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Surface stopping powers were measured for 50- and 100-ké\dds passing through the (8D1)2x1-Sb
surface. The energy losses as a function of the exit angle are fit successfully by a simple relationship involving
the time spent near the surface. The fitting parameter is in agreement with the value expected from the bulk Sh
stopping cross section and the areal Sb density. This result suggests continuity of the stopping power from the
bulk to the surface. It provides a useful method for determining the distance between the plane of deposited
atoms and of a substrate surface and for measuring the composition of the topmost atomic layer. The estimated
energy loss by surface-plasmon excitation is negligibly small in the present system. The energy straggling as
a function of exit angle was also measured for 50- and 100-kéVinididence and the results are compared
here with the bulk straggling valuesS0163-182¢07)04636-5

[. INTRODUCTION from backscattering from underlying substrate atoms, we
calculated the backscattered ion trajectories using a Monte
Medium-energy ion scatteringVEIS) with an electro- Carlo simulation. The contribution from surface-plasmon ex-
static toroidal analyzer has been used to determine surfaadtations is also discussed. The primary aim of the present
and interface atomic structurés’ lon shadowing and block- work is to use the well-characterized surface to derive a re-
ing provide quantitative information about surface recon-lation between the surface and bulk stopping powers as well
struction and relaxation and about crystallographic distoras the relation between surface and bulk energy straggling.
tions at interfaces. The inelastic energy loss of ions passing
through a surface_ region also pr(_)vid_es _information about the Il EXPERIMENTAL PROCEDURE
depth of an atomic layer. Glancing incidence or emergence
geometry is often used in order to improve the depth resolu- The experiments were performed in an ultrahigh vacuum
tion. Kimura, Ohshima, and Mannainilerived a height of (UHV) system, which consisted of three chambers for
0.05+0.10 A of Ag atoms on the 801) surface from the molecular-beam epitaxfMBE), MEIS, and x-ray photoelec-
inelastic energy loss of backscattered He ions exiting at afron spectroscopy. We prepared the samples in the MBE
angle of 3° from the surface. They calculated this heighthamber and then transferred them to the MEIS chamber
using Ziegler's stopping power formdland a theoretical without exposing them to atmosphere. After the MEIS mea-
prediction of the surface-plasmon Id55. surement, the samples were taken out of the UHV system
Knowledge of the surface stopping powers is indispensand the surface morphology was studied with an atomic
able for determining the depth scale for atomic configuraforce microscopgAFM).
tions near the surface. There are several reports on position- We preoxidized the surfaces of(801) wafers(B-doped,
dependent stopping powers for light ions specularly reflectegg=1-10 Q) cm) by chemical treatmetft and then prepared
at atomically clean surfacé8-*® A simple formula for the the S{001)2x1 surface by heating the sample to 900 °C un-
position-dependent stopping powers was derived from theler a base pressure of the order of 0Torr. To get a flat
analysis of the experimental dafa!® Unfortunately, this and clean surface, a Si buffer layer with a thickness of about
formula is not applicable when the distance from the surfac00 A was deposited at 500 °C using an electron gun evapo-
is less than about 0.5 A. Theoretical investigations of surfaceator and then we annealed the sample at 900 °C for a few
energy-loss processes focus on the stopping power of a metalinutes. The double domains of the dimer structure were
surface for ions traveling parallel to the surfdce®*Kawai,  confirmed by a clear 21 reflective high-energy electron dif-
ltoh, and Ohtsuli calculated the inelastic energy loss by fraction pattern. From the step densities observed by AFM,
collective excitations at a surface and derived a formula fowe estimated the offset angle of the(®l1) wafer to be less
the position-dependent stopping power. than 0.02°. The Sb deposition was done with a Knudsen cell
In the present work, we measured the surface energy losgperating at 320 °C at a rate of about 1 ML/min, where 1 ML
and straggling of 50- and 100-keVHons passing through corresponds to 6.2810' cm 2 of the ideal Si density of the
the S{001)2x1-Sb surface as a function of exit angle. The (001) plane. Since the 801 substrate was kept at 680 °C
surface atomic configuration has already been determined yuring the Sb deposition, the Sb coverage was saturated at
surface-extended x-ray-absorption fine-structure analysis.about 1 ML” We confirmed this 1-ML coverage by Ruth-
To estimate the contributions from multiple scattering anderford backscatteringRBS) with 1.0-MeV He" ions. Three-
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Top View Side View passage through the surface.
FIG. 1. Top and side view of the @01)2X1-Sb surface.
IIl. RESULTS
dimensional island formation was not observed in the AFM A. Energy loss
images. The scrl18emat|q views of the single-domai®G)2 Figure 3 shows the energy spectra from the Sb atoms for
x1-Sb surfack**®are given in Fig. 1. the exit anglest, of 75°, 80°, 87°, and 88° relative to the

Well-collimated H™ beams were accelerated to 50.0 Of g rface normal. Here, 100.0-keV *Hwas incident along
100.0 keV and were directed into the ultrahigh vacuum
(UHV) MEIS chamber. The Hions were incident along the
[001] axis. The energy of backscattered ions was analyzed
with the electrostatic toroidal analyzer and collected by po-
sition sensitive microchannel plates with an acceptance angle
of 25°. We measured the energy of the direct beam and con-
firmed the system energy resolution. The energy spectrum
for the direct beam for 100-keV Hwas fit to a Gaussian
shape with full width of half maximuntFWHM) of 340 eV.

It also gave the basis of the energy scale with an accuracy of
30 eV. Two scattering planes were choseénr:=0° and _30°
azimuth from thg110] axis, which correspond to thé 10)
scattering plane and to a random scattering plane, respec-
tively. The incident and exit angles were calibrated with re-
spect to the channeling and blocking directions and their
accuracies are withinc0.2°. To suppress surface damage
induced by the probe ions, we moved the impact position on
the sample surface, while keeping the scattering geometry
unchanged.

Figure 2 shows a contour display of a typical MEIS spec-
tra set around the Sb peak energies measured for 100.0-keV
H* incident along the Si001] axis of the Si001)2x1-Sh.

100 keV HY ——>= Sb(1ML)/Si(001)
T i T i

01=0.0°, ¢ = 0.0°

scattering yield (arb. units)

The product of the incident energy and the kinematic factor H* energy (keV)
for H" on Sb, K6, M;/M,) E,, is drawn as a straight line
in Fig. 2, whered is the scattering angle arld /M, is the FIG. 3. Backscattering spectra from topmost Sb atoms on

mass ratio of H to Sh. There are small measured intensity f0§i(001) for 100-keV H' incidence @,=0°, $=0°) with exit angles

exit angles less than 0° due to misdetections of the positior@2 of 75°, 80°, 87°, and 88°. The solid curves denote the primary

sensitive detector. We could ignore these misdetections b@omponent without multiple scattering. The dashed curves denote
cause the intensity is negligible and the angle resolutiofhe component of multiple scattering, defined here as a large-angle
(FWHM) of the detector is less than 0.2°. The energies of theollision with a topmost Sb atom and subsequent small-angle colli-

Sb peaks in the spectra are at every scattering angle smallsibn with another Sb atoms.
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=0°, #,=88°, »=0°). However, the results of the calcula-
tion showed that the energy of the ion scattered in the event
(C) were 1.5-3 keV lower than the Sb peak energy. It is so
far from the peak that we can consider only the contribution
of event(B), which is estimated to be about 15% of the total
yield. In addition, it must be noted that its contribution to the
average energy loss is 6% at most. The simulated Sb peak
energies are lower than the experimental ones for the larger
exit angles, but higher for the smaller exit angles. These
differences are caused by misestimate of the Oen-Robinson
model in our calculation and the impact parameter depen-

FIG. 4. Schematic illustration of various kinds of scattering gence will be described in more detail elsewhere. The situa-
events near the surface region of &bML)/Si(001). tion is almost the same for 50-keV incidence.

[001] (8,=0°) and the azimuth of the scattering plan, We evaluate the average energy losGAE)
relative to[110] was 0°. The Sb spectra at large exit angles=K(6:M1/M2) Eq—(E), where(E) is the average detected
clearly show asymmetric shapes with low-energy tails. With€n€rgy defined as
decreasing exit angles the profiles gradually become sym-
metric. Thes_e asymmetric profile:'s are possibl_y due to mu_I- <E>:2 EY, / 2 Y., 1)
tiple scattering and the stochastic nature of inelastic colli- i i
sions with the electrons of surface atoms. . . .

In order to separate the contributions of multiple scatterVNereY; is the scattering yield from Sb at energy. In

ing from experimental Sb peaks, we performed Monte Carldrder to correct for the contributions of the multiply scattered
simulations. In our calculation, the projectilé* ionsg) were ~ 10NS to the measured energy spectra, we applied the results of

generated at a position of the large-angle collision with g€ Monte Carlo simulations. The Sb energy spectra for

surface Sb atom by three normal random numbers considefl2ncing exit are well approximated by appropriate asym-
ing the thermal lattice vibration. The emitted directions wereMelric Gaussian shapes. As mentioned previously, the Oen-

defined by polar and azimuth angles, which were generategoPinson model does not give an exact expression of

by two uniform random numbers. The exiting ion trajectoriesMPact-parameter-dependent stopping powers. Thus the

were followed p 3 A above the surface plane and then theSimulated Sb spectrum was shifted to coincide the simulated
final emission direction and energy were calculated. The iorp? Peak positions with the observed ones. Then the shified
was counted by weighting a coefficient considering the scatMultiple-scattering componeriB) was subtracted from the

tering. We used the univers&BL) interatomic potentia? approximated asymmetric Gaussian spectrum. The ions scat-

and the impact-parameter-dependent stopbping power of tHgre€d from underlying Si atoms after a large-angle collision
Oen and R%binspon mod@,wh%se averaggelaliepwas nor- With Sb[eve_nt(C)] d_id not affect the results of this fitting,
malized to the bulk Sb stopping power measured in advanc&€cause their energies are much lower than the peak energy.
The thermal vibration amplitudes were derived from their | N€ error ggnerated In the present treatment cannot be esti-
Debye temperatures. The vertical component for the surfac&@ated precisely, but is smalioughly less than a few %

; Figure 5 shows the corrected energy losses as functions of
\?:luv(\a/as enhanced by a factor g2 times that of the bulk the exit angle for 100-keV H incidence] ;= 0°, () ¢=0°

The dashed and solid curves in Fig. 3 correspond to thémd (b) ¢=30°]. The solid and dashed curves are best-fit

ion yields with and without additional scattering from neigh- results according to
boring Sb atoms. The multiply scattered ions travel a longer
path in the crystal than the singly scattered ones. Conse-

quently, they lose more energy inelastically. Although theynereAE is the electronic energy loggeV), a andb are fit
elastic energy loss of the multiply scattered ions is actuallyyarameters. Equatiof2) is derived from the assumption that
less than that of singly scattered one, the difference of thghe energy loss depends only on the total length of the path
elastic energy loss is much smaller than the inelastic ongrayeled near the surface. The kinematic scattering factor is
Figure 4 illustrates three kinds of scattering everts)  aimost unity and the incoming and outgoing energies 6f H
single scattering from an Sb atom(®) multiple scattering .an pe regarded as equal within 2%.

from Sb atoms, andC) multiple scattering from Sb and Si
atoms. We regard those events as multiple scattering if the
additional scattering is about an angle larger than 2°. The 2°
scattering from Sb corresponds to an impact parameter of The energy straggling for 50- and 100-keV kbns pass-
about 0.15 A, which is comparable to the two-dimensionaling through the $001)2x1-Sb surface was also measured as
thermal vibrational amplitude of Sh. The intensities at thea function of exit angle. Figure 6 shows the energy spread
lower-energy regior(less than 96 ke) of the spectra for (standard deviationof the Sb spectra for 100-keV Hinci-

large exit angles are due to the scattering evént though  dence(¢=0°) approximated by asymmetric Gaussian pro-
these intensities are so small that calculated curves are béles neglecting the low-energy tails for the large exit angles.
hind the experimental plots in Fig. 3. Using the Monte CarloUnfortunately, the present Monte Carlo simulation could not
simulation, we estimated the contributions fr@B) and (C) reproduce the shape of the experimental spectra. We cannot
to total yield to be 25% for 100-keV Hincidence(d,  estimate the multiple-scattering component accurately, al-

AE=a(1l/co¥;+ 1/cod,)+Db, 2

B. Energy straggling
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3
& 300 | :
c . . .
® ool | layer experiences a constant energy sprgad, not a posi-
tion dependent our experimentah values can be compared
100 | 1 with the straggling values for bulk SlFrig. 7). As frequently
0 ‘ s ‘ s pointed out, it is essential to have a uniform and homoge-
90 85 80 75 70 neous thin film to measure the bulk energy straggling values

exit angle 62 (deg.) precisely. We could not obtain a good accuracy in the strag-
gling measurement because of the difficulty in preparing uni-
FIG. 5. Corrected energy loss as a function of exit angle forform Sb thin films on Si. Figure 7 compares our surface-
100-keV H' incidence[ §;=0°, (a) ¢#=0° and(b) $=30°. The  energy straggling values with the experimental bulk data
solid curves are fitted results. reported by Eckardt and with theoretical predictions based
on the local electron-density modélEDM'’s) of solid and
though the multiple-scattering probably contributes to somejas model€3-2°The surface straggling values fge=0° (in-

extent. The solid curve is calculated in analogy to &Y. plane are significantly larger than those fab=30° (off-
plang, because the component due to multiple scattering is
Q2(keV?) = a{K%cosf;+1/cod,} + Qi (3)  larger for ¢=0°. The surface-energy straggling values ob-

tained corresponds with 0.8—0.9 of the Bohr straggling val-

wherea(keV?), K, andQsys are, respectively, a fitting pa- ues, and are considerably larger than the bulk straggling val-
rameter, the kinematic factor, and the system energy resolyes.

tion (standard deviation Equation(3) fits the measured en-
ergy straggling as a function of exit angle for 50- and 100-
keV H" incidence (¢=0° and 307 rather good. If one IV. DISCUSSION

assumes that an ion which passes through the Sb surface _ )
We are attempting to delineate how much of the losses

05 : : : : result from the plasmon. We are calculating the plasmon
100 keV H*— Sb(1 ML)/Si(001) losses according to the theory, and then comparing the re-
04} 61=0%¢=0° | sults to experimental losses. The contribution from surface-
e Experi plasmon excitation can be estimated according to Kawai,
o~ xperlment . . .
2 e - ) Itoh, and Ohtsukf. Kitagawa derived the same expression,
2 03} Best-Fit R . . . .
= but using a different formulation. The calculated stopping
G powerdE/dx (eV/cm) caused by the surface-plasmon exci-
0.2y tation for 100-keV H — Si is shown in Fig. 8 as a function
of distance ¢) from the Sb plane, where the electronic sur-
0.1 ] face is taken as half of the interplanar distance outside the
0 ‘ ‘ . . top Si layer® Here we used\/gwp/vF as the cutoff wave
20 85 80 75 70 number, wherev, and v are the bulk plasma frequency and

Fermi velocity, respectively, calculated assuming four free
electrons per Si atom. The solid, dashed, and dot-dashed

FIG. 6. Energy spreatstandard deviatiorof ions backscattered curves correspond to the total, surface, and bulk and reflec-
from topmost Sb atoms for 100-keV "Hincidence(¢=0°). Solid  tive plasmon losses, respectively. The surface-plasmon loss
curve is fit of Eq.(3). for the outgoing path is given by

exit angle 62 (deg.)
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_. 10 r r 1 r TABLE |. Parameters andb derived from experimental data
E . . . .
k3] 100 keV H —» Si and Eq. (2) by fitting and from the _theoretlcal r(_elatlora
2 8} i ] =eg0sy2, Whereeg,andog, are the stopping cross section of bulk
=) Qo= %f‘)’_: i ” Sb and the areal density of Sb or(@1), respectively(units eV).
— Electronici
S| Surface 1 100-keV H' 50-keV H'
S ¢=0° ¢=30° ¢=0° ¢=30°
g 4r a b a b a b a b
Q
§> 5L theory (gwosy/2) 16.0 16.0 16.6 16.6
oy expt. 18 150 17 125 15 125 15 150
% 0 L !

4 -6

z [A] pared with the theoretical values. The experimental values

agree withegog/2 for the measured bulk Sb stopping cross
FIG. 8. Position-dependent plasmon losses for 100-kéVirH sections within 9%.

cident on Si(calculated assuming four free electrons per Si atom Although we have assumed a sharp cutoff for stopping, it
Solid, dashed, and dot-and-dashed curves denote total, surface, aggyld actually be a bit different. A possible variation of the
bulk and reflectance plasmon losses, respectively. surface stopping power is exponential as a function of the
distance from a top atomic plane. Such position-dependent
stopping powers were determined from the surface-energy
loss values measured with alkali-halide crystals under specu-
lar reflection conditioné’?8 Unfortunately, the specular re-
flection connected to the continuum potential of a surface
atomic plane limits the distance from the surface plane more
than about 0.3 A. It must be noted that the surface stopping

Fig. 4). powers derived here correspond to the integrated total stop-
The calculated plasmon loss for the Presentying powers above the top atomic plane.

H*—Si(002)2x1-Sb system was much smaller than the The surface stopping cross sections derived from the re-
losses due to the collisions with the electrons of surface atztion a=e0/2 are compared with the experimental data

oms. The small differencéess than 5%between the calcu- of Eckardt? the semiempirical formula given by Andersen
lated energy losses with and without the addition of SUrfaceand Zieg|e[2,2 and the theoretical prediction of the

plasmon loss is within the experimental errors because of thegpm, 23?4 as shown in Fig. 9. The bulk stopping cross sec-

large distance between the Sb and top Si laysee Fig. 1 tions £, were measured separately for 50-, 65-, 80-, 100-,
These situations are independent of the azimuthal angle anghg 120-keV H incident ona-Sb (82 A)/Si(111). The thick-
primary energy of the incidence beam. We regard the contriness of Sb was measured by RBS with a 1.5-MeV Heam
bution of the surface-plasmon loss at the Si substrate surfagghd the surface roughness was quantitatively estimated with

as small enough in the present HSi(001)2x1-Sh system, ~ AFM. These experimental data are also plotted in Fig. 9. The
but it must be noted that the theofiéhave ambiguities with

= o&(z) X=(tand, +tarkd,) o&(Z) z, (4)

where we regard the Sb plane as the origin oflais (see

regard to the cutoff wave number and the position of the
electronic surface. The additional Sb surface-plasmon loss
for 100-keV H" incidence cannot be estimated precisely but
is likely less than 10%, though the real contribution of the
deposited Sb atom4 ML) to the surface-plasmon loss is not
clear at present.

The energy losses as a function of the exit angle are fit
quite well by Eq.(2), as shown in Fig. 5 for 100-keV H
incidence. In the case of 50-keV*H the relation is quite

stopping cross section (10'15 chmZ)

80
70
60
50
40
30

20/

O Surface {¢=0°)
W Surface (¢=30°)

A Buk

X Eckardt E
similar. Equation(2) is derived from the assumption that the ; Andersen-Ziegler
energy loss depends only on the total length of the path oy LEDM(solid)
traveled near the surface. In other words, we assume that the 0 . ' ' ‘
stopping is constant in a surface region updtécm) above 0 50 100 150 200 250
the surface plane, and in that region it is not position depen- H" energy (keV)

dent. Assuming a bulklike cutofid= o gf2ps,, Where pgy,
and og, are the atomic density of bulk Sb and the areal
density of the Sb monolayer on(801) (6.78< 10 cm™?),
respectively. When the stopping cross section of Sb is d
fined by es,= (1/psy) dE/dx (107 1% eV cn),?® the param-
etera is theoretically equal tegyog2. The parameteb is
the inelastic energy loss caused by the large-af@is—
1109 collision with Sh. The experimental values afandb

FIG. 9. Stopping cross section as a function df ehergy. The

obtained by fitting are listed in Table I, where they are com-24).

surface stopping cross section derived from &).using the rela-

tion a=¢e gogy2 are plotted by squares. For the stopping cross
€sections of Sb bulk, the triangles and crosses, respectively, denote
the present data and the data reported by Eckddf. 21). The

solid and dashed curves are, respectively, the semiempirical for-
mula of Andersen and ZiegldRef. 22 and the calculated values
based on the local electron-density modeEDM) (Refs. 23 and



7016 SUMITOMO, NISHIOKA, IKEDA, AND KIDO 56

present values, both the surface and the bulk, fit reasonabky=0° than whenp=30°. In an off-plang ¢$=30°) scattering
well with the above predictions. Thus, we come to the verygeometry, the contribution from multiple scattering can be
useful conclusion that the average energy loss in the surfaaggeglected. The contribution from surface plasmons excited at
is given by the bulk stopping cross section and the arealhe Si substrate was estimated according to the methods of
density. The above relation suggests continuity of the stopkawai, Itoh, and OhtsuRiand Kitagawd and was found to
ping cross section from the bulk to the surface. We believébe negligibly small in the present system.
that a similar approach is possible in other systems as well. The energy losses as a function of the exit angle are fit
In order to determine the universality of this idea, we will successfully by the simple relation with the time spent near
discuss the surface-energy losses of another system in tiiee surface. The energy loss is given by the product of the
near future, e.g., Ge/Si system in which surface segregatiobnulk Sb stopping cross section and the areal Sb density:
and intermixing phenomena will occur depending on annealegog/2 (and note that the factor 2 stems from the fact that
ing temperatures. only the outerhalf of the Sb monolayer is traverspliis the

The surface-energy straggling as a function of the exiextra inelastic energy loss in the backscattering collision.
angle are also fit successfully by the simple relation with theThis result suggests continuity of the stopping power from
total length of the path traveled near the surface. Howevetthe bulk to the surface. It provides support for the use of the
the surface straggling values obtained are significantly largegnergy loss to measure the distance between a plane of de-
than those calculated from LEDM'’s, as shown in Fig. 7. Thisposited atoms and the first substrate plane; e.g., for the case
is partly due to the fact that the present straggling valuesf Ag on S(001).% In addition, it would make it possible to
include the contribution from the small-angle multiple scat-determine the elemental composition of each atomic layer of
tering, which cannot be estimated accurately in the presera subsurface region.
Monte Carlo simulation. In addition, there exist a number of The energy straggling was also measured for tt@03)2
domain boundaries and the Sb dimers do not completelk1-Sb surface. The energy spread valgsmndard devia-
cover the Si-substrate surface, as expected from the scannitign) obtained assuming asymmetric Gaussian profiles are
tunneling microscopy observation of the(®11)2x1-Sb¥®  well fit by the relation with the square root of the total length
In the present glancing emergence conditions, this may geref the path traveled near the surface. We found that the mea-
erate an additional contribution to surface-energy stragglingsured straggling in the surface was considerably larger than
The electronic transitions which occur during the large-anglén Sb bulk, as measured by Eckha&'dor predicted by
violent collision with the topmost Sb atom are a statisticaltheory?>~2°This is partly due to the fact that our straggling
process and thus also contribute to the energy spread of thelues include contributions from the small-angle multiple
exit ions. Unfortunately, it is very difficult to estimate this scattering and from domain boundaries of Sb dimers. It is

contribution quantitatively. also suggested that the electronic transitions which occurred
during the backscattering process may contribute to the en-
V. SUMMARY ergy spread of the exit ions.

The surface stopping cross sections and energy straggling
were measured, with an electrostatic toroidal analyzer, for
50- and 100-keV H ions passing through the (8D1)2 We thank Dr. T. Ogino of NTT Basic Research Labora-
X1-Sb surface. To estimate the multiple-scattering contributory for support throughout the present work. We would also
tion, we performed a Monte Carlo simulation of the trajec-like to acknowledge the valuable discussions we had with
tories of backscattered ions. The multiple-scatteringProfessor T. Koshikawa and Professor T. Yasue of Osaka
contribution, including the component of ions scattered fromElectrocommunication University. Special thanks are due to
substrate Si atoms, decreases with decreasing exit angle. M. Honda and T. Nishimura for assisting with the Monte
large exit angles the contribution is significantly larger whenCarlo simulation and for preparing the illustrations.
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