in-
pre-adsorbed H layer as it forms the Pb/HIS) interface. terface H atoms revealing a corresponding single peak in the
The width of the NRA spectrum was found to increase subSPectrum. _
stantially with increasing Pb coverage, and the origin of this (5 T<Dtané except(4). The ion comes through-n
broadening was discussed in terms of energy straggling dflands before reaching H atoms wherés the quotient of

the 15N ion and the H depth distribution. D tan6/T. The H atom is hence ob_serv_ed to be distri_buted
from a depth ofnt/sinéd to (n+ 1)t/sin@ implying the dis-
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to bed/cosé.
The authors are grateful to H. Yamashita, K. Kobayashi, (6) T<D tand. The H depth is observed to lo#cosé.
H. Matsuzaki, and C. Nakano for their experimental assis- It should be noted that the depth averaged over all signals
tance for the accelerator operation. This work was supporteih each case becomes$cosé.

*Electronic address: fukutani@iis.u-tokyo.ac.jp 11K, Fukutani, H. Iwai, H. Yamashita, Y. Murata, S. Hatori, and K.
1K. Christmann, Surf. Sci. Rep®, 1(1988. Kobayashi, Surf. Sci377-379 1010(1997).

2W. A. Dino, H. Kasai, and A. OKkiji, Prog. Surf. S@3, 63(2000.  2K. Fukutani, H. Iwai, Y. Murata, and H. Yamashita, Phys. Rev. B
SW. Monch, Phys. Low-Dimens. Semicond. Strudfs, 1 (1994. 59, 13 020(1999.

4T. U. Kampen and W. Moch, Surf. Sci331-333 490 (1995. BE. Ganz, I.-S. Hwang, F. Xiong, S. K. Theiss, and J.
SM. Copel and R. M. Tromp, Phys. Rev. Le®t2, 1236(1994. Golovchenko, Surf. Sciz57, 259 (1991).

®K. Oura, V. G. Lifshits, A. A. Saranin, A. V. Zotov, and M. 4J. A. Carlisle, T. Miller, and T.-C. Chiang, Phys. Rev4B, 3400
Katayama, Surf. Sci. Re85, 1 (1999, and references therein. (1992.

7A. Sakai and T. Tatsumi, Appl. Phys. Le64, 52 (1994. 158. Maurel and G. Amsel, Nucl. Instrum. Methodxl8 159
8W. A. Lanford, Nucl. Instrum. Methods Phys. Res. @5, 65 (1983.
(1992. 18M. Zinke-Allmang, S. Kalbitzer, and M. Weiser, Z. Phys 380,
9G. Amsel and B. Maurel, Nucl. Instrum. Methodxl8 183 697 (1985.
(1983. 17F. Owman and P. M#&ensson, Surf. ScB03 L367 (1994).
10K, Kimura, K. Nakajima, and H. Imura, Nucl. Instrum. Methods '®Handbook of Stopping Cross-Sections for Energetic lons in All
Phys. Res. BL40, 397 (1998. ElementgPergamon, New York, 1980

245411-5



K. FUKUTANI, M. WILDE, AND M. MATSUMOTO PHYSICAL REVIEW B 64 245411

®Handbook of Modern lon Beam Materials Analysislited by J.  2°K. Budde, E. Abram, V. Yeh, and M. C. Tringides, Phys. Rev. B
R. Tesmer and M. Nastag$Materials Research Society, Pitts- 61, 10 602(2000.

burgh, 1995 24M. Wilde, M. Matsumoto, and K. Fukutariinpublishedl

20D, R. Heslinga, H. H. Weitering, D. P. van der Werf, T. M. Klap- 2°N. Rud, J. Bottiger, and P. S. Jensen, Nucl. Instrum. Metti&ds
wijk, and T. Hibma, Phys. Rev. Let64, 1589(1990. 247 (1978.

213, Odasso, L. Seehofer, and R. L. Johnson, Appl. Surf. 1S4, 26\. A. Briere and J. P. Biersack, Nucl. Instrum. Methods Phys.
71(1999. Res. B64, 693(1992.

223.C. Ziegler, G. Scherb, O. Bunk, A. Kazimirov, L. X. Cao, D. M. ?’P. Goppelt-Langer, S. Yamamoto, Y. Aoki, H. Takeshita,
Kolb, R. L. Johnson, and J. Zegenhagen, Surf. 862 150 and H. Naramoto, Nucl. Instrum. Methods Phys. Red.1B 7
(2000. (1996.

245411-6



