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Enhancement of the Secondary-Electron Production Process in Front of Insulator Surfaces
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The secondary-electron yield induced by 0.5-MeV protons specularly reflected from KCI(001) is
measured. The observed yield is about 160 elecfimason at a glancing incidence angle= 1 mrad
and decreases to 100 electrgmoton with increasing; up to 7 mrad, which is about 4 times larger
than that for a semiconductor SnTe(001) surface. The enhancement can be ascribed to an almost
complete conversion efficiency of excited surface plasmons into electron-hole pairs and a large band gap
which results in the efficient production of secondary electrons by the single-electron excitation process.
[S0031-9007(98)07931-9]

PACS numbers: 79.20.Rf, 34.50.Dy, 61.82.Ms

Electron emission is a ubiquitous phenomenon into address the secondary-electron production process at
particle-solid interaction and is of great importance ininsulator surfaces. It is demonstrated for the first time
many applications, for example, in particle detectorsthat the KEE process is enhanced in front of the insulator
in plasma-wall interactions, and in surface analysis techsurface rather than the semiconductor surface. The origin
nigues, such as ion microscopy and scanning electroof the observed enhancement is discussed.
microscopy. Investigations have been focused on the Single crystals of KCl and LiF (7 mm in length along
electron emission from metals and semiconductors sthe beam direction and 20 mm in the vertical direction)
far [1]. The electron emission from insulators is ancleaved along (001) in the air were mounted on a five-axis
intriguing phenomenon from a viewpoint of both funda- precision goniometer in an ion-pumped UHV chamber
mental physics and application. Nevertheless, there havgase pressurg X 10~'° Torr). The surfaces were kept
been a relatively small number of studies because of that 250°C under UHV conditions to prepare clean surfaces
difficulty arising from surface charging during the ion [11]. The elevated temperature also allowed us to avoid
bombardment. Careful investigations revealed that théhe surface charging by ionic conduction. A beam of 0.5-
yield of kinetic electron emission (KEE) is much larger MeV protons from the 1.7-MV Tandetron accelerator of
for insulators than for metals and semiconductors [2—6]Kyoto University was collimated by a series of apertures
This was attributed to a larger electron escape depth due to less than0.1 X 0.1 mn? and to a divergence angle
reduced electron scattering and to a lower surface barridess than 0.3 mrad. The beam was incident on the target
which results in a larger escape probability through thesurfaces at a glancing angle. The azimuthal angle of
surface for excited electrons in insulators than in metalshe crystal was carefully chosen to avoid surface axial
and semiconductors. The excitation process in insulatorshanneling. A typical intensity of the proton beam was as
was usually assumed to be suppressed due to the lartmv as ~1000 ions/s, which guaranteed no macroscopic
band gap [6]. However, there is no clear evidence taharging and the negligible radiation damage during the
support this assumption. measurement.

Recently, electron emission from insulators at impact When the angled; of incidence measured from the
of slow highly charge ions has been extensively studiedurface plane is smaller than a critical angle [7.7 mrad
[7,8]. It was suggested that potential electron emissiorior the 0.5-MeV proton on KCI(001)], the proton is
(PEE) by highly charged ions is suppressed in front ofreflected at a specular angle without penetration inside
a LiF(001) surface rather than in front of metal surfacesthe crystal [12,13]. The proton may produce secondary
although the less efficient above surface electron emissioglectrons outside the crystal during the reflection. These
is more than compensated for by being more efficientelectrons are not subject to the transport and transmission
below the surface emission from LiF(001), resulting inprocesses. This allows one to measure the production
higher electron yields from LiF than from a Au target for process separately from other processes.
the impact of slow highly charged ions [7]. The protons scattered at the specular angle were

In a previous study, we have shown that the excitatiorselected by an apertur& = 1 mm) placed 425 mm
process can be studied separately from other processdewnstream from the target and were detected by a sili-
(transportation to the surface and transmission throughon surface barrier detector. Secondary electrons emitted
the surface barrier) utilizing the specular reflection offrom the target crystal were detected by a microchannel
fast ions at single crystal surfaces [9]. In contrast toplate (MCP, effective diamete¢p = 20 mm) placed at
a phenomenological theory [10], it was found that the9 mm in front of the target. The pulse height of the
excitation rate is not proportional to the stopping powerMCP signal is proportional to the number of secondary
In the present Letter, we employ the same techniquelectrons detected [8]. The MCP was biased-&00 V
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to collect all secondary electrons emitted from the targetsemiconductor SnTe(001) surface measured in a previous
The applied bias caused a small deflection of the iompaper [9]. Both KCI and SnTe have the same crystal
beam, which was estimated to be less than 0.3 mrasdtructure (NaCl-type) with almost the same lattice con-
under the present experimental conditions. stant (the difference is less than 0.5%). The secondary-
Figure 1 displays an example of the pulse height diselectron yield is about 4 times larger for KCI than for
tribution of the MCP signal measured in coincidence withSnTe, although the large band gap suggests the reduction
the 0.5-MeV proton specularly reflected from KCI(001) atfor KCI [6]. The observed energy lossag(6;) of the re-
#; = 2.5 mrad. The open circles show the pulse heightflected protons for KCI(001) and SnTe(001) surfaces are
distribution observed without the proton beam (the ab-also shown for comparisom\[E(6;) for SnTe(001) is re-
scissa is elongated by a factor of 5). These signals angroduced from Ref. [15]]. While the secondary-electron
attributed to the free electrons inside the chamber createdelds show a large difference between KCIl and SnTe,
by the ion pump, and the distribution can be decomposethe energy losses are almost the same. The energy loss
into two Gaussians. The peak positiohsand I, of the  of the proton per one electron emission for KCI is about
Gaussians have a relatidn = 2/; indicating that these 40 eV/electron atf; = 7 mrad, and it decreases down
Gaussians correspond to signals of single- and doubldge 20 eV/electron with decreasing;. Recalling that the
electron detections. The secondary-electron yield can beinding energy of the valence band (€ band) is 9—
given byy = (I)/(el;), where(I) denotes the mean value 11 eV and the bulk plasmon energy is 14 eV for KCI [16],
of the pulse height distribution, ardis the efficiency of the obtained value of 20 e\lectron is surprisingly small.
the MCP, which was measured to be 0.6 for 0.5-keV elecSimilar results were obtained with LiF(001), showing that
trons [14]. the enhancement of the secondary-electron yield is a com-
Figure 2 depicts the temperature dependence of theaon feature for insulator surfaces.
observed secondary-electron yield when 0.5-MeV protons More detailed information is extracted from the data
were incident on the LiF(001) surface @t = 4.1 mrad. to understand the present result. We have shown that
The secondary-electron yield from insulators at normathe position-dependent secondary-electron production rate
incidence is known to decrease with temperature due t®(x), i.e., the number of secondary electrons produced
increasing electron-phonon interaction [6,10]. The presertty a proton per unit path length traveling parallel to the
result does not show any temperature dependente>at  surface at a distance from the surface, can be derived
50 °C, indicating that the observed secondary electronfrom the observed (),
were produced outside the crystal surface. The rapid

X 4 . 1 dv
decrease beloW = 50 °C is ascribed to the macroscopic P(x) = T3E d(X)
surface charging. 7E dx
Figure 3 shows the secondary-electron yield from x [ 4(0) E
KCI(001) induced by the 0.5-MeV proton as a function Y V(x)
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FIG. 1. Pulse height distribution of secondary electrons de-
tected by MCP in coincidence with the 0.5-MeV protons specu-
larly reflected from KCI(001) at9; = 2.5 mrad. The open FIG. 2. Secondary-electron yield induced by 0.5-MeV proton
circles show the pulse height distribution measured withoutspecularly reflected from a LiF(001) & = 4.1 mrad as a
the proton beam (the abscissa is elongated by a factor of 5junction of temperature. The rapid decreaselatl 50 °C is
which corresponds to the signals of single- and double-electrodue to the macroscopic surface charging. A typical experimen-
detection. tal error is shown.
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FIG. 3. Secondary-electron yield induced by 0.5-MeV pro- @
tons specularly reflected from a KCI(001) as a function of w2l 100
0;. The result for a SnTe(001) from the Ref. [9] is also
shown by open circles. Energy losses of the reflected protons

at KCI(001) (closed triangles) and SnTe(001) (open triangles, 0 1 2 3
from Ref. [15]) are shown for comparison. Typical experimen- x: DISTANCE FROM SURFACE ()

tal errors are shown. FIG. 4. Position-dependent secondary-electron production

rate P(x) for the 0.5-MeV proton at KCI(001) surface (thick
) solid curve) together with the surface stopping powvséx)
where E is the proton energy and/(x) the surface (thick dashed curve). The ratio of(x)/P(x) is shown by a
continuum potential [9]. The obtained result for 0.5-dot-dashed curve. Production rate, stopping power, and the
MeV proton at KCI(001) is displayed together with the (€08 2L 0T o O eutated results of direct excita
: : R : : | | urves. u u | XCIta-
Previous result for SnTe(OQl) in Fig. 4 (thick e_md thin tion Fr)ate and )éxcitation rates of bulk and surface plasmons are
solid curves). The production rate for KCI(001) is larger 5150 shown.
than SnTe(001) especially at large
The position-dependent stopping pows) can also
be derived from the observed energy loss using a similais about twice the surface plasmon enefgy, = 10 eV.
equation to Eqg. (1) by replacin@(x) and y(#;) with  This implies that all surface plasmons decay into electron-
S(x) andAE(6;), respectively. The result of the stopping hole pairs and half of the excited electrons appears as
power for KCI(001) is shown by a thick dashed curvesecondary electrons, while the other half of electrons is
in Fig. 4. Both the production rate and the stoppingimpinged inside the crystal. The surface plasmon
power decrease with, but the stopping power decreasescan decay via photon emission when the momentum-
more rapidly. The ratioS(x)/P(x), which is assumed conservation law is violated by surface roughness [18].
to be constant in the phenomenological theory [2], isThe probability of the surface plasmon decay to an
shown by a thick dot-dashed curve. The ratio is aboutlectron-hole pair was estimated to be 30% at SnTe(001)
60 eV/electron atx ~ 0, decreases with, and becomes [9] and =30% at Al surfaces [19]. The present large
almost constant-20 eV/electron atv > 2 A. conversion probability at KCI(001) is ascribed to the flat-
The position-dependent secondary-electron productioness of the cleaved surface. Observation by atomic force
rate by MeV protons at SnTe(001) was quantitativelymicroscopy revealed that the cleaved KCI(001) surface
explained by the direct electron excitation and the decay olvas atomically flat, whereas the SnTe(001) surface had
the excited bulk and surface plasmons into electron-holenany surface steps introduced during the preparation [20].
pairs [9]. The probabilities of the direct excitation and With decreasingx, the contribution of the surface
the plasmon excitation were calculated with a binaryplasmon decreases, and the direct excitation process and
encounter model and a model given by Kawaal. [17], the bulk plasmon process become dominant. While no
respectively. The calculated results for the 0.5-MeVlarge difference is expected in the bulk plasmon process
proton at KCI(001) are shown by thin curves in Fig. 4. Inbecause the bulk plasmon energies of KCI (14 eV) and
the calculation, the bulk plasmon energw, = 14 eV~ SnTe (15 eV) are almost the same, the large band gap
[16] was used, and the electronic surface was assumed o KCI| suggests a suppression of the direct excitation
be outside of the atomic surface by half of the interplanaprocess [6]. The stopping power of the KCI(001) surface
separation (3.15 A2). It can be seen that the contribution is, indeed, smaller than SnTe(001) at< 1.9 A in
of the surface plasmon excitation is dominant outside ofccordance with the above discussion. The secondary-
the electronic surface. In this region, the observed rati@lectron production rate for KCl is, however, enhanced
S(x)/P(x) is almost constant, i.e=20 eV/electron which  almost twice that for SnTe. Consequently, the ratio
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S(x)/P(x) for KCI is more than 3times larger than [4] L.A. Alonso, R.A. Baragiola, J. Ferron, and A. Oliva-
SnTe. This can be attributed to neither the large mean  Florio, Radiat. Eff.45, 119 (1979).

free path nor the large escape probability for KCI, since [5] H. Jacobsson and G. Holmén, Phys. Rev.48 1789
the observed secondary electrons are produced outside (1994). _ _ )
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related to the large band gap in KCl. The forbidden _ PY R-A. Baragiola (Plenum, New York, 1993), p. 351.
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the enhancement of the secondary-electron production Niekisch, Springer Tracts in Modern Physics Vol. 123
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only the transport and transmission processes but aldgl] M- Prutton, Surface PhysicgClarendon, Oxford, 1983),
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