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Fast proton-induced electron emission from rare-gas solids and electrostatic charging effects
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We have studied electron emission from solid Ar, Kr, and Xe films induced by impact of 10-100 keV
protons at normal incidence. Electron yields were measured as a function of applied anode voltage and film
thickness from 200 to 7000 A. The observed electron yields are huge—hundreds of electrons per incident ion:
higher, per amount of electronic energy deposited, than for any other material studied so far. We extend an
electron emission model, developed for metals, to the case of insulators, and obtain electron escape depths of
hundreds of nm when fitted to the dependence of electron yield on target thickness. The experiments, espe-
cially those with Ar and Kr, are not well described by the model. The reason is the presence of strong electric
fields produced by charged traps in the films which, together with a low surface Hab&mce in the case of
Ar) ease the extraction of electrons from the films at sufficiently high anode voltages. A hysteresis in the
electron currents as a function of anode voltage is also attributed to macroscopic charging of the films. The
electrostatic surface potential of the films during ion bombardment is derived by comparing the dependence of
the electron emission current with anode voltage to results of computer simulations of electron trajectories near
the sample[S0163-182¢08)07940-3

[. INTRODUCTION long-lived and localizedtrapped charges. Effects of charg-
ing on electron emission from rare-gas solids have been seen
Electron emission from insulators under light ion bom-under x-ray® and VUV irradiation:**’

bardment has been investigated far less than for metals due Current theories of ion-induced electron emission have
mainly to problems of sample preparation and electric chargbeen covered in several review articlés?*they do not in-
ing during bombardment. The electron emission yigidm-  clude ionization track effects and rarely address in any detail
ber of electrons emitted per incident particieduced by other issues particular to insulatdfsThe scarcity of experi-
energeticelectrons or photonss up to about an order of mental data and the complexity of the physical processes
magnitude larger for insulators than for other matertafs; involved have prevented the development of a comprehen-
this has favored the use of oxide surfaces for electron mulsive theoretical picture. This prompted our current studies
tipliers. Large electron yields have been attributed to largefimed at identifying the main physical mechanisms acting on
electron escape depths and lower surface barriers in insulglectron emission. Here we have chosen the rare-gas solids
tors. The effect of the band gdf, of insulators and semi- Ar, Kr, and Xe as target materials because they present sev-
conductors on electron emission has been discussed by Graigal advantages. Their electronic states are well known and
and Bastawrdsusing a modél to analyze electron impact their band gap is high, so thermal effects can be neglected.
experiments. They found that for semiconductors the elecSince they are inert, chemical alteration during bombardment
tron yields do not vary withEy, while for insulators the is ruled out. Also, the fact that they are weakly bound allows
yields first increase wittEy, pass through a maximum at their description as condensed gases and the application of
E,~7 eV, and then decrease wily. This dependence can extant knowledge of gas-phase collision processes. Electron
be understood to result from competing processes: a larggmission from films of rare-gas solids has been studied by
band gap gives a low probabmty for energy loss by SecondGU”ikson and Henke for the case of dilute ionizations pro-
ary electrons and hence large escape depths but requirdgced by high-energy x rays** and positrons? and ana-

more projectile energy transfer to excite the electrons. lyzed without consideration of the presence of holes or the
Electron emission from some insulators bombarded witimage potentials they create near an interface.
protons and other ions has been measured as®weélln Below we present measurements of electron yields from

general, the phenomenon shows similar characteristics dBin films of Ar, Kr, and Xe under bombardment by protons
photoelectron or secondary electron emissfomiowever, at normal incidence, as a function of projectile energy in the
fast ions can produce a high density of ionizations in thelange 10-100 keV, applied anode voltage, and film thick-
solid along their penetration pattrack.'® Different studies Nness. We then discuss a model for electron emission, electron
on ion-bombarded polymeté silicon oxide? and water icE*  escape, and surface charging.

have shown that unbalanced holes in the ionization track

during electron emission can prodL_Jce an elegtrical_potential Il EXPERIMENTS

that acts to oppose electrons leaving the solid. This can be

viewed as the effect of a local charging of the material in The apparatus for measuring electron emission has been
each individual ion track. An additional, macroscopic, charg-described by Shet al'* The experiments were made in an
ing that also acts to hinder electron emission results from theltrahigh vacuum chambébase pressure in the 18 Torr
cumulative effect of many projectiles producing relatively range connected to the University of Virginia 120 kV heavy
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FIG. 1. 1-V, characteristic for electron emission from Ar films FIG. 2. Same as Fig. 1 but for Kr films. The proton current is 22
of different thickness under bombardment with 55-keV protons atA for the 2000-A Kr film and 14 nA for the 5000-A Kr film.

normal incidence. The arrows indicate the direction in which the ) ) ) o
anode voltage is scanned. The proton current is 18 nA. argon film. The need for a higher saturation voltage indicates

that the films charge up to a positive potential during elec-

ion accelerator. Research grade gases (puE8.997%) tron emission. For a 3090—/3\ Ar film, 'the 'electrc')n emission
were condensed onto the gold electrode of a quartz cryst urrent grows slower withV, ; saturation is achieved at a

microbalancé® cooled by a closed-cycle refrigerator. The ew hundred volts, indicating a larger positive film potential.

olycrystalline gold substrate was cleaned by sputtering with) °" & 6000-A film, the electron emissiqn cqrrent incregses
polycty 9 y'Sp 9 i&lst below 50 V and then grows steadily without showing

5 keV Ar ions; the cleanliness was verified by measuring th ; ) . 4
y 9 any saturation. Higher anode voltages produce dielectric

electron yield using protons and comparing with previous

results! A clean substrate is important since it has been ob_breakdown in the film, as previously reported. .
In the case of Kr and Xe, we always observed a saturation

served that insulating layer®.g., an interface oxidecan . ) .
decrease the electron emission yields from rare gas gﬁms,behawor of thd -V, curves up to the largest thickness tried,
possibly because hole neutralization is hindered at the sub-’ 00{3 A, Wez havde 3no';]8hz?/erved bre?kdggvrll f\(;r these tar-
strate. The films, which are expected to be polycrystaflthe, gets. Figures 2 an sh a CUIVES for 55-keV protons
were grown right after cleaning the substrate; growth temincident on Kr and Xe films of different thicknesses. The
peratures were 20 K for Ar and 24 K for Kr and Xe. The ion electron emission currents begin to saturate wigns be-
beam, collimated by a 5-mm-diam aperture, was incidenfVeen 40 and 80 V. The voltage at the knee oflthé, curve
normal to the surface of the films; ion current densities werdncreases with film thickness and is larger for Kr than for Xe.
between 40 and 300 nA/dmirradiation fluences were kept For these films, a slight slope of tHleVE} curves is observed
below 105 ions/cn? low to avoid significant changes in film &t 1argeVa. For all the condensed films we find that the
thickness due to sputtering and trapping of scattered protorfd€Ctron emission currents are substantialgr-0 and that
in the films. the 1-V, curves have hysteresis; the curve measured with
A cylindrical aluminum anode that also acts as a heaflcreasingV, lies below that obtained with decreasikfg .
shield surrounds the sample. The electron emission curredtiS effect is reversible since theV curves are reproduced
was obtained from the change in the target current when th@ver several cycles. The orl_glnggl‘ the hysteresis effect, also
anode was biased positively. The electron yields are thefePorted previously for Ar films; is attributed to macro-
simply the ratio of the electron to ion currents. scopic charging and will be discussed below. The area of the
hysteresis loop increases with the speed at whighis

scanned and decreases with increasing ion beam current.
Ill. RESULTS

gL Xenon
For the three rare-gas solids, the electron yields are huge, 6000 A

more than two orders of magnitude larger than what can be
obtained from clean metal samples. Figure 1 showd kg
characteristicgelectron emission currehtversus applied an-
ode voltageV,) for the case of Ar films bombarded by 55-
keV protons. The measurements were made by scanfjng
up and down at a rate of 38 V/s and are consistent with
previous measuremeritswith increasingV, the electron
emission current reaches a saturation value, but only for
thin films as observed previously using photon 0
excitation*®1"2%3%n contrast with thel-V, characteristics

of the bare gold substrate, which saturates at a few volts, the

-V, curves for the condensed films saturate at relatively FIG. 3. Same as Fig. 1 but for Xe films. The proton current is
high voltages, for instance, approximately 50 V for a 600-A18 nA.
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FIG. 4. Electron yields and ratio of electron yields to the num- FIG. 5. Same as Fig. 4 but for Kr films at 24 K.

ber of electron-hole pairs in the film vs film thickness for the bom-
bardment of Ar films at 20 K with 33-keV protons at normal inci- IV. DISCUSSION

dence. The solid line in the lower panel is a fit to E2). (see texy; .
®. electron yield for fast film grow rate and—fi®, electron yield To analyze the results we start with the standard electron

for slow film grow rate. The dashed line is the calculated number ofamiSSion theor’y generalized to include insulators. A light

electron-hole pairs. The line in the upper panel is to guide the eyel®N Penetrating an insulator film loses energy mainly by elec-
and has no other meaning. tronic excitations and by generating electron-hole pairs along

its track. These pairs are produced very fast, in times of the
, _ o order of 10 1°~10 1 s after the passage of the projectile, as
An interesting observation in the case of Ar, but not Kr or 5 regyit of ionizations produced directly by the ions, Auger
Xe, films is that the electron yields were20% lower for — gecay of inner-shell vacancies, and ionizations created by
films grown at a low rate~1.5 A/s, compared to typical
rates of=10 A/s. The lower yields are attributed to an en-

. 17 2
hanced formation of voidé33in the Ar films during slower Thickness (10™ atoms/cm’)

growth; these voids can act as electron traps due to the nega- g2 4 6 8 10 12
tive electron affinity of solid AP* Since it is possible that Al Xenon
electrons may be trapped in defects such as vacancies created 3
by the ion beam we searched for a possible effect of irradia- 0.5fa 1
tion fluence(exposurg on the yields. We saw no fluence
dependence for fluences up to 2.50'° ions/cnt, in con-
trast with the complex behavior seen for x-ray irradiation of 0.0 ; - : —
Xe by Gullikson and Henk& which may be related to con- //"'
tamination from background gases in their moderate vacuum 1200 - Vo ]
(107 Torr). S
1000 + ,/ T
s I / ]
B. Film thickness dependence of electron yields E 800 // 7
S I y ]
In Figs. 4—6 we present the electron yields for 33-keV S 600f /, ]
proton impact, obtained from the saturation values of the i // ¥ ]
anode currents, as a function of the film thickness. The con- 400 1
tribution of electron emission from the substrate to the total S/
emission current can be neglected except for very small 2001 . ’
thicknesses since the electron yields for protons on'garie P . . ' |
smaller than 2.5. As mentioned above, for Ar films thicker 0, 2000 4000 6000
than 4000 A it was not possible to achieve saturation in the Film Thickness (A)

electron emission current even using the maximum anode
voltage (1000 V) allowed by our experimental setup. FIG. 6. Same as Fig. 4 but for Xe films at 24 K.
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TABLE I. Electron affinityU (Ref. 44, mean energy to produce
an electron-hole paifRef. 49, W, electron escape depttsand
fraction of emitted electron®f for rare-gas solids bombarded by
33-keV protons. Only in the case of Xe is the attenuation repre-
sented closely by an exponential function with a decay contant

90 [100 150

Target U (eV) W (eV) L (um) Pf

—_— Ar -0.3 27+1 0.24-0.02 1.0
g Kr 0.3 25¢1 0.19-0.04 0.83
Xe 0.4 241 0.18+0.02 0.70

such cases where electrostatic forces due to holes can be
neglected, an exponential lagr “~ can model the fraction
SUBSTRATE of electrons surviving attenuation, wheres called the elec-

1cm tron escape depth. In this approximation, the electron yjeld
is given by

FIG. 7. Contours of electrostatic potential in volts and some
representative trajectories of electrons emitted from the film at ran- 4 Dy(2)
dom points of ion impact, angles of emission, and electron energies y= pff -7 e Ztdz, )
in the range 5-10 eV. For the simulation, the beam spot is at 80 V,

the substrate at 0 V, and the anode at 320 V. The ion beam comes ) )
from the right. The thickness of the film is exaggerated for clarity. Wheref is the fraction of the electrons that travel towards the

surface, and is the probability that an electron that reaches

fast secondary electrons in a cascade of collisidWssmall  the surface is transmitted into vacuum. For isotropic electron
fraction of electrons will be ejected into vacuum or injectedcascades in a planar geometfy; 0.5, but since the primary
into the substrate before this ionization cascade is over. AftelPnizations eject electrons predominantly in the forward di-
the kinetic energy of the electrons falls beldgy further ~ rection,f<0.5""""The quantities® andL should be inter-
ionization is not possible. The total number of electron-holePreted as averages over the electron energy distribution.

pairs producedy, can be estimated by integratifig(z), the In the case of metals or semiconductdrss very small,
electronic deposited energy per unit depthver the thick- 5-15 A due to strong inelastic scattering with valence
ness of the filmg: electrons. Over this short distance, we can approximate
De(2)~Sy=dE(Ey)/dx, the electronic stopping power
d Dy(2) taken at the incident enerdy,, wherex is the distance along
v= jo W dz, (1)  the path of the ion. Figures 4—6 already suggest that the

electron escape depths are of the order of thousands of A for
the rare gas solids. Since protons in our energy range slow
down significantly over those distances we do not assume
b_thatDe(z) is constant but rather evaluate it accurately using
éhe TRIM Monte Carlo simulation cod®. This program takes

wherew is the differential energy required for the production
of a free electron-hole pair in the sofffl After ionization is
complete, electrons and holes will drift inside the film su
ject to scattering by the lattice atoms, and electric fields du SR : . :
to the ionization track, image charges induced in the sub!nto aCC‘?“m projectile slowing dqwn_and scat;erlng during
strate, and the externally applied anode potential. Electron€netration and the_ effect_ of projectile ref_lectlon from the
will lose energy as a result of excitations until their kinetic SUPstrate. For the simulationsziv uses a fit ofS, to ex-
energy falls below the excitonic band gap, and then Verferlmentai/gata on gas targets assuming 8ats propor-
slowly as a result of phonon excitation. If the electrons reachional to E¥*in the limit of low energies. In the absence of
the surface with energy above the vacuum level, they may beata for solids, the use &, for gases is justified since the
emitted into vacuum. The number of electrons arriving at theEN€rgy levels are only slightly modified for the rare gases
surface with energies exceeding the vacuum level will be!S€d in this work. The values obtainedtiim for D(z) are
attenuated as some of them fall below this energy due t@diusted so thab¢(0) equals the value of, measured in
collisions. Excited electrons eventually slow down to ther-loW-energy eXpe”menfg- Basgd on experiments and simu-
mal energies and recombine with holes, become trapped #tions on gase8and solid Arf® we takew~W, the average
defects inside the film or go to the substrate. If the solid ha§nergy for the production of an electron-hole pair. This ap-
negative electron affinity, such as Ar, even thermalized elecProximation should be good for proton energies down to

trons can escape the solid into vacuum if their accompanyingout 1 keV; at lower values, energy loss due to elastic col-
holes are neutralized at the substrate. Isions with target atoms becomes a sizable fractioi0%)

of the inelastic energy loss. We use the compiled valué¥ of
(Ref. 44 listed in Table I.
In Figs. 4—-6 we show the ratio between experimental
electron yieldsy and electron-hole pairs, calculated with
So far, the effect of electron attenuation on electron emiskEq. (1). We fit our experimental electron yields with EQ)
sion from insulators has been considered in the case of dilute® obtain values for the electron escape dep#nd the prod-
ionizations caused by low fluences of x rays or electrons. Iruct Pf, which are shown in Table | together with values of

A. Case of weak internal electric fields: exponential
electron attenuation
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the surface barrietd (electron affinity. The values ofL, 100 » '
around 0.2um, can be compared with=0.1-0.4um re-
ported for the transmission &3 eV electrons through films

of rare gas solid4! and the values of 0.4&xm for Ar and
0.23 um for Xe obtained by modeling x-ray photoelectron
emission experiment8.Since Ar has a negative electron af-
finity, a finite attenuation length cannot result from electron
energy loss; i.e., even electrons at the bottom of the conduc-
tion band can leave the solid. Therefore, attenuation has to te E
be due to recombination with holes or trapping. Possible
traps are vacancy clusters or voids that trap electrons because
of the negative electron affinity, or impurities that capture
electrons to form negative ions.

Although the values of the attenuation lengths are of the
order of those reported for experiments using low fluences of
weakly ionizing electrons or x rays,the fits cannot be con-
sidered satisfactory. This is because the fitted valueBfof
are larger than 0.5, the value to which they are bound in the
model (P<1 andf=<0.5. Values off >0.5 have been no-
ticed by Schwentner in photoemission experiméhtsie , , .
concluded that they are due to the additional electron emis- 0 1000 2000 3000
sion produced at the substrate. However, we obsdrve Thickness (A)
>0.5 for energetic ion impact, where electron emission from _ o
the substrate is negligible compared with that from the bulk FIG. 8. Potential at _the beam spot for an electron emission cur-
of the film. We therefore propose that the anisotropy is real'ent 84% of thg saturation value, for 33-keV protons on solld_ Ar as
there are more electrons in the film traveling towards the? function of film thicknes<®). Also shown are values derived
surface than towards the substrate. Such an anisotropy can "]3 the ghqtoem'ss'(.m %?al.( Sh'fftshmeasﬂ.rled by chweelnm
produced by an electric field inside the film, like the internal el. 1‘3| urquhx-yay '”ha lation o th n 'g‘rl_' mgO). ; ‘TVO tage .
fields larger than 1 kV/cm inferred by Grosjean, Baragiola,scae 's logarithmic In the top graph and finear in the lower graph.
and Browri! to occur in MeV ion bombardment of thin
(~1000 A) Ar films with positive anode voltages. We note
that fields above 10 kV/cm saturate the drift velocity of elec-
trons in the rare-gas solitfsand even higher field$ are
needed to prevent the recombination of electron-hole pairs
the values ofS, pertinent to this work.

Argon

10k i

Beam Spot (V)

100 1000
100 T T

50

Beam Spot (V)

vl ys=0.84, a condition close to saturation. The surface po-
tential is seen to grow quadratically with film thickness. The
results are quite consistent with those found for much thinner
films during photon irradiation of thin filnt&'” and calcu-
%ted from the shifts in photoelectron energies. The surface
potentials for 2000—6000 A Kr and Xe films are 10-15 V
and therefore quite sensitive to the assumed initial energy of
the emitted electrons.

In the current and previous experiments, the nature of the

To estimate the internal fields in the films, we model thecharge has not been identified; it may be located for instance
|-V, curves calculating the electrostatic potential and elecat ionized impurities or at host ions trapped at defect sites.
tron trajectories in the region surrounding the target using thgye can calculate the magnitude of this trapped positive
three-dimensional finite element prograsmion.*® In the charge from the surface potential in two simple casasa
simulation, electrons of randomly chosen energies in theiniform distribution of charges at the surface with areal den-
range 5-10 eV start in vacuum from the ion beam spot agity o in g/cn?, whereq is the elementary charge, afio) a
random positions and angles randomly chosen within a couniform charge distribution in the volume with density
sine distribution with respect to the surface normal. Keepingg/cm?). Case(a) is that of a plane electrostatic capacitor;

the substrate and the target block at ground potential, thghe potential inside the film as a function of distance from the
beam spot voltag®/s is varied for different values of the substratez is given by

(positive anode voltagd/, and the fraction of the electrons
reaching the anode is recorded. Not all electrons emitted V(z)=0c2l(gey), 3)
from the film reach the anode, everM{<V, since a poten- whereg is the static dielectric constant of the rare-gas solid:
tial barrier can result in front of the film due to the closeness1 56. 1.78. and 1.98 for Ar. Kr. and Xe. res ect'vé% '
to the grounded substratsee Fig. 7. This condition is not e ' L) » Fespectively,
unigue to our setup but is typical of experiments of particleand ,1840 '?1 th,el permittivity  of vacuum, 8.854
irradiation of insulators. >.<10 C V7 cm i The_ sur_face potentidl in volts, for a

We obtained a set of surface potentials that would maké”rn of thicknessd in cm is given by
the fraction of electron_s reaching the anode equal tp the mea- V,=1.81x 10 ®od/e. @)
sured y,/vs where y, is the measured electron yield at a
given V,, averaged between increasing and decrea¥ing The amount of surface charge density that can be sustained
and y, is the saturation yield at high, . Figure 8 shows the may be limited to a valueVs ma,~10" d, that produces an
thickness dependence of the surface potential of Ar films foelectric field of ~10 MV/cm where a significant field elec-

B. Case of strong electric fields and electrostatic charging
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tron emission current will be drawn from the metal surface and by pushing mobile holes into the substrate. On
substrate? Part of the field emitted electron current will re- the other hand, the potential will hinder emissiomless the
combine with the surface charge self-limiting it. The value ofexternal field is high enoughby causing a potential barrier
Vs max implies o< 10" g/cn?. We note that the potentials in front of the surface. The fact that charging increases the

V, determined in this study are always beldW max. yields at anode voltages insufficient to cause saturation
In case(b), the potential inside the film is given by shows that the predominant effect of the resulting electric
field is to induce anisotropy in the electron flux inside the

V(2)=pz(d—2/2)/ (&), () film, with more electrons moving towards the surface than

wherep is the charge density trapped in the volume. Thus:[qwa_rds t_he substrate. A secondary effect of the internal elec-
the surface potential increases quadratically with the thick!ric field is to heat up the electrons so that they can more
ness of the film: easily surmount the surface barrier. This is a likely explana-
tion for the small slope of thé-V curves at high anode
V¢=0.9x10 %pd?/e. (6) voltages for Kr and Xe, which have a positive surface bar-
rier. We expect that the recombination of electrons and in-
Mirinsic holes is not important in these materials because an
lectron that is slow enough to recombine is also below the
acuum level and not able to escape into vacuum. In the case
of Ar, however, where even thermalized electrons may es-
cape due to the negative electron affinity, recombination
'competes with electron emission.

In this case the electric field is not constant inside the fil
but decreases linearly from a maximum value Bf .,
=pd/(egy) at the substrate. The same argument about fiel
emission can be applied here, giving,mastxlo‘sd and
p=<10¥d. Thus the quadratic growth of the surface poten-
tial with d should eventually slow down at large thicknesses
limited by field emission from the substrate.

The surface potential of Ar shown in Fig. 8 can be fitted V. CONCLUSIONS
to the expression V¢=(1.0+0.1)x10°d+ (4.6+0.3)
% 10'%?. The two terms correspond to the superposition of lon-induced electron yields from Ar, Kr, and Xe ice films
effects produced by a surface charge 9% 10 g/cn? (lin- bombarded by keV protons depend on film thickness and are
ear term and a bulk Charge density: 8x 106 q/crn3 (qua_ very Iarge(several hundred/prot())rfor thick films (>4000
dratic term. The value ofor corresponds to a concentration A). This is partly due to long electron escape depths and low
of ~0.001 holes per surface atom whereas the valup of surface barriers in rare-gas solids. Th¥, collection curves
represents a volume concentration eBx 10 ° holes per ~show saturation for anode voltages in the films for Kr and Xe
Ar atom. This value may be a result of an impurity content offl|mS and thin Ar films, but not for thick Ar films. A Simple
this magnitude but the consistency of the surface potentialgodel, a straightforward extension of models originally
with those derived from the experiments of Schwerlther made for metals, gives electron escape depths of tenths of
made under different conditions, suggest that intrinsic trapgnhicrons when fit to experiments. However the collection of
may be responsible for the charging behavior. The intrinsidnore than 50% of excited electrons for Kr films and near

behavior since, as we show below, their equilibrium conceninternal electric field that drives the electrons to the surface.

tration is too small. As an upper limit, neglecting recombi- e associate this field to the presence of charged traps in the
nation, the equilibrium hole concentration is given py film which lead also to a high surface potential, responsible
= Jvrld=1/23vlu, whered is the beam current density, OF the large anode voltages needed to saturate the emission
the mean hole lifetimétransit time to the substratandu  current. Modeling thé-V curves allows deriving the surface

the mean hole velocity in the film. Using the low hole mo- potential, which is found to increase with film thickness.
bility of Ar}, ©=0.02cnfs 1v1 44 an electric field of  This variation is consistent with the existence of surface and

10 V/ecm. we obtain hole lifetimes of the order of ns, and bulk densities of traps that do not depend strongly on film

concentrations of only~10%/cm® at the current densities th'?knﬁss‘ £ thin Ar i h | | lecti
used. This value is nine orders of magnitude lower than that " the case of thin Ar films, the nearly complete collection

of p given above. This points to the need to postulate deepfﬂt the anode of the electrons freed in the bulk is made pos-

relatively immobile traps with lifetimes of the order of sec- sible both by the negative electron affinity of the surface and

onds, the delay time seen in the hysteresis behavior, to e>py the high i”tem?" electric fi_eld _that separates the electron-
plain macroscopic charging. hole pairs preventing re_comb_|nat|on. For thick Ar targets, the
The fact that the value of the surface charging does nof!ectric field leads to dielectric breakdown.
depend on ion beam current over a range of 0.1-10 nA
shows that the rate of decay of the traps depends on current
as is the case for the ionization rate. This can be understood We thank D. E. Grosjean and W. L. Brown for useful
if the lifetime of a trap during irradiation is mainly limited by discussions. This work was supported by the National Sci-
the availability of electrons that can neutralize it, rather tharence Foundation, Division of Materials Research and Divi-
by drift to the substrate. sion of International Programs, and by NASA Magneto-
The surface potential will then have two effects. On onespheric Physics Program. R.A.V. has received support from
hand, it will enhance electron emission by causing a largethe Consejo Nacional de Investigaciones Ciads y Te-
fraction of the electrons liberated inside the film to reach thenicas of Argentina and from Fundacidntorchas.
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