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Secondary-electron emission by MeV He ions reflected from a SnTe„001… surface:
Separation of above- and below-surface processes

Kenji Kimura,* Suguru Ooki, Gou Andou, and Kaoru Nakajima
Department of Engineering Physics and Mechanics, Kyoto University, Kyoto 606-8501, Japan

~Received 27 May 1999; published 8 December 1999!

We have measured the secondary-electron~SE! yield in coincidence with 1–2-MeV He1,21 ions reflected
from a SnTe~001! at grazing incidence. Specific ion trajectories, i.e., true specular reflection and subsurface
channeling, can be distinguished in the energy spectrum of the reflected ions. By selecting the specific trajec-
tories, above- and below-surface SE production processes are separately studied. The position-dependent SE
production rate for 2-MeV He21 is found to be about four times larger than that for 0.5-MeV H1, indicating
that the SE production rate at the surface is proportional toq2. Analyzing the SE number distributions for
subsurface channeled ions, the mean free path of SE’s in SnTe is estimated to be 0.6 nm.

PACS number~s!: 34.50.Dy, 79.20.2m, 61.85.1p, 79.60.Bm
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I. INTRODUCTION

Secondary-electron~SE! emission induced by ion impac
is one of the most fundamental phenomena in ion-solid
teractions@1#. It has been studied for a long time not on
from the viewpoint of fundamental physics but also for pra
tical reasons in many applications, such as particle detec
plasma-wall interactions, and ion microcopy. The mec
nism of the SE emission is usually understood by a so-ca
‘‘three-step model’’@2#. The three steps are production of th
excited electrons in the solid, transport to the surface,
transmission through the surface barrier. For the ion velo
ties larger than about 107 cm/s, the dominant production pro
cess is the kinetic electron emission~KEE! @3#. The SE pro-
duction rate for KEE was believed to be proportional to t
electronic stopping powerSe because the observed SE yie
g is roughly proportional toSe @2,3#. Recently, we have dem
onstrated that the production process can be observed s
rately from other processes utilizing the specular reflection
fast ions, and found that the position-dependent SE prod
tion rate is not proportional to the position-dependent st
ping power@4#. The observed SE production rate was e
plained in terms of a direct excitation process as well
decay of plasmons into electron-hole pairs@4#. In addition,
unexpected enhancement of the SE emission in front of
sulator surfaces was observed, which was attributed in pa
a large conversion probability of the excited surface pl
mons into electron-hole pairs@5#. Thus, the SE production
process at the surface is clear, but other processes, i.e
transport and transmission processes, are still left for fur
investigation. In the present paper, we demonstrate
above- and below-surface SE production processes ca
separately observed by selecting specific ion trajectorie
the energy spectrum of the scattered ions. Using this sep
tion, the escape process of the SE’s produced inside soli
studied.

*Author to whom correspondence should be addressed. F
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II. EXPERIMENT

Details of the experimental procedure are described e
where @4#. Briefly, a single crystal of SnTe~001! was pre-
pared by epitaxial growthin situ by vacuum evaporation on
a cleaved surface of KCl at 250 °C in an ultrahigh-vacuu
chamber. The crystal was mounted on a five axis precis
goniometer. Beams of 1–2-MeV He1,21 ions from the
1.7-MV Tandetron accelerator of Kyoto University were co
limated by a series of apertures to less than 0.130.1 mm2

and to a divergence angle less than 0.3 mrad. The collim
ion beams were incident on the SnTe~001! at glancing angles
u i52 – 7 mrad. The ions are reflected from the surface at
specular angle without penetration inside the crystal un
they hit a surface step@6#. The azimuthal angle of the crysta
was carefully chosen to avoid surface axial channeling. T
ions scattered at the specular angle were selected by an
erture (f51 mm) placed 425 mm downstream from the ta
get and energy analyzed by a 90° sector magnetic spect
eter.

Secondary electrons emitted from the target crystal w
detected by a microchannel plate~MCP, effective diameter
f520 mm) placed in front of the target. The MCP was b
ased at1700 V to collect all SE’s emitted from the targe
The pulse height,I, of the MCP signal is proportional to th
number of SE’s detected@7#. In order to convert the pulse
height into the number,Ne , of SE’s emitted, we used the S
yields measured with a conventional current method in
previous study@8#.

III. RESULTS AND DISCUSSION

An example of the observed energy spectrum of 2-M
He21 ions reflected from the SnTe~001! is shown in Fig. 1.
Besides a main peak at;1980 keV~referred to as the firs
peak!, which corresponds to the specularly reflected io
there are additional small peaks at;1940 and;1900 keV.
These peaks are referred to as the second and third p
hereafter. The second~third! peak corresponds to the ion
which penetrate inside the crystal through surface steps
appear again after channeling through the crystal for
~two! wavelength~s! of the channeling motion, as shown i
:

p
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the inset @6#. These ions are called subsurface channe
ions. The energy loss of the second~third! peak ion is about
three~five! times larger than that of the first peak ion becau
the second~third! peak ion is deflected by the atomic plan
three~five! times while the first peak ion is deflected onc
First, we will concentrate on the SE’s emitted by the fi
peak ions.

A. Above-surface process

Figure 2 displays examples of the observed pulse-he
distributions of the MCP signals at incidence of 1-MeV He1

ions with u i54 mrad. The abscissa shows the number
SE’s. The result of a noncoincidence measurement is sh
together with the pulse-height distributions measured in
incidence with the reflected He1 and He21 ions of the first
peak. The coincidence spectrum shows a well-defined p
and the mean SE number~SE yield! for He21 (g5186) is

FIG. 1. Energy spectrum of He21 ions specularly reflected from
SnTe~001! when 2-MeV He21 ions are incident atu i53 mrad. The
first peak at;1980 keV corresponds to the ions reflected witho
penetration into the crystal, and the small peaks at;1940 and
;1900 keV correspond to the subsurface channeled ions as sh
by the inset.

FIG. 2. Pulse-height distributions of secondary electrons
tected by MCP when 1-MeV He1 ions are incident on SnTe~001! at
u i54 mrad. The triangles show the noncoincidence result and
closed~open! circles show the distribution measured in coinciden
with the reflected He1 (He21) ions of the first peak.
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slightly higher than that for He1 (g5174), indicating that
the reflected He21 ion emits more electrons than He1. Al-
though the SE yield is expected to be proportional toq2, the
observed yield for He21 is larger than that for He1 by only
several %. This indicates that the reflected ion is subjec
frequent charge-exchange processes in the vicinity of the
face@9#. As a result, the difference of the charge state in
last part of the outgoing trajectory is responsible for the o
served small difference of the SE yields.

Figure 3 displays an example of the SE yield measure
coincidence with the reflected He21 ions when 2-MeV He21

ions were incident on the SnTe~001!. The result for 0.5-MeV
H1, which has the same velocity as 2-MeV He, is al
shown for comparison. The observed He21 fraction of the
reflected ions was about 96% at 2 MeV irrespective of
incident charge state@10# and the H1 fraction was larger than
99% at 0.5 MeV. The effective charge for the specula
reflected 2-MeV He ion is estimated asqeff

2 50.96322

10.0431253.88. The SE yield for He21 is, however, five to
six times larger than that for H1, suggesting that the SE
production rate increases more rapidly thanqeff

2 . A detailed
analysis is required before concluding the steepqeff depen-
dence of the production rate because the ion trajectories
He21 and H1 might be different.

In the previous study, we have shown that the positio
dependent SE production rateP(x) can be derived from the
observedg(u i),

P~x!52
1

2pE

dV~x!

dx S g~0!S E

V~x! D
1/2

1E
0

p/2 dg~b i !

du i
U

u i5A@V~x!/E#sin~u!

duD , ~1!

whereV(x) is the surface continuum potential andE the ion
energy@4#. We use the universal potential with a screeni
distanceaU50.885 34aB(Z1

0.231Z2
0.23)21 for V(x) @11#. The

result for 2-MeV He21 at the SnTe~001! is shown together
with the previous result for 0.5-MeV H1 @4# in Fig. 4. The
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FIG. 3. Secondary-electron yields induced by 2-MeV He21

~circle! and 0.5-MeV H1 ions ~triangle! specularly reflected from
the SnTe~001! as a function of the angle of incidence.
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derivedP(x) for He21 is about four times larger than that fo
H1, indicating that the SE production rate is proportional
qeff

2 .
The dominant mechanisms of the SE production are

direct excitation by single collision and the plasmon-assis
process in the present case. The number of electrons dir
excited over the vacuum level by ion impact can be cal
lated with the binary encounter model@4#. We assumed tha
half of the excited electrons are ejected into vacuum
others are impinged into the solid. The calculated resul
shown by a dashed curve in Fig. 4. Concerning the plasm
assisted process, the surface stopping power for charged
ticles due to surface plasmon excitation was first studied
Echenique and Pendry@12#. Kawaiet al.derived formulas of
the surface- and bulk-plasmon excitation probabilities by f
ions traveling at surfaces@13#. the SE production rates fo
the bulk- and surface-plasmon-assisted processes were c
lated with their formulas. In the calculation, the bul
plasmon energy of 14 eV is employed and the convers
efficiency of plasmons into electron-hole pairs is assume
be 100% for bulk plasmons and 30% for surface plasmo
which was determined in the previous study of H1 impact on
SnTe~001! @4#. The calculated results are shown by a d
dashed and a double-dot-dashed curve, respectively.
sum of these three contributions~single collision, bulk-, and
surface-plasmon-assisted processes! is shown by a dotted
curve, which agrees roughly with the experimental res
The production rate inside the crystal was also calculated
shown in Fig. 4. Note that the bulk-plasmon-assisted proc
is dominant inside the crystal. The calculated production r
will be used in the discussion on the below-surface proc

B. Below-surface process

Figure 5 shows the MCP pulse-height distributions m
sured in coincidence with the He21 ions of the first, second
and third peaks when 1-MeV He1 ions are incident atu i

FIG. 4. Position-dependent secondary-electron production r
for 0.5-MeV H1 ~thick dot-dashed curve! and 2-MeV He21 ions
~solid curve!. Calculated production rates for the single-electr
process~dashed curve!, bulk-plasmon-assisted process~dot-dashed
curve!, surface-plasmon-assisted process~double-dot-dashed
curve!, and the sum of them~dotted curve! are also shown for
2-MeV He21.
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53 mrad. The average SE yields calculated from the
served distributions areg15183,g25310, andg35406 for
the first, second, and third peak ions, respectively. Althou
the energy losses of the second and third peak ions are t
and five times larger than that of the first peak ion~see Fig.
1!, the corresponding SE yields are only 1.7 and 2.2 tim
larger than that of the first peak ion. This is because
electrons excited by the subsurface channeled ions inside
crystal are subject to the transport and transmission proce
and so only a part of them can appear as SE’s.

Looking at the SE number distributions closely, while t
distribution for the first peak ion can be well fitted by
Gaussian, the distribution for the second peak ion is hig
asymmetric. It has a long tail towards lowerNe although the
high Ne part can be fitted by a Gaussian~dashed curve! with
a peak atNe5369. The SE number distribution for the thir
peak ion also shows the same characteristic features.
distribution consists of a Gaussian atNe5553 and a long tail
towards lowerNe . The origin of the Gaussian part and th
tail part can be explained by the following: The Gauss
part corresponds to the SE’s produced by the ions pas
through the channel just below the surface~trajectory 2A
shown in Fig. 5!. If there are additional atomic layers on th
terrace~trajectory 2B), the escape probability of the SE’
excited by the subsurface channeled ions inside the cry
becomes smaller because the electrons have to travel lo
distances than that for the SE’s produced by the trajec
2A ions. This results in smaller SE yield and this is t
origin of the tail. In fact, a number of pyramidal hillocks lik
the inset of Fig. 5 were observed on the SnTe~001! surface
with atomic force microscopy@14#.

The average path length of the trajectory 2A ions outside
the crystal is the same as that for the first peak ions~see the
inset of Fig. 5!. Therefore, the average number of SE’s pr
duced by the trajectory 2A ion outside the crystal is equal t
the number of SE’s produced by the first peak ion. The d

es
FIG. 5. Pulse-height distributions of the MCP signal wh

1-MeV He1 ions are incident on the SnTe~001! at u i53 mrad. The
distribution measured in coincidence with the reflected He21 ions of
the first peak~closed circle!, that of the second peak~open circle!,
and that of the third peak~triangle! are shown. The inset show
examples of the ion trajectories of the first peak ions~labeled 1! and
the second peak ions (2A and 2B).
1-3
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KIMURA, OOKI, ANDOU, AND NAKAJIMA PHYSICAL REVIEW A 61 012901
ferenceDN12 between the SE yield induced by the first pe
ion (g15183) and that for the trajectory 2A ion (Ne
5369) corresponds to the SE’s created by the subsur
channeled ions traveling through the channel just below
surface for one wavelength. If the present explanation is c
rect, the peak SE number of the Gaussian part for the t
peak ion can be estimated asg112DN12 because the third
peak ions travel, on average, for two wavelengths of
channeling motion inside the crystal. The estimated SE yi
183123(369– 183)5555, is in good agreement with th
observed resultNe5553, indicating that the present explan
tion is appropriate.

Having determined the number of SE’s emitted by t
subsurface channeled ion, we can address the escape pr
The number of electrons excited over the vacuum level
the subsurface channeled ion inside the crystal can be
mated using the calculated SE production rate inside
crystal, which is shown in Fig. 4. The calculated number
electrons excited during one wavelength of the channe
trajectory is 2.4 times larger than that for the first peak i
while the observed ratioDN12/g1 is 186/18351.02. Thus,
the escape probability of the electrons produced in the s
surface channel is estimated to be 1.02/2.4'0.42. It should
be noted that the calculation shows that the bulk-plasm
assisted process is dominant~;75%! in the subsurface chan
nel.

The escape probability is a product of the transport pr
ability f (x,Ei) and the transmission probabilityp(Ei) to
penetrate through the surface barrier, whereEi is the kinetic
energy inside the solid andx is the distance below the su
face. In a simple model, the transport process is descr
using a mean free pathL, f (x,Ei)5exp(2x/L), and the trans-
mission probability is given byp(Ei)512W/Ei for Ei
.W, where W is the surface-barrier height@15# (W
54.3 eV for SnTe@16#!. Because the dominant SE process
the bulk-plasmon-assisted process, we can useEi514 eV,
which is the typical energy of the SE’s produced by decay
bulk plasmons. These values lead top50.69 and the trans
port probability f (x,Ei)5exp(2x/L) is estimated to be
0.42/0.6950.61. Usingx50.315 nm@interplanar distance fo
SnTe~001!#, the mean free pathL is estimated to be 0.64 nm
.
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The obtained mean free path agrees with the escape dept
Auger electrons of a few tens eV@17#.

In a very recent study by Lemmelet al. @18#, a similar
measurement was performed for the SE yield induced
slow multicharged ions reflected from Au~111! at grazing
incidence. They demonstrated the suppression of KEE u
the specular reflection. The subsurface channeled ions w
rejected by choosing the ions reflected at the exact spec
angle. However, a small contribution of KEE could not
eliminated, which was ascribed to the contamination of
subsurface channeled ions. Here, we have shown that
specific trajectories of the subsurface channeled ions ca
completely selected choosing both the scattering angle
energy of the reflected ions.

IV. CONCLUSION

We have presented a separate observation of the ab
and below-surface SE production processes in ion-sur
interactions at grazing incidence. The position-dependent
production rate at the SnTe~001! surface for 2-MeV He21 is
found to be about four times larger than that for 0.5-Me
H1, indicating that the SE production rate is proportional
qeff

2 . The below-surface SE production process is studied
lizing the subsurface channeling. The number distribution
the SE’s induced by the subsurface channeled ions con
of two components, i.e., a well-defined Gaussian-like pe
and a long tail towards lower SE numbers. The peak co
sponds to the ion channel through a subsurface channel
below the surface and the tail corresponds to the ions pas
through deeper channels. Analyzing the yield of the form
one, the escape probability of the SE’s produced in the s
surface channel just below the surface is estimated to
;0.4. This escape probability can be explained by a sim
model for transport and transmission processes with a m
free pathL'0.6 nm.
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