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Electron-impact desorption of metastable molecular nitrod¥s) from N, condensed on Xe or Kr
multilayer films is investigated as a function of electron enei@y70 eV}, rare-gas film thickness, and,N
coverage. The different behaviors are explained with a simple mathematical expression which takes into
account the parameters influencing the magnitude of the desorption yields. Two basic mechanisms are identi-
fied to contribute to the observeds Nields: the direct excitation and electronic energy transfer. The former
mechanism proceeds via electronic excitation of adsorbgdyNthe primary electron beam followed by
exciton motion to the surface and desorption. In the energy-transfer mechanism, primary electrons first create
excitons in the rare-gas films which then transfer their energy to the adsogh@dlblcules. ¥ desorption at
the Ny-film-vacuum interface can proceed via intramolecular to molecule-surface bond vibrational energy
exchange and via cavity expulsion. When energy transfer dominates desorptior, yield\function clearly
bears the characteristics of exciton creation in the rare-gas film. The relative contributions of these two
mechanisms depend on the impact electron energy, and layer thicknessofl Kare-gas film. The different
energy-transfer efficiencies between excited rare-gas atoms anbcules is found to be the major cause
for the observed difference inNyield between the Xe and Kr film substratS0163-18286)05920-¢

I. INTRODUCTION While desorption of species in long-lived electronically
excited stategi.e., metastable specijesnly accounts for a

The interaction between electronically excited solids andsmall fraction of the desorbed particles, it provides the pos-
adsorbed molecular species has been demonstrated to hasibility for isolating particular processes of importance in
significant potential for the selective modification of solids understanding DIET. Stimulated metastable-partigiéP)
and adsorbate systeln® Investigations of the nature of the desorption has been observed from condensed RG
initial excitation and the nature of the coupling between thesolids1%'%16-2°The desorption mechanism is believed to be
solid and the adsorbed species can provide an understandingvity expulsion® which suggests that the excited atom or
of energy deposition, transport, and trapping processes in thaolecule located at the surface experiences a repulsive inter-
solid phase. Elementary processes in DI@Esorption in- action with all neighbors if the matrix has a negative electron
duced by electronic transitionsnclude primary excitation, affinity, and this repulsive potential propels the excited spe-
evolution of electronic excitatiofpropagation, localization, cies into vacuum. Inside the bulk, this repulsion leads to the
and on-site evolution like Auger decay, etand coupling of  formation of a cavity around the excited patrticle. In crystals
the electronic excitation to nuclear motidiThe study of the  with a positive electron affinity, the excited particle is not
desorption phenomenon in double-layer films is expected texpelled owing to the attractive interaction of the excited-
provide information on these elementary processes. Electroorbit electron cloud with the neighbor atoms. Quantitative
impact may induce primary excitations of the species in suclalculationd® were able to predict details of the *Ar
targets, and the evolution of the electronic excitation maydesorption® and the absence of cavity expulsion of'krom
include various possible excitation-energy transfer and decalir crystals (Kr and Xe have a positive bulk electron
processes. affinity®).

The excitation and relaxation processes in rare{§G) Recently, we observed MP desorption from condensgd N
solids are presently quite well understobd.The energy is and CO films?> MP desorption thresholds lie at energies of
initially deposited via creation of a free exciton or free- 7.2 and 11.5 eV for excitation of tra3ng andE325 states
electron-hole pairs. Relaxation pathways include radiativeef N,, respectively. For CO, the MP desorption threshold at
decay and nonradiative quenching®as well as trapping in 8.0 eV is due to the formation of the vibrationally excited
a dimer or an atomic configuration. Different options for a’>3" state?? Desorption of N above 11 eV arises from the
trapping modalitiegmolecular and atomic self-trapped exci- repulsive interaction of Bl with the solid matrix(i.e., cavity
tons and sites(imperfections, impurities, and surfackead  expulsion, while desorption of ¥ below 11 eV and COis
to a rich spectrum of vacuum-ultraviolet luminescehc€. due to the transfer of internal vibrational energy to the
The trapping and localization of excitons are essential tanolecule-surface borid. Desorption induced by a mono-
desorptior?”” These processes are very sensitive to surfacehromatic electron beam in double-layer films containing a
conditions, and the desorption and luminescence features aneultilayer of Xe onto which a single layer of the diatomic
modified by adding foreign atoms or molecules to RGmolecules N and CO was condensed has been investigated
solids#1® by Mannet al?® The desorbed species were found to g N
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and CJ. The results showed an electron-energy dependence

of the MP signali.e., a yield functioph which resembled that 25 1N. /50 Xe 4
for UV photons from a pure Xe film, indicating that the | (@) 2 1
desorption of N and CJ is mainly a bulk-mediated 20 + .
process? It was proposed that the MP desorption is induced :w‘ i l
by an energy-transfer mechanigfXe bulk excitons are ex- a 15 i ]
cited, and carry the initial excitation energy to the molecule- 5 10k |
atom interface. There a diatomic molecule can be excited by 8 | |
an energy transfer from the Xe substrate as a result of a « 5 .
“collision” between a Xe exciton and the adsorbate mol- = -
ecule, similar to gas-phase excitation energy transfer. The ; 0F . . o
desorbed metastables were considered to be vibrationally ex- ¢ 39 [T
cited Ny(B®I1,), CO@’*s"), and CQ@d®A).* Having life- > 30 (b) 50N, ]
times of severalus?* the N(B), CO@’), and COf) are L L ]
sufficient long lived to desorb via vibrational energy < i )
transfer’®=28They in turn decay to the lowest excited states g 20 .
N,(A%S ) and CQ@a’), respectively, on their way to the 5 150 ]
detector. S : 1
While experiments with pure Nand CO filmé? clearly 101 ]
showed that direct excitations induced by the electron beam 5L x10 1 .
lead to desorption of §l and CJ, the results from experi- ol X ]
ments on Xe films covered with one monolayer of &hd TP B S R S
CO (Ref. 23 suggest that the energy-transfer mechanism 5 10 15 20 25
dominates the stimulated MP desorption in this double-layer Electron Energy (eV)

system. Nevertheless, direct desorption should also be
present. The present work concentrates on thenlecule FIG. 1. (a) Metastable molecular nitrogefN) desorption

and investigates Ncovered Xe and Kr films in an effort to yie|gs induced by 5-26-eV electron impact on a 50-monolayer
understand the dynamics of MP desorption in such systemgiL) Xe film covered by 1 ML of N (IN,/50Xe, reproduced from

Experiments are performed on the thickness dependence fkf. 23. (b) Same MP desorption yield function for a pure 50-ML
both the N and RG films within an extended electron-energyn, film.

range. To understand the magnitude of the MP yields related o ) )

to N, thickness in double-layer systems, we further perform€nergy resolution is 60-meV full width at half maximum.

a thickness-dependent experiment on puséilNis. A simple ~ he energy of the vacuum level is calibrated.3 eV by
model is developed to explain the experimental results™€asuring the onset of the target current as the voltage be-

While the information obtained with Xe films at very low

tween the electron source and the target is slowly increased.
- ; - e crystal, which is mounted on the tip of a closed-cycle
electron e"‘z%rg'es. corroborates the previous hypothesis (}{fgliumycryostat can be cooled to 20 K apnd cleaned by )élec—
Mann et al,™ we find that on covered Kr films the ENergy” yical heating and Ar bombardment. T_he target films are
even in the threshold region. Direct desorption is also inrjg[]%\gg ;)(r; tfll<er Fgﬁjl)wzlggzgePge(;%n\?vee?glggggﬁgdtgi Kﬂaeft?lre-—
volved. The relative contribution of the two procesgeisect g4 of Canada Ltd. with a purity of 99.9995%. The thickness
excitation and energy transfedepends on the impact elec- o 5 film is estimated from the amount of gas introduced and

tron energy and layer thickness of, Mnd rare-gas films. the quantity required to build the first monolay@iL) as
Different energy-tranSfer efficiencies between excited rarémferred from temperature_programmed desorp ﬂ)’ﬁhe re-

gas atoms and Nmolecules are found to be responsible for producibility of the film thicknesses is estimated to be
the observed difference injNyields between the Xe and Kr -+10%.

substrate films.
IIl. RESULTS

Il. EXPERIMENT A. MP desorption from N, layers condensed on Xe films

In Fig. 1, the MP desorption yield function from 1-ML,N

The experiment was performed in an ultrahigh-vacuuMeondensed on 50 ML of X&1N,/50Xe, reproduced from
system reaching a base pressure-d0” " Torr. The appa-  Ref. 23 is compared to that from a pure,NIm of 50 ML.

ratus has been described in detail previodSigriefly, @ The yield function from 50-ML N [Fig. 1(b)] is similar to
well-collimated low-energy(1-70 eV} electron beam im- that published in Ref. 22, recorded for incident electron en-
pinges on a RL11 single crystal at 18° with respect to the ergies between 5 and 19 eV. Two regions of large intensity
surface normal; the induced UV luminescence and desorbegifference can be seen in Figll, with thresholds at 7.2 and
metastable particles are measured with a large-area micrg4.8 eV, respectively, in agreement within the limits of the
channel plate array which is superimposed on a positionexperimental error with previous resuffsAccording to the
sensitive anode. The electronic energy threshold for the ddatter?? the MP signal between 7.2 and 11.8 eV in Figo)1
tection of metastable particles is estimated to lie around @an be assigned to the excitation and desorption oBﬁﬂag
eV.'® The electron beam has an intensity of 1 nA which isstate of N, and that above 11.8 eV to 'S ; state of N,
independent of electron energy in the range 5-70 eV; itsespectively. For 1M50Xe [Fig. 1(a)], the yield function
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FIG. 2. N5 desorption yields induced by 0—70-eV electron im-

pact on a 40-ML Xe film covered by various amounts gf N ) ) ) )
FIG. 3. Nj desorption yield function from a 40-ML Xe film

exhibits a threshold around 7.0 eV followed by a peak withcovered by various amounts opNinset: MP signals at 10.3 and 50
its maximum at 9.8 eV. After a decrease in signal, the MpeV (taken from the yield function curvess a function of N thick-
yield increases again, starting at an energy of 16 eV. A€SS: KCPS refers to 1eounts/s.
strong resemblance has been observed between the MP
desorption yield function from 1)60Xe and the lumines- two, and three excitons in Xe, respectively, due to multiple
cence yield from a pure Xe filrtnot presented here, see Ref. inelastic scattering of electrons. It implies that*X@ansfer
16 and 23. From this comparison, it was proposed thatplays an important role for impact energy up to at least 35
N3 desorbs in th(B31'[g state from 1N/50Xe via the energy- ev.
transfer mechanisi?. It is obvious in Fig. 1 that the yield For N, thickness greater than 4 M(Fig. 3), the peak at
functions from 1N/50Xe and 50-ML N bear different char-  10.3 eV decreases considerably with tNickness. However,
acteristics, indicating the existence of different desorptionhe signal between 16 and 70 eV increases further and be-
mechanisms. In these wo systems; Was the only meta- comes a structureless curve of higher intensity between 30
stable species producé’ _ _ _ and 40 eV. For 40-ML N on 40-ML Xe (not shown, the

_In the NyXe systems studied here, time-of-flighitOF) eak at 10.3 eV vanishes, and the MP desorption yield func-
distributions of the desorbed MP are obse_rved to be the sanfﬁ)n curve resembles that of a pure condensedilv. The
as those for the 1MBOXe system previously studied, different trend for the two impact energy regions is demon-

which were found to have a maximum at#48 us, and are . : P :
interpreted to be due to metastable molecular nitrogen. Thgtrated in the inset in Fig. 3 by a plot of the signals at 10.3

. . and 50 eV as a function of Nthickness. The data for
present MP yields are therefore also interpreted as dug to N40N 140X | din the inset. While the intensity at
No MP desorption is observed from pure multilayer Kr and 2 € are also used In the inset. lie the intensily a

Xe films. 50 eV continually increases with,Nhickness, the signal at

The N; yield dependence on the thickness of adsorbgd N10-3 €V increases to a maximum at 4-ML; bind decreases
on Xe films are shown in Figs. 2 and 3, for electron energieg@Pidly with higher N thickness. _
in the extended range 0—70 eV. These results were obtained N Fig. 4, the N yield dependence on the thickness of N
from films prepared by condensing various amounts 06N adsorbed on a 26-ML Xe film is shown in greater detail. The
a 40-ML Xe film condensed on the ®11) surface. The impact energies of 10.0 and 24.0 eV are chosen to obtain
overall magnitude of the signal increases withtNickness. ~ strong desorption yieldsee Figs. (@ and 4. The MP yield
For 1, 2, and 4 ML of N (Fig. 2), the N; yield function increases more or less linearly up to 3 ML of.NA maxi-
bears the same characteristics. The desorption threshold fisum lies at about 4.4 ML for an incident energy of 10 eV
observed around 7.0 eV, and three peaks are observed \&hile for 24 eV a plateau is reached.
10.3, 23, and 35 eV whose widths increase and whose am- The N5 yield as a function of the thickness of the Xe film
plitudes diminish with increasing energy. These characterisis shown in Fig. 5. It increases rapidly with the thickness of
tics favor assignment of the three peaks to excitation of oneghe Xe film, and saturates at 3 ML of Xe.
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FIG. 4. The dependence offNdesorption yield on the thickness ‘ Electron Energy (eV)
of the adsorbed Nayers for N adsorbed on a 26-ML Xe film, and
electron-impact energies of 10.0 and 24.0 eV. FIG. 6. Semilogarithmic Bl desorption yield functions for N

films of different thicknesses.
The thickness dependence of thg held function from i ) o
pure N, films is shown in Fig. 6. The semilogarithmic curves _ML_'d Examples_ of tpgie bghS%wo\r/s are given in Fig. 7 for
are similar in shape for various,Nhicknesses. Analysis of Incident energies o an ev.
the data in Fig. 6 indicates that within the 20—70 eV range

the signal increases more or less linearly with tNickness B. MP desorption from N, layers condensed on Kr films
between 2 and 5 ML; above 5 ML, the rate of increase re- As in the case of BIXe double-layer films, TOF distribu-

duces gradually with a tendency toward saturation above 290ns of the desorbed MP signal fromyKr systems indicate

that the desorbed species i§ Nrhe results reported in this
section are therefore interpreted to be due to metastable mo-

UL L L lecular nitrogen desorption.
7 2N,/ Xe 7 The N5 desorption yield function for 1M50Kr is shown
—_ . 1 in Fig. 8(@ and the yield function of the luminescence emit-
26 oo T ] ted from a pure Kr film, taken from Ref. 16, is shown in Fig.
= [ 1 8(b) for a comparison. The photon signal in FighBexhib-
35T E,=10.0eV 1 its a strong dependence on the electron energy with two re-
(@) i ] gions of pronounced photon yield being discernible. The first
S Ar b peak has its onset at 10 eV, near the energy for exciting the
=z [ ] first exciton in the Kr film*® The second region, character-
o Sr ] ized by an onset near 20 eV, has been attributed to the exci-
S 5 [ ] tation of two excitons due to multiple scatterifgThe de-
7)) i ) crease of the luminescence above 13 eV is due to the
1 _ _ excitation of free-electron-hole pairs that have nonradiative
relaxation channels(e.g., quenching at the film-metal
ol v o] interface.'® In Fig. 8a), the N5 desorption signal exhibits a
0 5 10 15 threshold at about 7.2 eV. Two further features can be rec-

ognized at 10.5 and 12.0 eV, followed by a peak with a
maximum at 13.5 eV.

The shape of the Nyield function in Fig. &) is com-

FIG. 5. The N desorption yield for 10-eV impact energy, as a pletely different from that of a pure 50-ML Nfilm [Fig.
function of the thickness of Xe space layers. 2 ML of Were  1(b)], which exhibits a continuous increase in MP signal in
condensed on each Xe film. the energy range 12—-25 eV. The influence of the substrate Kr

Xe Thickness (ML)
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FIG. 9. Nj desorption yields induced by 13.5- and 26.0-eV
electron impact and plotted as a function of thickness gfayers
adsorbed on a 26-ML Kr film.

film is obvious: the two curves in Fig. 8 have structures atLlN,/50Kr, which is much lower than the 10-eV threshold of
10.5 and 12 eV, with a minimum around 20 eV. These twothe luminescence signal of a pure Kr film. An additional
curves also have different features. There is an obvious diffeature is present at 13.5 eV for JBOKr, and the relative
ference in the thresholds: 7.2 eV forjNdesorption from signal intensity in the two main regions diffefe.g., the
minimum is shallower for the curve ifa) than that in(b),
and the intensity ratio at 25 eV to that at 12 eV is larger in
(a) than in(b)]. Thus an additional contribution, which in-

1600 (a) 1 N,/50Kr 1 creases with electron energy, is presentan
I Experiments similar to those performed with Xe spacer
1200 |- . layers were also conducted on the thickness dependence of
N3 desorption from N deposited on Kr layers. The results
800 | - for variable N thicknesses on a 26-ML Kr film are shown in

Fig. 9 for impact energies of 13.5 and 26.0 eV. Compared to
the results in Fig. 4, the MP yield increases more sharply
with N, coverage up to 1-ML Bl and then increases less and
reaches a maximum at about 3.4-ML, .Nrhe decrease ob-

= served for a higher coverage of i more pronounced for an
impact energy of 13.5 eV.

. The N; desorption yield as a function of the thickness of
1 Kr films is shown in Fig. 10. The yield increases rapidly with

400

400 I (b) 25 Kr

Signal (Counts/s)
o

300 the thickness of Kr films for thickness below 9 ML, and has
200 I a tendency to saturate thereafter.
100 - IV. DISCUSSION

0 L

From the dependence of the MP signal on the impact
electron energy, we are able to identify the primary excita-
tions which lead to desorption of metastable partiéfes.
For example, in Fig. (B) the enhancement inNdesorption

FIG. 8. (a) Yield function of electron-impact-stimulatediNje- ~ due to Xe has a maximum at an electron energy of 10 eV,
sorption from a 50-ML Kr film covered by 1 ML of N(IN,/50Kr. ~ Which is near the maximum at 10 eV in Xe
(b) Luminescence signal from a 25-ML Kr film produced by luminescencé®?An exciton in the Xe film is produced, and
8-28-eV electron impadteproduced from Ref. 16 transfers its energy to ;\molecules, as evidenced by an en-

5 J0 15 20 25
Electron Energy (eV)
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\:-’ 3+ - wherePy is the desorption probability of }Nat the surface
@ : / 1 during a given time intervah4(N3) andn,(N%) are numbers
o 2 /[ - of N} present at the surface which are produced by direct
2 - 1 excitation of N, or by energy transfer from RG excitons,
1r 7 respectively. Direct excitation means that the primary exci-
/" tation occur in N, including excitation of surface Noy N,
ol b L b bulk exciton which can transfer energy within the fm. I,
0 5 10 15 20 25

is the sum of the transfer integrals between RG apdi
Kr Thickness (ML) citons.n(RG*) is the amount of R& present at the NRG
interface.PNz and P+ are excitation probabilities to form

FIG. 10. The N desorption yield at an electron-impact energy N3 and RG', which are functions of the electronic excitation
of 13.5 eV displayed as a function of the thickness of a Kr spacematrix elementdM and electron-beam intensity. In a N,
layer. 2 ML of N, were condensed on each Kr film. film, 1, depends on the distantefrom the surface; in a RG

. o film, I, depends both on the distanBefrom the interface
ergy dependence of MP desorption characteristic of Xeand the thickness of the adsorbed flm. The exciton-

luminescencé® However, since §l desorption is also ob- motion functionfy,(L) or fre(D) reflects the probability of

served from pure Nfilms [Fig. 1(b)], the contribution of ~ yhe eyciton to move to the surface, or the RG interface in
desorption by direct excitation by the electron beam, which.oce of 2 RG exciton.

ig expected to increase with incident energy, has to_be CON- The desorption probabilit®, is discussed first. A pure
sidered as well. In fact, all our results can be explained b)N2 film is a special case ofge=0, where only direct de-

the mter.play of these two desorption channels. sorption can be present, i.& =Y. The results for pure N
Consider N molecules condensed on a R our case  fjmg [Figs. 1b) and § show that the yield is very small for
Xe or Kp film, as shown in Fig. 11. The yield of direct jncigent energy below 11.5 eV but increases above this en-
?uensc?[irg::ggft{tﬁeaglgctgzgIgﬂ:(rzgg :g detﬂir%ﬁgzgf;égglz;irs ergy. This is becausB, depends on the electronic states of

both N, and RG films Ty, and Teg). The total MP yield 't&#e £ e found in previous work, above 115 eV bin
2 ydberg stat&”%., ; desorbs as a result of cavity expul

Y=Y4+Y, then reflects changes in the intensity of either orsion, a mechanism which produces much stronger yields than
both Y4 andY,. Factors including the excitation probability, desorption via internal vibrational energy transfer fromii
electron-beam attenuation, exciton motion in thead RG  the valence statB®I1, which is the only state produced at
films, energy-transfer efficiency, and desorption probabilitylower energies. The desorption probability of;(8) de-
must be all considered. In doing S8y and Y, can be ex- pends on the excitation of vibrational levels and the subse-
pressed as quent transfer of intramolecular vibrational energy to the
molecule-surface borfd~2 Mainly N%(B, v=1-5) can be
excited by direct electron excitation in,Naccording to gas-
phase assignmefi,whereas a different vibrational popula-
tion results from energy transfer from rare gases.

There exist experimental results and theoretical explana-
tions for excitation energy transfer between*X&r*, and
N, (Refs. 30 and 3lin the gas phase. Collisions at thermal
energy are observed to produce vibrationally selective
e N RG P electronic-to-electronic energy transfer for near-resonant lev-
j 2 t(111) ;

— els. For Xe, these reactions can be expressed as

TN2

Yy= Pdnd(NZ)&szl {Pns[My, le(L)]fn (L)}, (1)

Xe* (3P,) +Ny(X)—Xe(*Sy) + N3 (B3I, v=5) (3)

and

FIG. 11. Model for a N-RG double-layer film condensed on Xe*(3po)+N2(X)*>Xe(lsO)+N;(BSHQ ,v=10-11).
Pt(111). e : incident electron beam. RG: rare-gas fi(Xe or Kr). (4)
Ty, thickness of the BIfilm. Tgg: thickness of the RG filmL:
distance within the Bifilm from the surfaceD: distance within the ~ For Kr, the situation is more complicated; collision between
RG film from the interface. Kr*(®P,) and N, yields
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Kr*(3P2)+N2(X)—>Kr(1SO)+N;(le_[g v=4-11), TABLE I. Behavior of the direct I‘Q desprption yieldYy, the
(5) e?<C|tat|on energy trgnsfer Q\Id.esor'ptlon .yleIdYt, and the totall
yield (Y=Y4+Y,) with increasing film thickness of molecular ni-
trogen (Ty,) and rare gagTrg). Case A corresponds fzg=const
but no N5 products are observed with KPPg), which re-  with Ty, increasingB to Ty,=const withTgg increasing.+: in-
flects the lack of triplet acceptor states in the 10.5-eV rangegrease,—: decrease;: remains the same.
N3 (B) is the only metastable species observed by excitatiof
energy transfer with Xe and K. Thus the interaction be- Yq Yi Y
tween N 3and excitons 3derived fron; the atomic configura- ¥ = - maximum may exist
tions X€ (°P,) and X&(°Py), or Kr*(°P,) at the N-RG in- _ 4= reach a plateau
terface, is expected to produc8astate by energy transfer in
much higher vibrational levels than by direct electron im-
pact. Since vibrational energy transfer to the moleculeattenuation of the elastic beam and/or the RG exciton total
surface bond at the film-vacuum interface is strongly depenpenetration depth is reached. These behaviors are summa-
dent on the intramolecular vibrational quantum nunfdét, ~ rized in Table I. _
should be substantially larger whensNs created via the ~ We now return to results for Xe to point out that the
energy-transfer mechanism. As seen in Fig. 1, below 11.31P desorption yieldY for 1N,/50Xe resembles the elec-
eV, where desorption is only possible from vibrational en-tfonic excitation function of Xefi.e., Pye+) and does not
ergy exchange, desorption from a single layer of o a ha\_/e the s_hape of 4 (Fig. 1. We can therefore con(_:lude that
50-ML Xe film produces a Bl yield one order of magnitude Y IS domlnat_ed_ by the energy-transf_er me<_:ha_n_|sm at low
larger than those produced from a 50-Ml, fim. A similar impact energiesi.e., Y4 does not contribute significantly to

enhancement can be seen for the case pbINKr in Fig. the S|gna],' as estat')hshed.by I.\/Iarm. al.' The same Is true
. for low to intermediatel_ in Fig. 2, indicating that this is a
8(a) compared to Fig. (b). 2

Insight into the behavior of the exciton-motion function SIfong desorption option. The minimum at around 16 eV in

fno(L) can be acquired from the results on the thickneséz.igs.'.](a) and 2 ShOUI.d be less prqfound if there were any
2 significantY 4 contribution around this energy. There is some

dependence of the MP signal from purg flms (Fig. 7).y "contribution for E;>16 eV, this can be deduced from
Above two layers the influence of metal surface oh 8- £igg 2 and 3, wher¥, accounts for a much shallower mini-
sc_)rptlon appears to be relatlve_ly weak since a linear increasg,ym at about 28 eV, and the overall increase of signal be-
with TN2 occurs from two to five layersi.e., YdocTN2 for  tween 16 and 70 eV with increasiri@z. Thus, forEy<16
2<Ty,<5 at constant incident enerds). Thus, according eV, we have theiY,> Y, with the total MP desorptioN~Y,

to Eq. (1), one can interpret this result as due to a yieldfor Xe. This condition applies to the curvé&=10 eV in
directly proportional to the summation limity, with P Fig. 4 andE,=10.3 eV in the inset of Fig. 3, where the yield

and sz(L) being independent of thickness. Furthermore’increases WIthTN2 for small NZ thickness as a result of an

fn,(L) is necessarily nonzero, and we must conclude thalicrease in the transfer probability up to about 4 ML of
exciton motion exists in a pure Nilm. The slower increase N2 With a further increase dfy, , beam attenuation reduces

at above 5 ML is probably the result of electron-beam atfhe production of the Xe exciton and the decrease in
tenuation and/or a reduction i, (L) sincePy is expected  fn,(Tn,) further reduces the number of;Narriving at the

to remain the same. Since the signal does not saturate up $ifface, henc®;. Thus a maximum is observed experimen-
40 ML of N,, we conclude that the mean exciton penetrationfally. At higher impact energieéE,=24 eV in Fig. 4, and
depth is larger than 40 ML. The existence of exciton motionEo=50 eV in the inset of Fig. 3 the Y, contribution can no
in a N, film is of primary importance in the following dis- More be neglected: the increaseYipwith Ty, compensates
cussions, which are all based on this fact. for the decrease irY,, causing, instead of a maximum, a
We have two cases of thickness-dependent experimentplateau forE,=24 eV in Fig. 4, and a continual increase of
case A, Tgg=const, WithTN2 increasing, and case Hn, Y as a function oﬂ',\,2 in Fig. 3. A similar behavior is ob-

=const, with Tgg increasing. The results shown in Figs. served for the B yield as a function of N thickness on a
2, 3, and 4, as well as those in Fig. 9, belong to case A, angd6-ML Kr film as seen in Fig. 9. In this case a maximum
those in Figs. 5 and 10 to case B. We can predict from Eqccurs before saturation f&,=26 eV, indicating an overlap
(1) and(2) that, in case AY4 should increase witITNZ, the  of Y4 andY, contributions in N/Kr double-layer films(see
same as in pure Nilms, while Y, should only increase up to Table I, case A _ N

a few layers of coverage as a result of increasingvhich is We want to point out that under conditions where the
proportional to the number of molecules available for energyenergy-transfer mechanism dominates, such a&§er10.3
transfer. Beyond that coveragh, should remain constant €V in the inset of Fig. 3, one may be able to derive the
with increasing M thickness, butfy (Ty ) is expected to  fn,(Tw,) value, from experimental results ofyg as a func-

decrease due to the finite exciton penetration depth. Furthefion of Ty, using Eq.(2). Such a determination of the mean
more, the attenuation of the electron-beam intensityfree path of excitons in the Nilm, however, depends on the
(D, TNz) will reduce the primary excitations in RG films. probability to form Xé& which is also affected by the N
In case B, obviouslyr 4 will remain constant, whiler, will ~ thickness, as expressed hy(D, Ty ). By neglecting the in-
increase as a function dfzg Up to a thickness, where full fluence of N thickness on the Xeexcitation and fitting the
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data points forTN2>4 in Fig. 3, a lower limit of 20 ML for  that these two factors work together to produce the observed
differences in yields between Kr and Xe. A similar trend has
been observed in low-energy electron-induced anion desorp-
gon, where anion yields were found to be enhanced for RG
Solids covered with simple molecules as the result of energy

the mean free path of Nexcitons created by 10.3-eV elec-
trons is obtained.
Case B is well represented by the results of Figs. 5 an

10: the MP yields increase and saturate as a functionggf and charge transfer from the RG to the adsorBafhe en-

(see Table)l The RG film thickness dependence of thg N hancementi.e., the transfer efficiengywas found to be on

yield confirms the involvement of the energy-transfer mecha:[he order of Xe-Kr>Ar. Above the energy of enhancement,

nism in the desorption process. The signal saturates at IOW?{uenching of the direct signal was observed in the same ex-
thicknesses in the case of a Xe substrate film, indicating @eriment, again on the order of X&r>Ar.
difference in the behavior of the functior{RG*) in Eq. (2) Further support of our hypothesis comes from gas-phase

N>-RG interface reaches a maximum around 10 ML in theinan that for X& in N,. For Kr* (3P,), it is only 0.41x 10 1!

case of Kr, and around 3 ML in the case of)X&e now  cnd/s, while that for X&(3P,), it has been measured to lie in
further examine the differences between Xe and Kr in thgne range 1.9-2.481071! cm¥/s31:3334Since Ni(B) is the

region Eo<<16 eV, where the energy-transfer mechanismonly product in both case$;*!the quenching rate constant is
dominates the MP desorption in the/Xe system. equivalent to the formation rate constant of(8). Assum-
Comparing Figs. () and 8a) for the N; vield from  ing that in our films the energy transfer between a(Ke)
IN,/50Xe and 1M/SOKr, it is obvious that the MP yield exciton and N proceeds in a manner similar to a gas-phase
function depends strongly on the kind of RG solid on which¢gjision, as proposed by Maret al,?> N} (B) formation via
the diatomic molecules are adsorbed. This fact per se prasnergy transfer should be more effective on a Xe than on a
vides strong evidence of the involvement of RG solids in MPky sypstrate. This is particularly true of K£P,) which has
desorption, as proposed by Maehal® For 1-ML N;on @ 4 very low quenching rate in Nand produces no N
50-ML Kr film, if MP desorption were to proceed only via products®® The Y, contribution is therefore expected to be

adsorbed molecules, the MP yield functions would have thgjnging.

same energy dependence as the Kr luminescence, as it is the
case for the 1BI50Xe film. Indeed, a coarse similarity is
observed for the 1M50Kr double-layer film, as shown in

Figs. 8a) and 8b), but the observed differences suggest con- e presented a detailed analysis of low-energy-electron-
siderable contribution from direct desorption With=Yq.  stimulated desorption of metastable particles for Iayers

The identical desorption threshold of 7.2 eV for JIB0Kr  adsorbed on Kr and Xe multilayer films. The; Mlesorption

and the pure 50-ML bifilm [Figs. 8a) and Ib)] indicates  yje|gs were found to depend on the direct excitation of elec-
that primary excitation of hito theB"Il state also contrib-  tronjc states in the Nadsorbate film by the incident electron
utes to N desorption from 1M/50Kr. The two features at peam, and on electronic energy transfer from the rare gas to
10.5 and 12.0 eV in the yield function for 1SOKr [Fig.  the adsorbate. The two contributions vary in magnitude with
8(a)] can easily be assigned to the energy-transfer mechasectron energy and the respective thicknesses of the double-
nism, based on the fact that these two maxima are also oayer systems. Energy transfer dominates MP desorption in
served in Fig. &) for Kr luminescence. The broad maxi- N,/xe double-layer films at low electron ener¢§,<16 eV)
mum at 14.5 eV for the pure Nfilm is shifted to lower  znd low-to-intermediate Mhickness(Ty, <4 ML), whereas

(rannuer;ggtITstgee{//lilr((j)r;u?ﬁgoncct?nrtrit%?i%l;r, gving a maxi- i, the N/Kr systems, both the direct and energy-transfer
The différences i anddY contributio.ns for MP desorn- mechanisms contribute substantially to the totdl yields.
d L P~ For both systems, the direct desorption contribution in-

Eg?hf:)()fn:hé?‘oigaliﬁr suogs;irafﬁiéimﬁrga%rcggln? f;?(';& ?gi(grcreases with electron energy, and is observed from Kr films
gp ' ' P even at very low electron energies. The differences in the

may have a lower efficiency for transferring its excitation behavior of the desorption yields betweenkt and Ny/Xe
energy to adsorbatgse., the sum of the transfer integrals films has been ascribed mainly to the higher efficiency for

has a smaller magnitude for Kr givingKr)<I,(Xe)]. Hence . . .
. energy transfer from excitons in Xe films to adsorbeg N
according to Eq(2) Y(Kr)<Y;(Xe) and the effect of th&/y molecules than from those in Kr films.

contribution become more visible from Kr than from Xe sub-

strates even i 4 is the same in both cases. That would mean

Fhat on a covered Xe filmY is present, but its co_ntribution ACKNOWLEDGMENT

is overwhelmed by the energy-transfer mechanism. Second,

the directly excited state of the adsorbates may be quenched This work was sponsored by the Medical Research Coun-
in the presence of Xe, such thé§(Xe)<Y4(Kr). We believe cil of Canada.

V. CONCLUSIONS




13838

IN. Schwentner and E. E. Koch, Phys. Revl48 4687(1976; M.
E. Fajardo and V. A. Apkarian, J. Chem. Phg$8, 4102(1988.

2E. P. Marsh, T. L. Gilton, W. Meier, M. R. Schneider, and J. P.
Cowin, Phys. Rev. Let61, 2725(1988; St. J. Dixon-Warren, J.
C. Polanyi, C. D. Stanners, and G.-Q. Xu, J. Phys. Che4n.
5664(1990; S. K. Jo and J. M. Whiteibid. 94, 6852(1990.

3Z. Lu, M. T. Schmidt, D. V. Podlesnik, C. F. Yu, and R. M.
Osgood, Jr., J. Chem. Phy83, 7951(1990; Y. Chen, J. M.
Seo, F. Stepniak, and J. H. Weavigid. 95, 8442 (1991); F.
Bozso and Ph. Avouris, Phys. Rev.#, 9129(199)).

4P. Feulner and D. Menzel, imaser Spectroscopy and Photochem-
istry on Metal Surfacesedited by H.-L. Dai and W. HéWorld
Scientific, Singapore, 1995

5. Ya. Fugol, Adv. Phys27, 1 (1978.

5N. Schwentner, E.-E. Koch, and J. Jortner Fiectronic Excita-
tions in Condensed Rare Gaseslited by G. Haler (Springer,
Berlin, 1985.

’G. Zimmerer, inExcited-State Spectroscopy in Solidslited by
U. M. Grassano and N. TerziNorth-Holland, Amsterdam,
1987).

8T. Kloiber, H.-J. Kmiecik, M. Kruse, M. Schreiber, and G. Zim-
merer, J. Lumin40&41, 593(1988.

9A. Hourmatallah, F. Colletti, and J. M. Debever, J. Phys21C
1307(1988.

0F Coletti, J. M. Debever, and G. Zimmerer, J. PH{zari9 Lett.
45, 467 (1984).

11 Coletti, J. M. Debever, and A. Hourmatallah, Phys. S
168 (1987.

12T Kloiber, W. Laasch, G. Zimmerer, F. Coletti, and J. M. De-
bever, Europhys. Lett7, 77 (1988; T. Kloiber and G. Zim-
merer, Radiat. Eff. Defects Solidd9, 219 (1989; T. Kloiber
and G. Zimmerer, Phys. Sctl, 962 (1990.

13C. T. Reimann, W. L. Brown, D. E. Grosjean, and M. J. Nowa-
kowski, Phys. Rev. BI5, 43 (1992.

C. T. Reimann, W. L. Brown, and R. E. Johnson, Phys. Rev. B

37, 1455(1988.

1SE. Hudel, E. Steinacker, and P. Feulner, Phys. Re¥4B8972
(1991

16, Mann, G. Leclerc, and L. Sanche, Phys. Rev48 9683
(1992.

H. SHI, P. CLOUTIER, J. GAMACHE, AND L. SANCHE

53
V, edited by A. R. Burns, E. B. Stechel, and D. R. Jennison
(Springer, Berlin, 1998 p. 333; D. E. Weibel, T. Hirayama, and
I. Arakawa, Surf. Sci283 204 (1993.

21s. Cui, R. E. Johnson, and P. T. Cummings, Phys. Re@9B
9580 (1989; W. T. Buller and R. E. Johnsonbid. 43, 6118
(1991.

224, Shi, P. Cloutier, and L. Sanche, Phys. Re\6B5385(1995.

Z3A. Mann, P. Cloutier, D. Liu, and L. Sanche, Phys. Rev5B
7200(1995.

24E. E. Eyler and F. M. Pipkin, J. Chem. Phy®, 3654(1983; H.
A.van Sprang, G. R. Mdmann, and F. J. de Heer, Chem. Phys.
24, 429(1977; S. Shadfar, S. R. Lorentz, W. C. Paske, and D.
E. Golden, J. Chem. Phyg6, 5838(1982.

25D, Lucas and G. E. Ewing, Chem. Phy8, 385 (1981).

26H. J. Kreuzer and D. N. Lowy, Chem. Phys. Lét8, 50 (1981);
Z. W. Gortel, H. J. Kreuzer, P. Piercy, and R. Teshima, Phys.
Rev. B27, 5066(1983; 28, 2119(1983; H. J. Kreuzer and Z.
W. Gortel,ibid. 29, 6926(1984.

27k, Dzegilenko, E. Herbst, and T. Uzer, J. Chem. Ph®, 2593
(1999, and citations therein; E. Galloway and E. Herbst, Astron.
Astrophys.287, 633(1994.

2B Fain and S. H. Lin, Chem. Phys. Left14 497 (1985; B.
Fain, ibid. 118 283(1985.

2%p. Hammond, G. C. King, J. Jureta, and F. H. Read, J. Phgs, B
4255(1987).

30D, H. Stedman and D. W. Setser, J. Chem. PBgs3957(1970);
T. Krimpelmann and Ch. Ottinger, Chem. Phys. L&#t0, 142
(1987, J. Chem. Phys38, 5245(1988; M. Tsuji, K. Yamagu-
chi, and Y. Nishimura, Chem. Phy$25 337(1988; L.-Y. C.
Chiu, Y.-N. Chiu, T. Kruimpelmann, and Ch. Ottinger, Chem.
Phys. Lett.151, 220(1988, 157, 60 (1989; W. Bohle, H. Gei-
sen, T. Krumpelmann, and Ch. Ottinger, Chem. Phy83 313
(1989; V. Aquilanti, R. Candori, P. Pirani, T. Krapelmann,
and Ch. Ottingeribid. 142 47 (1990, V. Aquilanti, R. Candori,
P. Pirani, and Ch. Ottingerbid. 187, 171 (1994; T. G. Aar-
dema, E. J. van Nijnatten, and H. C. W. Beijerindbid. 184,
273(1994.

sic. J. Tracy and H. J. Oskam, J. Chem. Pl85.166(1976; N.
Sadeghi and D. W. Setser, Chem. Phys. L&%.44 (1981); M.

D, J. O'Shaughnessy, J. W. Boring, S. Cui, and R. E. Johnson, Tsuji, K. Yamaguchi, and Y. Nishimura, J. Chem. Phgs,

Phys. Rev. Lett61, 1535(1988; |. Arakawa, M. Takahashi, and
K. Takeuchi, J. Vac. Sci. Technol. A 2090(1989; I. Arakawa
and M. Sakurai, inDesorption Induced by Electronic Transi-
tions, DIET 1V, edited by G. Betz and P. Vard&pringer, Ber-
lin, 1990, p. 246.

18G. Leclerc, A. D. Bass, M. Michaud, and L. Sanche, J. Electron

Spectrosc. Relat. Pheno®2, 725(1990.

3391(1988; R. Sobczynski, R. Beaman, D. W. Setser, and N.
Sadeghi, Chem. Phys. Lefit54, 349(1989; R. Sobczynski and
D. W. Setser, J. Chem. Phya5, 3310(1991.

32p_Rowntree, L. Parenteau, and L. Sanche, Chem. Phys1Béjt.
479 (1991); P. Rowntree, H. Sambe, L. Parenteau, and L.
Sanche, Phys. Rev. B7, 4537 (1993.

333. E. Velazco and D. W. Setser, Chem. Phys. 128t197(1974);

19G, Leclerc, A. D. Bass, A. Mann, and L. Sanche, Phys. Rev. B J. E. Velazco, J. H. Kolts, and D. W. Setser, J. Chem. P8§s.

46, 4865(1992.
20D, E. Weibel, A. Hoshino, T. Hirayama, M. Sakurai, and I. Ar-
akawa, inDesorption Induced by Electronic Transitions, DIET

4357(1978.
34C. J. Tracy, R. C. Brindle, and H. J. Oskam, J. Chem. P&gs.
4321(1978.



