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Secondary-electron emission by MeV He ions reflected from a Sn{@01) surface:
Separation of above- and below-surface processes
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We have measured the secondary-elect®B yield in coincidence with 1-2-MeV He?" ions reflected
from a SnT€00)) 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 He is found to be about four times larger than that for 0.5-MeV, khdicating
that the SE production rate at the surface is proportionaj’toAnalyzing 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 numbd(s): 34.50.Dy, 79.20-m, 61.85:+p, 79.60.Bm

I. INTRODUCTION II. EXPERIMENT

Details of the experimental procedure are described else-

Secondary-electrofSE) emission induced by ion impact where[4]. Briefly, a single crystal of SnT601) was pre-
is one of the most fundamental phenomena in ion-solid infpared by epitaxial growtin situ by vacuum evaporation on
teractions[1]. It has been studied for a long time not only @ cleaved surface of KCI at 250 °C in an ultrahigh-vacuum
from the viewpoint of fundamental physics but also for prac-chamber. The crystal was mounted on a five axis precision
tical reasons in many applications, such as particle detectorgoniometer. Beams of 1-2-MeV Hé" ions from the
plasma-wall interactions, and ion microcopy. The mecha-l-7-MV Tandetron accelerator of Kyoto University were col-
nism of the SE emission is usually understood by a so-callefimated by a series of apertures to less than<@I mnf
“three-step model'[2]. The three steps are production of the and to a divergence angle less than 0.3 mrad. The collimated

excited electrons in the solid, transport to the surface, an%orlgea;ns Wzre_ljﬂc@ent on theﬂSrﬁt(]I%l)f at glancmgfanglefth
transmission through the surface barrier. For the ion veloci-' <™ mrad. the lons are retiected from fhe surtace at tne

. . . specular angle without penetration inside the crystal unless

ties larger than about 1@m/s, the dominant production pro- ; )

cess is the kinetic electron emissitkEE) [3]. The SE pro- they hit a surface stefi]. The azimuthal angle of the crystal

qucti te for KEE believed to b ) tional to th was carefully chosen to avoid surface axial channeling. The
luc lon rate for. was §|eve Oh € }:;)ropor E)na 0 Ideions scattered at the specular angle were selected by an ap-

electronic stopping poweg, because the observed SE yield gre (5=1 mm) placed 425 mm downstream from the tar-

yis roughly proportional t& [2,3]. Recently, we have dem- gt and energy analyzed by a 90° sector magnetic spectrom-
onstrated that the production process can be observed sepagr.
rately from other processes utilizing the specular reflection of - secondary electrons emitted from the target crystal were
fast ions, and found that the position-dependent SE produgtetected by a microchannel plat®ICP, effective diameter
tion rate is not proportional to the position-dependent stopw=20mm) placed in front of the target. The MCP was bi-
ping power[4]. The observed SE production rate was ex-ased at+700 V to collect all SE’s emitted from the target.
plained in terms of a direct excitation process as well asThe pulse height,, of the MCP signal is proportional to the
decay of plasmons into electron-hole pdidd. In addition, number of SE’s detecte[]. In order to convert the pulse
unexpected enhancement of the SE emission in front of inheight into the numbel\,, of SE’s emitted, we used the SE
sulator surfaces was observed, which was attributed in part tgields measured with a conventional current method in a
a large conversion probability of the excited surface plasprevious study8].
mons into electron-hole paif$]. Thus, the SE production
process at the surface is clear, but other processes, i.e., the
transport and transmission processes, are still left for further
investigation. In the present paper, we demonstrate that An example of the observed energy spectrum of 2-MeV
above- and below-surface SE production processes can Ie?* ions reflected from the SnT@01) is shown in Fig. 1.
separately observed by selecting specific ion trajectories iBesides a main peak at1980 keV (referred to as the first
the energy spectrum of the scattered ions. Using this separpeak, which corresponds to the specularly reflected ions,
tion, the escape process of the SE’s produced inside solids ikere are additional small peaks-afi940 and~1900 keV.
studied. These peaks are referred to as the second and third peaks
hereafter. The secondhird) peak corresponds to the ions
which penetrate inside the crystal through surface steps and
*Author to whom correspondence should be addressed. FAXappear again after channeling through the crystal for one
+81-75-753-5253. Electronic address: kimura@kues.kyoto-u.ac.jp(two) wavelengtlis) of the channeling motion, as shown in

Ill. RESULTS AND DISCUSSION
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FIG. 3. Secondary-electron yields induced by 2-MeV?He
FIG. 1. Energy spectrum of K& ions specularly reflected from (circle) and 0.5-MeV H ions (triangle) specularly reflected from
SnT€001) when 2-MeV Hé" ions are incident af;=3 mrad. The  the SNT€001) as a function of the angle of incidence.
first peak at~1980 keV corresponds to the ions reflected without

penetration into the crystal, and the small peaks~d940 and

~1900 keV correspond to the subsurface channeled ions as showightly higher than that for He (y=174), indicating that
by the inset. the reflected H& ion emits more electrons than HeAl-

though the SE yield is expected to be proportionajtpthe
the inset[6]. These ions are called subsurface channele@bserved yield for He' is larger than that for He by only
ions. The energy loss of the secofthird) peak ion is about several %. This indicates that the reflected ion is subject to
three(five) times larger than that of the first peak ion becausdrequent charge-exchangg processes in the vicinity of the sur-
the secondthird) peak ion is deflected by the atomic plane face[9]. As a result, the difference of the charge state in the
three(five) times while the first peak ion is deflected once. last part of the outgoing trajectory is responsible for the ob-

First, we will concentrate on the SE’s emitted by the firstserved small difference of the SE yields. _
peak ions. Figure 3 displays an example of the SE yield measured in

coincidence with the reflected Beions when 2-MeV H&"
ions were incident on the Sn{@1). The result for 0.5-MeV
H*, which has the same velocity as 2-MeV He, is also
Figure 2 displays examples of the observed pulse-heighthown for comparison. The observed?Hdraction of the
distributions of the MCP signals at incidence of 1-MeV'He reflected ions was about 96% at 2 MeV irrespective of the
ions with 6,=4 mrad. The abscissa shows the number ofincident charge sta{d 0] and the H fraction was larger than
SE’s. The result of a noncoincidence measurement is show@9% at 0.5 MeV. The effective charge for the specularly
together with the pulse-height distributions measured in coreflected 2-MeV He ion is estimated agy=0.96x 22
incidence with the reflected Heand Hé" ions of the first  +0.04x 12=3.88. The SE yield for He is, however, five to
peak. The coincidence spectrum shows a well-defined peakix times larger than that for H suggesting that the SE
and the mean SE numbé8BE yield for H&* (y=186) is  production rate increases more rapidly trgfa. A detailed
analysis is required before concluding the stegp depen-
' dence of the production rate because the ion trajectories for
] He?t and H' might be different.

A. Above-surface process
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FIG. 2. Pulse-height distributions of secondary electrons de
tected by MCP when 1-MeV Heions are incident on SnT@01) at

a incid . "
AA . 23:::"::,:;'};& In the previous stud_y, we have shown th_at the position-
200 N s O coinc. with He™ dependent SE production ra®x) can be derived from the
I Aagatda observedy(6,),
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whereV(x) is the surface continuum potential aBdhe ion

energy[4]. We use the universal potential with a screening

6,=4 mrad. The triangles show the noncoincidence result and théistanceay=0.885 3g(Z9%+ 29771 fpl’ V(x) [11]. The
closed(open circles show the distribution measured in coincidenceresult for 2-MeV Hé" at the SnT&O01) is shown together

with the reflected Hé (He?™) ions of the first peak.

with the previous result for 0.5-MeV H[4] in Fig. 4. The
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FIG. 4. Position-dependent secondary-electron production rates
for 0.5-MeV H' (thick dot-dashed curyeand 2-MeV Hé&" ions
(solid curve. Calculated production rates for the single-electron
processdashed curve bulk-plasmon-assisted procegot-dashed
curve, surface-plasmon-assisted proces@ouble-dot-dashed
curve), and the sum of thengdotted curve are also shown for
2-MeV Het.

FIG. 5. Pulse-height distributions of the MCP signal when
1-MeV He' ions are incident on the Snii®1) at §;=3 mrad. The
distribution measured in coincidence with the reflected'Hens of
the first peak(closed circlg, that of the second pedkpen circle,
and that of the third peaktriangle are shown. The inset shows
examples of the ion trajectories of the first peak idabeled } and
the second peak ions f2and 2B).

derivedP(x) for HE" is about four times larger than that for
H*, indicating that the SE production rate is proportional to=3mrad. The average SE yields calculated from the ob-
qﬁﬁ. served distributions arg, =183, v,=310, andy;=406 for

The dominant mechanisms of the SE production are th&he first, second, and third peak ions, rgspective_ly. Although
direct excitation by single collision and the plasmon-assistedn€ energy losses of the second and third peak ions are three
process in the present case. The number of electrons directf'd five times larger than that of the first peak isee Fig.
excited over the vacuum level by ion impact can be calcu--: the corresponding SE yields are only 17 and 2.2 times
lated with the binary encounter moddl]. We assumed that larger than that of the first peak ion. This is _beca_lus_e the
half of the excited electrons are ejected into vacuum an&lectrons excngd by the subsurface channeleq ions inside the
others are impinged into the solid. The calculated result igrystal are subject to the transport and transmission processes
shown by a dashed curve in Fig. 4. Concerning the plasmornd so only a part of them can appear as SE's. .
assisted process, the surface stopping power for charged par- L(_)okl_ng at the SE_number d_lstrlbutlons closely_, while the
ticles due to surface plasmon excitation was first studied bglistribution for the first peak ion can be well fitted by a
Echenique and Pendfy2]. Kawaiet al. derived formulas of Gaussn’:m,. the distribution fqr the second peak ion is highly
the surface- and bulk-plasmon excitation probabilities by fasBSymmetric. It has a long tail towards lowdg although the
ions traveling at surfacel3]. the SE production rates for high Ne part can be fitted by a Gaussieteshed curvewith
the bulk- and surface-plasmon-assisted processes were cal@iPeak alNe=369. The SE number distribution for the third
lated with their formulas. In the calculation, the bulk- P€ak ion also shows the same characteristic features. The
p|asmon energy of 14 eV is emp|0yed and the Conversioﬁistribution COI’]SiStS of a GaussianNig= 553 and a |Ong ta"
efficiency of plasmons into electron-hole pairs is assumed tgowards lowerN,. The origin of the Gaussian part and the
be 100% for bulk plasmons and 30% for surface plasmondail part can be explained by the following: The Gaussian
which was determined in the previous study of khpact on ~ Part corresponds to the SE's produced by the ions passing
SnT€001) [4]. The calculated results are shown by a dot-through the channel just below the surfatejectory A
dashed and a double-dot-dashed curve, respectively. TH&own in Fig. 5. If there are additional atomic layers on the
sum of these three contributiofsingle collision, bulk-, and terrace(trajectory B), the escape probability of the SE'’s
surface-plasmon-assisted processesshown by a dotted €Xxcited by the subsurface channeled ions inside the crystal
curve, which agrees rough|y with the experimenta| resu|t_beC0mes smaller because the electrons have to travel Ionger
The production rate inside the crystal was also calculated andistances than that for the SE’s produced by the trajectory
shown in Fig. 4. Note that the bulk-plasmon-assisted procesdA ions. This results in smaller SE yield and this is the
is dominant inside the crystal. The calculated production rat@rigin of the tail. In fact, a number of pyramidal hillocks like

will be used in the discussion on the below-surface processhe inset of Fig. 5 were observed on the S{04) surface
with atomic force microscopy/14].

The average path length of the trajector bns outside
the crystal is the same as that for the first peak i@ee the

Figure 5 shows the MCP pulse-height distributions meainset of Fig. 5. Therefore, the average number of SE'’s pro-
sured in coincidence with the Bieions of the first, second, duced by the trajectory2 ion outside the crystal is equal to
and third peaks when 1-MeV Heions are incident a#, the number of SE’s produced by the first peak ion. The dif-

B. Below-surface process
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ferenceAN;, between the SE yield induced by the first peakThe obtained mean free path agrees with the escape depth for
ion (y;=183) and that for the trajectory 2 ion (N,  Auger electrons of a few tens e\ 7].
=369) corresponds to the SE’s created by the subsurface In a very recent study by Lemmeit al. [18], a similar
channeled ions traveling through the channel just below théheasurement was performed for the SE yield induced by
surface for one wavelength. If the present explanation is corslow multicharged ions reflected from Aiill) at grazing
rect, the peak SE number of the Gaussian part for the thiréncidence. They demonstrated the suppression of KEE using
peak ion can be estimated as+2AN,, because the third the specular reflection. The subsurface channeled ions were
peak ions travel, on average, for two wavelengths of theejected by choosing the ions reflected at the exact specular
channeling motion inside the crystal. The estimated SE yieldangle. However, a small contribution of KEE could not be
183+ 2% (369-183)=555, is in good agreement with the eliminated, which was ascribed to the contamination of the
observed resull,= 553, indicating that the present explana- subsurface channeled ions. Here, we have shown that the
tion is appropriate. specific trajectories of the subsurface channeled ions can be
Having determined the number of SE’s emitted by thecompletely selected choosing both the scattering angle and
subsurface channeled ion, we can address the escape proc&sergy of the reflected ions.
The number of electrons excited over the vacuum level by
the subsurface channeled ion inside the crystal can be esti- IV. CONCLUSION
mated using the calculated SE production rate inside the
crystal, which is shown in Fig. 4. The calculated number of
electrons excited during one wavelength of the channelin
trajectory is 2.4 times larger than that for the first peak ion,
while the observed ratidN,,/y; is 186/183=1.02. Thus,
the escape probability of the electrons produced in the su
surface channel is estimated to be 1.02/20442. It should
be noted that the calculation shows that the bulk-plasmo

We have presented a separate observation of the above-
nd below-surface SE production processes in ion-surface
nteractions at grazing incidence. The position-dependent SE
production rate at the SnT@01) surface for 2-MeV H&" is
H_ound to be about four times larger than that for 0.5-MeV
H*, indicating that the SE production rate is proportional to
nggﬁ. The below-surface SE production process is studied uti-

assisted process is domindnt75%) in the subsurface chan- lizing the subsurface channeling. The number distribution of
nel. the SE’s induced by the subsurface channeled ions consists

The escape probability is a product of the transport probpf two components, i.e., a well-defined Gaussian-like peak
ability f(x,E;) and the transmission probabilitg(E;) to and a long tall_towards lower SE numbers. The peak corre-
penetrate through the surface barrier, whgrés the kinetic sponds to the ion channel through a subsurface channel just
energy inside the solid andis the distance below the sur- below the surface and the tail corresponds to the ions passing
face. In a simple model, the transport process is describelrough deeper channels. Analyzing the yield of the former

using a mean free path f(x,E;) =exp(~x/L), and the trans- ©°N€’ the escape probability of the SE’s produced in the sub-
mission probability is given byp(E;)=1—WI/E; for E, surface channel just below the surface is estimated to be
I | I

>W, where W is the surface-barrier heighf15] (W ~0.4. This escape probability can be explained by a simple

—4.3eV for ST 16]). Because the dominant SE process ismodel for transport and transmission processes with a mean
the bulk-plasmon-assisted process, we can Eiseldey, (re€ pathL~0.6nm.
which is the typical energy of the SE’s produced by decay of
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