PHYSICAL REVIEW B 69, 085408 (2004

Hole stabilization and recombination in solid Ar investigated by low-energy electron stimulated
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Positive charge creation and annihilation induced by low-energy electron impact in thin Ar(#0m4.80
monolayergis investigated within the 5—-30-eV range by measuring the desorption of metastable particles, the
emission of UV photons, and the threshold energies for these processes. The mechanisms of charge formation
and electron-hole recombination are determined from measurements of the charge/discharge dependence on the
duration and energy of electron irradiation. The accumulation of positive charge results from the trapping of
holes in the lattice, principally at the film/vacuum interface. The localization of these holes is stable at 20 K
and their migration within the Ar film after irradiation is practically absent. After electron bombardment with
electrons of energ¥;,=13 eV, the positively charged films can be discharged if irradiated by electrons of
lower energy. Film discharging is dominated by a single process, mainly the recombination’oteéters
with near thermal energy electrons.
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INTRODUCTION the ionization threshold may result in the accumulation of
negative charge via electron trapping at defects or impurities,
The rare-gas solidéRGS’S possess the widest band gap €.9., in Ref. 11 it is shown that electrons become attached to
of all materials and provide attractive model systems forsurface adsorbed oxygen, as Gand O . Since impurities
studying electronic relaxation processes in irradiated insuladre present in even the highest research grade rare gases, it is
tors. Studies of these materials have thus enlarged our unddtossible that electron attachment to impurities represents a
standing of the interconnections between electronic anéfaction of the electron traps observed in the thermally acti-

atomic processes involved in such fundamental problems a\_éatedloemission of electrons from electron-irradiated rare-gas
hole seIf—trappind,the prominent role of holes in electroni- films.”® Nevertheless, most electron traps are shallow and

cally induced phenomerf& charge transport, and energy associated with structural defects, as demonstrated by the
storagé’ ' ’ very low temperature6<15 K) required to empty these traps

. - Jinm rements of thermally stimul luminescence and
Charge accumulation within and near the surfaces of di- easurements of thermally stimulated luminesc

electric solids following exposure to ionizing irradiation is a electron emissioft:**There are, however, still significant
g exp . g . ..gaps in our knowledge on how the behavior of both electrons
well-known effect that has attracted interest across scientifi

AR - nd holes within the RGS’s affects both luminescence and
and technological fields® Unsurprisingly, the phenomenon desorptiorf13:14
has also be_en observed, sometimes cpmmdentally, in the Many experiments have been performed on ionization and
rare-gas solids. For example, electrostatic effects due t0 thg,arge recombination in insulators induced by bombardment
accumulation of positive charg€positive charging’) by  \ith high-energy particles, including electroh$!>6These
RGS's were observédvhen Ar, Kr, and Xe films were irra-  stydies, however, do not provide a detailed description of the
diated by 10—100-keV protons. More generally, the positiveintermediate processes involved. High-energy particles pro-
charging of thin Ar films condensed onto a metallic substratejuce ions and large quantities of secondary electrons, which
may also be produced by any ionizing radiation of energyfurther interact with the medium. Most of these secondary
greater than the Ar band gajc{=14.16 eV). The absorp- electrons have energies below 20 eV. It is therefore of inter-
tion of such radiation results in the appearance of an equalst to study the interaction of such electrons with RGS’s to
number of free electrons and holes, but since the mobilitiegjain further insight into the details of the mechanisms of
of electrons in RGS’s exceed those of holes by factorsharging and charge recombination in RGS'’s. Our study uses
10*~1,! and the mean free paths are similarly greater duelectron-stimulated desorptiofESD) to measure positive
to paucity of energy-loss processes below the onset of theharge accumulation in rare-gas solids. In this paper, we
exciton formation, a significant fraction of the free electronspresent a study on the ionization of Ar by electrons within
may scatter into the metallic substrate or into vacut¥m. the range 9—30 eV. Not only can these electrons positively
Holes rapidly self-trap due to their strong interaction with charge the solid, but they can, despite their high kinetic en-
acoustic phonoris® and stabilize as AF centers, that may ergies, also contribute to charge annihilation via electronic
subsequently recombine with available free electrons. A ne¢xcitation. We present the results of ESD experiments on
imbalance in the number of stabilized holes and electron0—-180-monolayergéML’s)-thick Ar films which have been
remaining in the film permits the accumulation of a positivecondensed directly onto @tL1) or upon n-hexane crystalline
charge. films of 3- and 10-ML thickness. These Ar films were pre-
On the other hand, electron bombardment of RGS’s belovirradiated by electrons witk;,= 13 eV and afterwards bom-
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barded by electrons with<12.0 eV. We have measured the
yield of neutral particle$NP’s, i.e., photons and metastables
specieg emitted and desorbed by during this second electron
bombardment.

EXPERIMENT

Experiments were performed in an ultrahigh vacuum
(UHV) system capable of reaching a base pressudke
% 10~ Torr.}” The apparatus consists of an electrostatic cy- &
lindrical monochromator, a cryogenically cooled (1Rl) 2
substrate, and hemispherical low-energy electron diffraction—
(LEED) grids followed by a position sensitive detector. The ¢
Pt single crystal can be cooled to 20 K and cleaned by elec-% 104
trical heating at temperatures1000 K and/or Ar bombard- 4
ment. In the present experiments, an alternative crystallinez
n-hexane (H;) substrate was prepared by depositing
n-hexane onto the platinum at 70 K. At this temperature a
crystalline surface is formed that limits diffusion of Ar over-
layers into then-hexane layer and separates the adsorbate
from the metal® Experiments were performed with well-
collimated low-energy(0.2—30 eV electrons which strike
the target at 18° with respect to the surface normal. The o+
electron beam current is 5 nA and the energy resolution 6C
meV. The energy of the electron beam is calibrated relative
to vacuum level to+0.2 eV by comparing the structures in Electron energy (eV)
the current transmitted through the argon film, recorded as a
function of the incident energy, with previously published FIG. 1. Neutral particle(NP) yield for a 100-Ar/Pt film as a
data’®?° Suitable potentials were applied to the mesh gridsunction of incident electron energy. Inset: The threshold of the
to ensure that only neutral particlése., photons and/or same excitation function.
metastable atoms and molecylesan be detected. The
photon/AF ratio in a desorption yield function depends on amount of deposited component in units of monolayers.,

Ar film thickness and electron impact energyThe thresh-  20Ar/3nH, for the equivalent of 20 monolayers of Ar con-
old energy for detection of NP’s is estimated tob6 ev??  densed on a 3-ML crystalline-hexane film. The ESD ex-
Pulsing the electron beam permits time-of-fligliOF) mea-  periments themselves are always performed at 20 K. Since in
surements and/or the separation of photon and metastabieany of these experiments positive charge is produced in the
signals. However, due to low count rates, most of the datér films, the energy of electrons arriving at the film can
presented here represent combined photon/metastable yielelange during measurement. Note then that unless otherwise
whose variation with incident electron energy is referred tostated, the quoted incident electron energies and energy axes
as NP excitation functions. of figures refer to the nominal electron energy for an un-

Target films are grown on the ®1.1) or nH, substrate by charged film(i.e., prior to of electron bombardment
condensing gaseous argon at a temperature of 20 K with a
deposition rate of~5 ML's/min. Previous work has shown RESULTS
that this procedure permits the layer-by-l&egrowth of an
fcc argon film having thé111) plane along the film-vacuum The NP yield function for a 100-ML Ar film condensed
interface?* From measured LEED patterns, the argon filmonto the P{l11) substrate is shown in Fig. 1. The desorbed
has been found to consist of domains with a lattice parametetignal and photon luminescence are dominated by contribu-
of 5.3+0.2 A.* For these experiments the argon gas wagions from the decay of the atomic and molecular self-
supplied with a stated purity of 99.9995%. The stated puritytrapped excitonga-STE andm-STE, respectively17:26:27
of n-hexane was superior to 99%. The film thicknésswas  The yield function displays a sharp threshold-atl1.5 eV
estimated to~30% accuracy from the calibrated amount of (inset in Fig. 2 and a broad structure with maximum-afl5
gas needed to deposit a monolayer, assuming no change @Y, i.e., at the energy for optimum production of electronic
the sticking coefficient for the adlayers, as previouslyexcited states in gd5and condenséd” phases. Addition-
described.”#> This assumption is supported by direct obser-ally, two shoulders are observed afl2 and~13 eV; they
vation of layer-by-layer growth from interference structuresare associated with the onsetrof 1 and 2 bulk and surface
seen in low-energy electron transmission measuremi@nts.exciton formatiorf® For thinner Ar films(<10 ML's) depos-

The reproducibility is estimated to be10%. In this paper, ited onto substrates where the bottom of the conduction band
films of Ar deposited onto Pt or onto-hexane are labeled “ V3" lies more than 0.2 eV below the vacuum level, one
Ar/Pt or Ar/nH, respectively. A prefix number indicates the may also observe a narrow featufall width at half maxi-

100Ar / Pt
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124 : : , , \ , : : - to that seen with 12- and 15-eV electrdins., they are quite
1 stable with time of bombardmenalbeit of different inten-
sity.

A drastically different behavior under electron bombard-
ment atE=12 eV is observed for Ar films pre-irradiated at
an electron energy13 eV[Figs. 2e) and(f)]. For example,
for a 100-Ar/Pt system pre-irradiated by 13-eV electrons for
] 4 min [Fig. 2(e)], the NP signal is initially significantly
94 : : : T T P higher than obtained without pre—i.rradiation, but subse-
{1607 1 quently decreases by 30% over the first 100 s of electrons. A

E=12eV

§ similar effect is seen when an identical film is pre-irradiated

S i with 20-eV electrongFig. 2(f)], although the initial NP sig-

= is0l 150 nal is much greater. Note that in FiggeRand (f) the NP

s 1 signal at long times approaches that seen for the nonirradi-

2 E=15eV () ated Ar film[Fig. 2(a)]. Similar resultgviz. a rapid decrease

o in NP yield from an elevated leveWere obtained for other

= 120] | | . 110l . . . . 100-Ar/Pt films pre-irradiated at 20 eV when bombarded
0 200 400 600 800 0 200 400 600 800 with electrons of energies of between 10 and 14 eV, although

both the NP intensity and its rate of decrease varied. No
desorption signal from the pre-irradiated Ar film is observed
when films are exposed to very low-enei@2-5 eV elec-
trons[the lowest line in Fig. &)]. Irradiation with these very
low-energy electrons of a pre-irradiated 100-Ar/Pt film prior
to bombardment at 12 eV for 4 min does not stimulate this
enhanced luminescence nor greatly effect the signal pro-
duced if subsequently irradiated with 12-eV electrfufstted
curve in Fig. 2f)].
Time-of-flight (TOF) spectra recorded for a 100-Ar/Pt
Time (s) nonirradiated and pre-irradiated films at different incident
energies are presented in Fig. 3. For nonirradiated films
FIG. 2. Dependence of the NP signal on time of irradiation for a[Figs. 3a), (c), and(e)] we observe a desorption signal only
freshly deposited 100-monolay@¥iL)-thick Ar film deposited on  for incident electron energies above 11.5 [@g. 3(c)]. As
Pt (100 Ar/PY (2)—(d) and the signal initiated by 12-eV electrons jn earlier studies, the TOF spectrum is seen to consist of
from the same film preirradiated by 14-¢¥) and 20-eV(f) elec-  three structures: a photon peaktatO s and two slower
trons for a period of 4 min. The lowest line {fi) is the NP s_|gnal _components at-50 us (visible only for E=14 eV) and
generated by Q.Z-eV electron bombardment of a pre-irradiated f||m~160 us, that have been associated with the desorption of
(20 eV for 4 min. metastable Af via, respectively, the dissociation of excimer-
like trapped excitons and the cavity expulsion of atomlike
mum) (<0.4 eV) at 11.5 eV associated with Ardesorption  trapped exciton$”?°*°No significant signal is observed for
via formation of the?P Ar~ electron-exciton comple¥:?® incident electron energies11.5 eV[Fig. 3a)]. Figures 8b),
Below 11.4 eV, negligible differences are observed betweelid), and (f) depict the TOF spectréat the same excitation
the NP yield functions from a newi.e., nonirradiated Ar energies shown for nonirradiated filingbtained for a 100-
film and a that from a bare @tl1) surface, where the weak Ar/Pt film pre-irradiated by 20-eV electrons during 4 min. In
signal is attributable to background photons. contrast to the nonirradiated films, we observe a NP desorp-
Figure 2 illustrates changes observed in the NP signaion signal at 9.5 efFig. 3(b)]. Increasing the excitation
from a 100-ML as-deposited Ar filrfi.e., no pre-irradiation  energy also increases the desorption signal and we observe
during irradiation with electrons of various incident energiesthe appearance of the fast metastable componerbtatus
[(@—(d)] and during bombardment at 12 eV of a 100-Ar/Ptat excitation energies11.5 eV[Figs. 3d) and(f)]. Electron
film pre-irradiated at 13 eVe) and at 20 eMf) for a period bombardment of the irradiated film over 30 s wifh
of 4 min. The combined signal of desorbed metastables ané 12 eV diminishes considerably the fast component 56
UV photons produced by incident electronstof 12 and 15 us. It should be noted that the metastable/photon ratio for
eV [Figs. 2a) and (d), respectively differ in intensity, but  pre-irradiated films is somewhat higher than that for the as-
are quite stable over the period of irradiation900 9. For  deposited Ar filmgFigs. 3e) and(f)]. The variability of the
bombardment at 13 eV incident electron enefgig. 2(b)], NP signal produced by 12-eV electron bombardment of irra-
the NP signal increases over the first 400 s of irradiatmn  diated Ar films of increasing thicknef20-80 ML'S) con-
~15% of its initial valu¢ and then saturates. The 14-eV densed onto Pt11) or upon a 3-ML crystalline n-hexane
desorption signal[Fig. 2(c)] reaches a maximum after film is illustrated in Fig. 4. For a 20-Ar/Pt film, the desorp-
~300 s of bombardment and then decreases. The behavior tibn signal is stable with exposure to the 12-eV elec{iéig.
the NP signal produced by electrons of 15-19 eV is similai(a)]. For thicker Ar films on RtL11), we observe the previ-
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FIG. 4. Variation of the NP signal induced by 12-eV electrons
from pre-irradiated20-eV electrons; 4 minAr films of the indi-

FIG. 3. Time-of-flight spectra of desorbed neutral particles ob-cated thicknesses deposited ont@lB?1) [(a), (c), (e), (g)] and onto
tained at the indicated electron impact energies from nonirradiateél 3-ML n-hexane film condensed at 75[kb), (d), (f), (h)].
[(a@), (c), (e)] and from pre-irradiated0-eV electrons; 4 min[(b),
(d), (f)] 100-ML Ar films condensed onto @fL1). threshold region of the NP yield function and its sensitivity

to electron bombardment. The lowest curve of the figure was

ously described decrease in NP yields with time of electrorobtained for an uncharged 60-ML-thick film of Ar and shows
bombardment, that becomes more evident with increasingn NP threshold of 11.4 eV. After 4 min bombardment at 20
film thickness[Figs. 4c), (e), (g)]. For Ar films condensed eV, a new thresholdmarked “60 Ar (irr.)" in the figure],
onto a 3-ML crystalline n-hexane, a decrease in NP signal ispproximately 1 eV lower in energy at 10.4 eV. The thresh-
observed even for a 20-ML Ar filfFig. 4(b)] and which as  old is unaffected by the deposition of a further 60 ML's of Ar
with the Ar/Pt system, becomes more pronounced with in{* +60 nonirr.” in the figurg. However, when this 120-ML
creased Ar film thicknesfgFigs. 4d), (f), and(h)]. For the  Ar film is irradiated once more for 4 min, the threshold shifts
thickest Ar films(80 ML's) the variation in NP signal &t to ~9 eV. The same effect is observed when irradiating a
=12 eV with time of exposure is almost independent of thefurther additional 60 ML's of Ar, where the threshold of ex-
underlying substratgFigs. 4g) and (h)]. citation function for 180-Ar/Pt film shifts to~7.9 eV. By

These data, especially the lowering in energy of theanalogy with our earlier experiments linking the displace-
threshold for NP production from pre-irradiated Ar films ment of threshold in low-energy electron transmission spec-
[i.e., cf. Figs. 8a) and(b)] indicate that these luminescence tra to the accumulation of negative charfgyé?we propose
and desorption phenomena are likely associated with the athat the displacements observed here correspond t&/the
cumulation of positive charge within the Ar film foE;,  generated by trapped charge and which seen near the film
>13eV. If an Ar film were to become positively charged, surface by incident electrons.
then the energy of incident electrons arriving at the film sur- We have measured the NP yield functions in the range 6
face would increase relative to the case of an uncharged fillcE<13 eV for 100-ML Ar films pre-irradiated at 20 eV, for
by an amounteV;, wheree is the electronic charge and; increasing periods of time, to observe the displacement of
is the potential associated with the accumulated positivéhe NP threshold and hendé;, as a function of electron-
charge. As a consequence, the threshold of the NP excitatidseam exposure. The results are reported in Fig. 6 and show
function (~11.4 eV for nonirradiated Ar film as shown in the the dependence of this shifineasured in eYon the bom-
inset in Fig. 2 would appear to shift to lower energy in bardment time for 100-ML Ar films deposited onto(Pt1)
subsequent NP yield measurements. Figure 5 shows the negsolid line) and onto a 3-ML crystallin@-hexane film con-

Time of flight (us)
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with 20-eV electrons for 100 Ar/Rsolid line) and 100 ML's of Ar
T deposited on 3 ML's of crystalline-hexane (100 Ar/8H., dotted
0 discharged line).
'é' . 'é "' '1'0' PR tical thickness deposited onto a 3- and 10-KH, .

The potential generated by electron bombardment of a
100-ML Ar film is strongly dependent on the energy of inci-
dent electrons as demonstrated in Fig. 8. Here, the solid line
represents the asymptotic value\6f as a function ofnitial
incident electron energy; i.e., it ignores the increase in elec-
tron energy as positive charges accumulate in the film. The
dotted line shows the asymptotic value 6 againstfinal
incident electron energyi.e., after charging According to
these data, the maximum of positive charging of the 100-
densed at 75 K on PI11) (dotted ling. The figure indicates Ar/pt film is achieved with electron bombardment at energies
that at 20 eV, thick Ar films charge rapidly reaching satura-of ~25-26 eV.
tion after 3—4 min of irradiation. Also note that the  As described earlier, further irradiation of a pre-irradiated
asymptotic value oWy is substantially larger for Ar films  Ar film with electrons ofE<14 eV produces an intense NP
condensed onto R11) than for those deposited orH. (2.2 signal that diminishes with electron ddg&igs. 2e) and(f)].
and 1.3V, relatively. It was found that electron irradiation at The strength of this transient-stimulated emission/desorption
E=20eV for even a limited period results in a significantis strongly dependent on the energy of incident electrons.
positive charging of the 100-Ar film(~80% of its  Figure 9 plots the initial rate of decay of the stimulated
asymptotic value for 100-Ar/Pt and90% for 100-Ar/iH.  |luminescence/desorptidrolid line) as a function of electron
after 1 min irradiation energy for a 100-Ar/Pt film pre-irradiated by 20-eV elec-

A related difference between Ar films grown on Pt andtrons. It was found that the maximum decay rate was ob-
nH. substrates is also evident in Fig. 7 which plots theserved with~12-eV incident energy electrons and that simi-
asymptotic values oW reached after 4 min exposure to lar but smaller effects are also observed at 13 ai8.6 eV.
20-eV electrons against Ar film thickness. It is readily appar-The curve illustrated in Fig. 9 bears a strong resemblance to
ent that theV; displacement is linearly dependent on thethe photon adsorption spectruthreproduced at the top of
thickness of the Ar film, but that the constants of proportion-the figure. The sharp structures seen in this later indicate
ality for films deposited on Pt anaH, substrates are differ- “resonant” excitation of surface and bulk exciton states.
ent. The constant of proportionality is, however, independent |t was also found that films positively charged by pre-
of the thickness of the underlyingH. film and no signifi- irradiation at 20 eV could, by further electron irradiation at
cant difference iVt is observed between Ar films of iden- 12 eV for 2—3 min, return the NP threshold to its initial

Incident electron energy (eV)

FIG. 5. The threshold region of the NP yield function for Ar
films of the indicated thickness, after electron irradiati@f eV; 4
min) [(b), (d), (f)] and after deposition of an additional nonirradi-
ated 60 ML's of Ar[(c), (e)]. () The threshold of the excitation
function for an uncharged film.
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FIG. 8. Variation ofVt of a 100-Ar/Pt film induced by 4 min of
- electron bombardment at energies<dB<32 eV; solid line: as a
T function of the initial energy of incident electrons; dotted line: as a
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FIG. 7. Dependence of potentidl of an Ar film as a function
of its thickness. Circles: Ar film deposited onto(Ptl); stars and
triangles: Ar film deposited on a 3-ML and a 10-Mthexane layer
condensed at 75 K.

measurements &V are integrated over 4 min, which may
increase sensitivity to weaklow) discharge processes at the
expense of sensitivity to more efficient rapidly occurring
phenomena.

energy, i.e., to 11.4 eV. The data of Fig. 9 also illustrate the
sensitivity of this “discharging” process on incident electron
energy. The dotted line presents the change/ef(AVry) The experimental results presented above, in particular
seen for a pre-irradiate@0 eV, 4 mir) 100-Ar/Pt film after  the reversible shift to lower energy of the threshold of NP
a discharging bombardment for 4 min with electrons of dif-production with irradiation by electrons witk;,=13 eV,
ferent energies. The procedure was the following: the Ar filmdemonstrate both the creation and stabilization of positive
was irradiated with 20-eV electrons for 4 min, after which charge in the film and its neutralization by electron bombard-
time the energy of the NP threshold was determined. Nextment.
the film was irradiated with electrons of one specific energy
(between 0 and 13.6 g\or 4 min and again the NP thresh-

old energy was located. In each case, the time required to o o )
measure the NP yield functig@and hence the NP threshold It is knqwn that followmg irradiation with electronr
was ~3 s, a time too short to greatly effect the quantity of Photons with energies greater than the g&jy, electrons
positive charge accumulated in the film. We estimate that th@nd holes are generated, e.g.,

error introduced by such measurements was less than 0.1 eV.
It is clearly seen that no significant discharge of the pre-
irradiated Ar film is produced by electron exposureEat The holes rapidly trap as molecular cations with a conse-
<5eV (the dotted ||n¢. At hlgher electron energies, the ef- guent release of energy to the |att?cg’i.e_,

ficiency of the discharging process increases and reaches its

DISCUSSION

Charge stabilization

Ar+e  —Art+2e". 1)

maximum at 12 eV, the same energy at which the maximum Ar+Art—Ar," +AE. (2
stimulated emission is observésolid line). When compar-
ing these data for stimulated NP production and A&+, it Positive charges may also be trapped by ionization of im-

is should be noted that those for NP production represerurities, either directly by electron impact, or indirectly by
“differential” measurements, reporting changes occurringenergy transfer from Ar excitons. However, the high purity
within a few seconds of electron irradiation. In contrast,of Ar used in our experiment§99.9995% and ultrahigh
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' ' E, a passing electron resulting in an increase of its energy and
v m hence promote the ionization of another Ar atom.

] ne T 2.8 The accumulation of positive charges in the 100-Ar/Pt
film explains the interesting behavior of the NP yield ob-
served with increased dose of the 13-eV electrons, as shown
] in Fig. 2(b). Note that in Fig. 1, the NP desorption signal
] : : : rises with incident electron energy over the range 12—-14 eV.

. r _ Since (as argued aboyel3-eV electrons may create holes
4min pre-irrad., E=20eV that stabilize within the film, bombardment at 13 eV charges
the film positively, so that later arriving electrons are accel-
erated to higher energies capable of generating a larger de-
sorption signal. The complex behavior of the 14-eV desorp-
tion signal[Fig. 2(c)] may be explained by the existence of
several competing processes, suchliaslirect exciton cre-
ation; (ii) interaction of incident electrons with trapped
holes; (iii) recombination of slow electrons with holes; and
(contrary to the 13-eV signgliv) generation of free charge
carriers that becomes possible due totH&4-V increase of

W | the film’s potential(Fig. 8). Thus the energy of impinging

o | electrons rapidly exceeds;=14.16 eV. The complexity of
e L o these competing processes occurring in the threshold range
ol of the E, is also confirmed by the anomalous small decrease
0 5 10 15 of the film potential produced by the electron bombardment
within the 14-15-eV rangéFig. 8).

Absorbtion (arb. units)

? 120

100Ar/Pt ST

AVLV)

Recombination rate (arb. units)

Electron energy (eV)

FIG. 9. Lower panel: Electron energy dependence of the rate of Charge neutralization and stimulated NP production

decay of the transient NP sign@olid line) and the changd V of Positive charge can contribute to the luminescence and/or
the potential of a 100-Ar/Pt pre-irradiated film after 4 min of elec- NP desorption yields in two distinct ways:

tron bombardmentdotted ling. Upper panel: Excitonic structure (i) By recombination with electrons, viz.

seen in the photon absorption spectrum of thick Ar films, taken

from Ref. 33; energetic positions of excitonic bands and gap energy Ar,"+e” —Ar* +Ar+(AE). 3)

are indicated at the top.
The resulting excited Ar (or excitor is subsequently sub-

vacuum (4x 10 torr) substantially diminishes the possi- ject to the same trapping and decay processes experienced by

bility that these effects are dominant. Moreover, in Fige) 3 excitons created directly from electréor photor) bombard-

and (f), one observes that the photon/metastable ratio isnent at energies belo®,. That is, it may with low prob-

higher for non-pre-irradiated films than for irradiated of@s ability decay immediately, or more probably, trap as an

and 2, relatively. If impurities did substantially influence the m-STE ora-STE center prior to photon emission, metastable

trapping process, one would expect to observe an increase efmission or excimer ejection.

the photon component of NP signal from the pre-irradiatedii) By exciton trapping: Stable molecular ions may capture

films that would be associated with the neutralization of ion-excitons to form an excited state that decays by light emis-

ized impurities. However, such impurities could not be ex-sion in theH band in the near-UV regiot3’ The process

pected to contribute to the desorption signal of metastablegan be summarized as follows:

since their distinct electronic structure should not initiate an

Ar exciton, the trapping of which is necessary for desorption. Ar, "+ (exciton —(Ar,*)* —Ar* +Ar+hv(H band.
Nevertheless, our experiments demonstrate that positive (4)

charge accumulatiofand thus ionizationcan be initiated in TheH band is centered at6.2 eV with a half width of-0.7

Ar films condensed on Pt by el_ectron bomba_lrdment at €Neav and such photons lie close to the energetic threshold for
gies as low as 13-14 eV, i.e., substantially beldy

S ' detection with the microchannel plate assembly. It is un-
— 1,26 _ }
=14.16 eV~ In fact, lonization W'th.14 ev electron bom likely, then, that this luminescence signal is detected with
bardment is not so very surprising, since it has already bee

AL .~ great efficiency in the present experiments.

demonstrated that Fhe SI;OFIIZ&'{IOFI limit for the surface eXCl- ™ Exciton trapping is expected to be most efficient at inci-
tons for Ar/Pt film isE7=13.66 eV (compared with 14.16 ; 37 B8

V in the bulk and 15.75 eV i TH 14-6V el dent energies close t&y. Ogurtsovet al.”" after Ratner,
eVviin the bulk an .75 eV'in vacuy ence 1a-ev elec- reported that the cross section for exciton trappingis
trons may generate free holes and electrorpuire Ar films. given by
The ionization of the Ar film as the result of bombardment at
13-eV electrons may be explained by ionization of excitons
trapped by defects in Ar film or by impuriti€s-3 Indeed, the o=

1.5

existence of a noncompensated localized hole will accelerate ﬁ ’

©)
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whereT is the temperature anglis the radius of the exciton, ture were the dominant process leadingHdand lumines-
both in atomic units, ang is determined by the quantum cence and hence NP production, one would not observe
numbern of the excited shell. Fon=1 excitons,p is close  “threshold” peaks but rather a much more smoothly rising
to 5 a.u., while fom=3, p=40 a.u. Thus fon=3 excitons  signal.
at 20 K, o is ~8x 10 *2 cn?, approximately 2 orders of Finally, we note that the data presented in Fig. 8 report
magnitude greater than forn=1 excitons (1.2 Measurements relating stabilization of ,Arwith incident
X102 cn?). These are both large cross-section values€lectron energy. The curve, however, is not proportional to
nevertheless, it should be noted that fdeband lumines- the cross section for hole production, since stabilization is
cence signalfrom electron-Ag* recombinatioh is several modulated by other processes occurring within the film in-
times stronger than thel-band signal in the photoinduced cluding prompt recombination, electron transmission to sub-
luminescence spectra of pre-irradiated Ar films, fréma  Strate, electron emission, and exciton capture, all of which
=11-20 eV may vary with the initial energy of the incident electron
It is especially important to note that contrary to the casd?@am and the residual energies of scattered electrons.
of electron-hole recombinatiorgxciton capture cannot re-
duce the quantity of positive charge trapped in an Ar film Charge stability and localization

Moreover, it has been shown by Babgal.™ that positive The results presented in Figs. 5-7 clearly demonstrate

that electron bombardment with=13 eV results in a posi-
Sive charging of Ar films and further permit study of their
Cys_tability, localization, and ability to diffuse within the film.
¥Fhis is significant since even the existence of the stable self-
trapped holes in RGS’s has not been experimentally con-
firmed with certainty’® Electron bombardment withE
=13 eV of an Ar film results in the shift of the excitation
Function threshold to lower enerdfig. 5). As the deposition
of additional Ar layers does not change the position of this

range of incident electron energies employed in this stud
electron-hole recombination represents the sole process
pable of discharging the Ar films

The transient stimulated production of NP’s from pre-
irradiated Ar films under low-energy electron bombardmen
is seen from Fig. 9 to be most efficient B=12 eV and
otherwise highly correlated with the energetic thresholds o
Ar* excitons as determined by photon absorption measur

. new interface film/vacuum is observed. The stability of self-
ﬁapped holes has been previously determined at lower tem-
e[_)eratures(<10 K) by thermoluminescenct.

In principle, positive charge may stabilize principally

decrease iVt and the stimulated production of NP derive
from, or are dominated by, a single process, namely the r

S 4 ;
combination of Ay~ centers with low-energy electrons. within the bulk of the film, or close to the film's surface or

we have+already "?“9“_9" Fhat in this energy regime, or‘héome combination of these extremes. Despite the relatively
electron-Ag rt_ec_:ombmatlon is capable of reducmg th? aCsjow and gentle conditions of Ar film deposition in our ex-
cumulated positive charge, but why should recombination b eriments(5 MUs/min andT=20 K, i.e.. close to the subli-
more efficient at 12-eV incident electron energy than ag P

. ; ation temperatujethat promote the formation of relatively
lower energiegdown to 0.2 €Y The answer is that only defect-free Ar films, it is still possible that charge might sta-

electrons of near-thermal energies in the film can recombingiIize within the bulk of irradiated Ar film. It has been
efficiently with the Ap ™ centers. The absence of energy-1ossgy, 4142 it the excitation of the electron subsystem of

processes in the film below the threshold of thel surface atomic RGS's causes a considerable rearran
: ) gement of the
and bulk excitons at 11.71 and 12.04, respectivelnd the crystal lattice and leads to the formation of stable point de-

(related Iong. mean fr(_ee path of Iqw—gnergy electrons n Ar fects in the structure. Such defects may serve as traps of the
(Ref. 40 militate against thermalization even for incident charge carriers

e:lecttrr(])ns with noml?al ene{_g|es ats IO\.N as O.2| th. Ac.id|t.|on- We may consider the positively charged Ar film as a
3 y’t F ptresenlc;e '(t)' a posi l\t/)?lfoten.t\&i da.ctcetira ?IS mc'lt-h charged capacitor, since the thickness-to-radius ratio is very
ent electrons imiting our ability to rradiate the TWm With - g,5131 13 the case of a uniform charge distribution within

near-thgrmal energy electrons. Howgver, for |'nC|dent elecfhe Ar layer, the potential inside the film as a function of
trons with just sufficient energy to excite an exciton, EIeCtrondistance from the substraggs given by

scattering produces not only the *Arbut also a very-low-
energy electron, capable of participating in recombination V(2)=pz(d—212)/(ee,), (6)
process3). It is for this reason that the transient-stimulated

NP production is also most intense at energies correspondinghere p is the charge density trapped in the volurdethe

to an exciton threshold. Indeed, it is the observation of sharfilm thickness, e the static dielectric constar(for Ar, &
structures in NP production data of Fig. 9 that demonstrates-1.56), and &, the permitivity of vacuum, 8.854
that this signal derives principally from recombination ratherx 10 * CV~tcm™!. Hence the surface potential; in
than the capture of excitons. This is because in electron imvolts increases quadratically with the thickness of the Ar
pact experiments and contrary to photon measurements, tiayer:’

cross sections for exciton production increase with electron

energy, above their threshol&fs®® Similarly, if exciton cap- V;=0.9x 10 6pd?/s. (7
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In the case of a uniform distribution of charges at the surfaceate, owing to an enhanced density of low-energy electrons,
of the Ar film, the surface potential for a film thicknedsn generated by exciton creation and impeded from transfer to

cm is given by the metal, by ther-hexane barrier. Thus the transient signal
5 appears stronger at short times due to more rapid recombi-

where o is charge density ig/cn? (q is the elementary
ol ; CONCLUSION
charge. Here, the surface potential is expected to increase

linearly with the film thickness. The linear dependence be- positive charge creation and annihilation induced by low-
tweenVy and Ar film thickness(Fig. 7) indicates that the energy electron impact in thin Ar film@0—180 monolayejs
main part of the positive charge is localized at the surface ohas been investigated within the 5-30-eV range by measur-
the Ar film or within a relatively thin surface layer. This ing the desorption of metastable particles, the emission of
conclusion corroborates well the results of Reimat@l™> v photons and the threshold energies for these processes.
that the hole trapping probability at the vacuum interface isthese techniques have allowed the investigation of the de-
larger than the bulk trapping. In the case of the surface popendence on incident electron energy of positive charge sta-
tential Vy=2.2V for a 100-Ar/Pt film irradiated by 20-eV  pjjization. This latter is not directly proportional to either the
electrongFig. 6), and according to the published data for the cross section for hole creation or that for hole, Aforma-
nearest-neighbor distance for Ar fcc lattiéethe surface tion, since it is also dependent on electrontAmd electron-
charge iso=5.05x 10"g/cm? which corresponds to a con- hole recombination processes, the efficiencies of which are
centration of~6x 10" holes per surface atom. For Ar films somewhat dependent on film thickness and the nature of the
condensed onto crystallinehexane, we also observe a lin- ynderlying substrate. Nevertheless, this measurement alone

ear dependence &fr on the film thicknessFig. 7), i.e., for  should be of value in modeling energy deposition processes
the Ar/nH, system the positive charge is also localized at thepccurring in thin Ar films.

surface of the Ar film. We have also found that, in agreement with earlier
work,”® positive charge accumulation occurs principally at
Differences between Pt anchH . substrates the film/vacuum interface. Moreover, stabilized charges are

The lower values ol developed in Ar films deposited long-lived and do not migrate from their original position
on nH,, relative those seen for films deposited directly on©nce Ar. overlayers are'added to the f!lm.
Pt, likely reflect an increased rate of electron-Arecombi- Positively charged f|I_m_s can be d|sc_harged by electron
nation in the former case that limits positive charge accumupgmbardment, most eff|.C|entIy at energies cl_ose_ t0 12 ev.
lation. A physical basis for this phenomena may lie in the.D'SCh"’lrglng proceeds via e!ectronzﬁir recomblnatlon and
higher “Vy” level of n-hexang0.8 eV (Ref. 43] relative to IS acco_mpanled by a ”""”S'ef‘t _e”h?‘r.“?eme”t n metastable
that of Ar (0.3 eV) that could increase recombination by dgsorptl_on_ and U\./ photon emission |n|pated by _excnon cre-
impeding the passage of very low-energy electrons througﬁt'on within the film. Recombination is especially strong
to the Pt substrate. Support for this explanation is provideéf\'herl the incident el_ectron energy correspon(;is to thg_thresh-
by the independence af; with the thickness of the under- old energy of Ar exciton states since under this condition the
lying n-hexane spaceFig. 7). exciton forma_tlon sw_nultaneously produces a thermal-energy

At first sight, the enhancement in the transient NP signafeIeCtron that is efficiently captured by AT centers.
from thin Ar films onnH; relative to that observed from Ar
on Pt(Fig. 4 seems contradictory to the results of Figs. 6
and 7, that show lower positive charge accumulation in the Research was supported by Canadian Institutes of Health
former situation. However, this too may be, at least in partResearch. We wish to thank M. Michaud for his interest and
explained by an increase in the electronyArecombination  valuable comments regarding this work.
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