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Penetration Depths of Photomobilized F Atoms from a Sandwich Experiment
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A long range migration with a mean penetration depth of 2.8 nm was determined for photomobilized
F atoms with kinetic energies of 4.2 eV in an Ar film. Migration in a sandwich with F atoms generated
by F, photodissociation in a top layer, transport through the Ar spacer layer with variable thickness,
and efficient detection by Kr exciton enhanced,KKfluorescence on an Ar/Kr interface was applied for
the first time as a direct and reliable measurement of the distribution and mean value of the penetration
depth.

PACS numbers: 66.30.Jt, 31.70.Dk, 61.85.+p, 82.50.Fv

Photomobility is based on electric excitation of a parti-cult to justify, and they suffer from the averaging over the
cle in a crystal which gains kinetic energy by a structuralstatistical separations.
rearrangement in an excited or in the final ground elec- These deficiencies are avoided in the technique pre-
tronic state. The distance between the original lattice sitsented here which uses a sandwich of three films with
of the hot atom and the position where it comes to resthicknesses in the monolayer regime. The top rare gas
again due to dissipation of its kinetic energy correspond$élm Rg is doped with the diatomic, the intermediate film
to its penetration depth, and this penetration depth is & a pure rare gas of the same or a different kind, Rg
characteristic property for the photomobility. Transport ofand the third film is used for detection and consists of
energy and electrons in a crystal after excitation by lightanother rare gas Rg A fragmentX is generated with ex-
or particles has been investigated extensively by usingess energy by photodissociation of the diatomic in Rg; it
layered systems. Studies of the penetration depth of ph@an enter Rgand eventually cross this intermediate film,
tomobilized particles within the crystal are quite scarcefinally reaching the detection layer Rg Since the spec-
because most experimental investigations deal with degroscopic properties of, like fluorescence band energies,
orbed and sputtered particles or with the stopping powewill be different in general in Rgand R¢, it is possible
of particles which are accelerated into the sample [1]. Ono detect the arrival of the atoiki at the detection layer
the other hand, this penetration depth is a very relevargurface. In this case the migration across the intermedi-
quantity, for example, for light induced damage, colorate film with thicknessi can be monitored directly. The
center formation, and solid state photochemistry. A di-intensity of fluorescence frolXRg"' versusd yields the
rect and reliable novel technique is therefore presented iprobability for a crossing of Rgand thus the mean pene-
this contribution for the determination of the mean rangeration depth of the fragment and its distribution. Since
of photomobilized atoms. Elementary photochemical prod values in the order of only a few lattice constants, i.e.,
cesses and especially the cage effect have been treated sgme monolayers (ML) can be expected, it is crucial to
perimentally [2,3] and theoretically [4,5] using rare gasprepare smooth films with a stepwise change of composi-
films doped with small molecules as prototype systemsion and with controlled thicknesses.
within the last years. An appropriate way to investigate The selection of the specific system, namely, to mea-
the photomobility in such systems involves photodissocisure the penetration depth of F atoms in Ar matrices from
ation of a diatomic molecule on a repulsive surface in alissociation of F, results from two reasons: In a previ-
rare gas matrix and determination of the range of the frageus study in mixed FKr/Ar systems rather largevalues
ments. In this context is should be mentioned that thef about 25 ML [9] were estimated. Furthermore, molec-
thermally induced diffusion of fragments was investigatedular dynamics calculations were carried out for thg F
by some groups, i.e., for H atoms [6,7], but this process ig\r system with contradictory results. One supports the
not our topic. We focus on the penetration depth of thdarge experimental value [10], and the other one predicts
fragments due to the initial kinetic energy acquired in theno photomobility for small kinetic energies [11].
dissociation process. In this spirit the penetration depth The experiments were performed at the 3mNIM2 beam
was estimated previously for F atoms with few eV ki- line at the electron storage ring BESSY | in Berlin,
netic energy from the balance of geminate recombinatiomvhich provides tunable radiation in the wavelength range
and recombination of fragments from different sites [8] orfrom 50 to 300 nm with an intensity of more than
from the competition of geminate recombination and re-10® photons/cms within a typical bandwidth of 0.2 nm
combination with an acceptor which is additionally dopedin a focal spot with a size 0.2 X 0.5 mn? on the
in the matrix [9]. These methods require assumptions osample. A commercial quartz microbalance is mounted
the statistical distributions of the dopants which are diffi-next to the Mgk substrate, and both are thermally
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connected by the cooling finger which is cooled byhot F atoms through the intermediate Ar film to the Kr
a liquid He flow cryostat down to 4 K. The pure substrate where they are trapped and subsequently excited
rare gases Kr and Ar and the Agas mixture (two via energy transfer from Kr(n = 1) excitons. According
concentrations 0.5% and 2%) were condensed one by previous studies [9] and recent calculations [14],
one with a continuous flow from three independent gaghere is no significant photomobility expected for the F
deposition tubes. The deposition rates were adjusted bgtom fragments after radiative relaxation of electronically
sensitive needle valves for each gas to about 0.1 nméxcited KrF to the repulsive ground state surface because
s. This setup with the three different reservoirs andhe excess kinetic energy is released mainly along the Kr-
tubings avoids interdiffusion between the different filmsKr coordinate, and therefore the F atom gains very little
and suppresses the possibility of gas mixing prior to andinetic energy. This picture is in accord with our growth
during condensation. The microbalance was calibratedurve showing a saturation plateau of the,Kiintensity
individually for each deposition tube by comparison withindicating the stabilized sites of the F atoms at the Kr-Ar
oscillations in the reflectivity of the films at 150 nm interface. For KgF initiated mobility a decrease due to F
wavelength due to interference effects. The resolution foatoms migrating back into the interstitial Ar layer would
the frequency reading of 1 Hz leads to an accuracy for thée expected. The saturation intensity (after subtraction of
film thickness of better than 0.2 nm. the background) of one prepared sandwich yields for the
In general the sandwiches were composed of 30 nm Kighosen Ar spacer thickness one point in the plot in Fig. 2.
5 nm Ar/F, (with an F, concentration of 0.5%), and an in- After compilation of the results for 22 sandwiches we
termediate Ar film with a thickness in the range betweerpbtain a decrease of the saturation intensities dithich
0 and 20 nm. The growing sandwich was irradiated duris quite well described by an exponential (dotted curve in
ing deposition with monochromatic synchrotron radiationFig. 2) with a mean value for the range of 2.8 nm. Of
of hv = 10.15 eV, which corresponds to the energy of course the smoothness of the sandwich is critical since
the first(n = 1) Kr* exciton [12]. In preliminary exper- holes in the film would lead to an overestimation of
iments we confirmed that this energy (i) dissociates Fthe range. The complete coverage was checked via the
molecules doped in Ar matrices efficiently, (ii) there is nosurface excitons of the Kr substrate which disappear for a
strong absorption in this energy region leading to,FAr covered surface [12,15]. Closed films were obtained for
fluorescence, and (iii) excited Kr excitons can efficientlydeposition rates below 0.2 nm/s. Migration experiments
transfer energy [12] on the Kr/Ar interface to the trappedwere performed only for samples with quenched surface
F atoms resulting in their characteristic&rfluorescence, excitons.

" Some remarks are in order with respect to the F
Kr + hv(10.15 eV) = Kr*(FE), la . . . . ' :
v ) FB (1a) dissociation. k will be predominantly dissociated by
Kr* + F+ Kr— (Kr,"F )" = 2 Kr direct photoabsorption, but especially for thin Ar spacer

layers a contribution by a Forster-Dexter type [16] energy
+ F+ hv(279 eV). (b)  transfer from the Kr  excitons is possible [17]. The
Condition (ii) indicates that F atoms in Ar cannot be superposition of both processes would be evident in the
excited, and therefore an increased photomobility due tdose dependence of the growth of the,Krsignal in
successive excitation of AF in the intermediate Ar layer Fig. 1 and an energy transfer contribution would result
releasing mobile F atoms after radiative relaxation [8]in an increased early rate. For the determination of
can be excluded. Condition (iii) is very supportive, since
the signal is not limited by the rather low absorption
of the diluted atoms on the Kr surface and the strong
absorption in the(n = 1) Kr exciton [13] is exploited
to obtain a large fluorescence signal. The characteristic
Kr,F fluorescence is centered around 439 nm within
Ar matrices and around 453 nm in Kr matrices [9].
The fluorescence of KF in the sandwich is centered
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around 444 nm just in between the values for pure = -

Ar and pure Kr. This illustrates that the detected F ZA,G,MTLA‘,‘S"WLW

atoms in the sandwich are located right at the Kr-Ar 0.0 — ®
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interface. When irradiating the growing Kr and Ar films,

a slow increase in the background fluorescence in general .
and also at the fluorescence wavelength of 444 nm i§IG. 1. Intensity dependence of §f fluorescence at 444 nm
observed. This background can be well separated frorﬁ’r irradiation with 10.15 eV during sandwich condensation (1,

. . 3) indicating a background (0.1 a.u.) and a growth by a
the steep increase at 444 nm after condensation of the Airéctor of 3 of the relevant signal to a saturation value after

F2 mixture (Fig. 1). The growth curve with ArfHs due  completing the Ar/k top layer. Thicknesses of Ar spacer, top
to photodissociation of fand successive migration of the layer, and detection layer were 3.1, 5, and 30 nm, respectively.

Irradiation Dose / Photons/cm?
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5 10 [ Only one trajectory consisting in a jump to the next in-
:: 08% ArTF, (0.5%) tersti'tial Igttiqe site out of 100 showed photomopility at
2 217 all with kinetic energies of 0.07 to 0.12 eV acquired on
= 06l 0% d Ar ] the ground state surface. Obviously the kinetic energies
8 Kr reached by the Ar-F interaction are too small.
% 04f . ] Long range mobility with a mean range of 7.0 nm was
s < derived experimentally from the second order rate con-
E 02r e ] stant for photomobility induced recombination initiated by
S S O 2 Ar,F decay [8]. Thisis just process analyzed in Ref. [11],
001 2 3 4 5 6 7 8 9 10145 and the quantitative values should be reexamined in view
Ar intermediate spacer thickness d / nm of the small kinetic energies involved. In Ref. [9] it

FIG. 2. Collection of the saturation intensities of JKr flu- was 'demonstrated that photomobilized F atoms migrate in
orescence (Fig. 1) of 22 samples with Ar spacer layer thickMultiply doped matrices from one rare gas trap to another,
nesses between 0 and 14.5 nm for grcbncentration of 0.5% and from the concentration dependence a mean penetra-
representing the distribution of penetration depths of the photion depth of about 3.0 nm was estimated. This result is
tomobilized F atoms through the spacer layer. Dashed curven qualitative agreement with the penetration depths antic-
exponential fit with @ mean penetration depth of 2.8 nm.  Topyateq from the high densities of XeF centers in Ar ma-
and detection layer thicknesses as in Fig. 2. . . . .
trices which are required for laser operation [20]. These
methods can be used as a qualitative guide to search for
systems with a potentially long penetration depth and then
the range in Fig. 2 a separation of these contributionshe sandwich technique has to be applied to derive the
is not necessary because these values are taken frai@nge distributions and reliable mean values.
the saturation intensity for large doses corresponding to Future extensions with respect to the F transport prob-
maximal achievable dissociation. lem including tuning of the dissociation wavelength to
The excitation energy provided either by direct pho-very the kinetic energy, exchange of the spacer layer by
toabsorption or by energy transfer of about 10 eV is tooother rare gases, modification of temperature and degree
small to reach the lowest bound Rydberg or charge transf disorder in the spacer layer, and the use of nonsymmet-
fer states of k according to gas phase potential surfacegic parent molecules are quite obvious. Different classes
[18] and the spectroscopy in Ne matrices [19]. A broadof atoms can be studied and the ranges of H and D atoms
absorption band is observed in Ar around 10 eV which isseem to be especially interesting [6,7]. Finally reaction
in accordance with the vertical transition energies of sevpartners can be introduced at the surface of the detec-
eral repulsive F states [18] and a similar absorption bandtion layer and the reaction products can be detected with
between 9.7 and 11 eV shows up foy IR Ne. Thus a high efficiency by exploiting the energy transfer by ex-
kinetic energy of about 8.5 eV is available for the two Fcitons from the detection layer according to our results.
atoms when the binding energy is included, and each R large collection of prototype photoreactions has already
atom will be prepared with about 4.2 eV kinetic energybeen studied by matrix isolation spectroscopy in the con-
for a symmetric distribution. ventional multiply doped way [21]. The different steps in
F atoms with this kinetic energy have a mean penephotochemistry consisting of (i) the cage exit of the re-
tration depth of 2.8 nm according to Fig. 2 and the penactive fragments, (ii) transport of the fragments, and (iii)
etration depths of the individual atoms are distributedreaction to a new compound can now be studied sepa-
exponentially. In the molecular dynamics simulation ofrately in the solid phase in such sandwich systems with
Ref. [10] a predominant symmetric exit for, Flissocia- respect to a theoretical treatment.
tion in Ar was derived and for the highest kinetic ener- This research was financed by the Bundesminis-
gies of 1 and 1.4 eV one and four long range trajectorieserium fiir Forschung und Technologie via Contract
(I > 1 nm) out of 50 were obtained, respectively. Char-No. 055KEAYB5.
acteristic for all long range trajectories was a wiggly mo-
tion along a lattice diagonal, i.e., along a channel in the
lattice, without side steps. These predictions are in qual- i
itative agreement with our results. Nevertheless, the sizelll P- Wiethoff, H.-U. Ehrke, D. M_enzel' and P. Feulner,
of the clusters and the statistics have to be improved con- \F/)vhylféaz?:\r/{ Eev';a;ggiéégg5)iirwh§ri?n§’uii ?:Sctl:jrrﬁ
S|d(_erably together W!th an extension to hlgh(_er eXCess en-  \ 1o ods Pi1ys. Res., S,ect.a, 301 (1993)_’
ergies foraquantltatl\_/e comparison. Extensive dla_ltomlcs 2] M. Chergui and N. Schwentner, ifirends in Chemical
in molgcules calcqlatlons were carried out to derlve_the Physics, edited by J. Menon (Trivandum, Italia, 1992),
potential surfaces in the molecular dynamics calculations oI, 2, p. 89.
of Ref. [11], and a full cycle consisting of an excitation [3] J. Zoval and V.A. Apkarian, J. Phys. Cher@8, 7948
of an ArF exciplex and its radiative decay was simulated.  (1994).
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