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solid: an analysis of cluster and island formation
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Abstract

Desorption of negative fragment ions following low energy electron impact to a two monolayer (ML) adsorbate &§ICHF
is studied. Results are compared for a deposition of the 2 ML quantity directly on a monocrystaline gold substrate with tha
on the surface of a Xe film as a spacer to the metal. The desorption intensity{Qlis strongly suppressed when going from
the metal to the rare gas film. For a uniformly covered surface one would expect the opposite behaviour, namely an enhanc
desorption from molecules on the rare gas spacer. We interpret this observation by cluster and island formation on the rare g
film after CHE,CI deposition. A general analysis of cluster and island format for the fluorchloromethanes on a rare gas surface
is performed. (Int J Mass Spectrom 205 (2001) 331-337) © 2001 Elsevier Science B.V.
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1. Introduction adsorbed molecule or by the transfer of an excited
substrate electron to it. When a photoexcited substrate
The formation and evolution of negative ion reso- electron is transferred, the negative ion resonance thus
nances at surfaces has gained particular attentionformed can act as a driving force for the respective
within the last years [1—-4] as resonances are involved photochemical reaction [5]. This may lead to desorp-
in many surface phenomena, like those relevant for tion of negatively charged fragments [6] or to desorp-
the photochemistry of adsorbed molecules [5]. A tion of the (re-neutralized) undissociated molecule.
negative ion resonance at a surface can be generated his latter mechanism is known as substrate mediated
by either the interaction of free electrons with the transient negative ion state mechanism [7] which is a
modification of the established Menzel-Gomer-Red-
head model for desorption [8].
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process) [4], and (2) the measurement of the accumu- UHYV chamber

lated negative charge following electron beam expo-

sure [9,10]. When desorbed fragment anions are Copperwirem"”“‘i"‘”’ desorbing fons

recorded, the underlying primary process is usually E / fon optics __quadrupol ]
dissociative electron attachment (DA) of the adsorbed fome E—

PR

molecule. In isolated molecules the cross section for Au(m feeer
electron capture increases with decreasing electron i emetron

energy and thus DA can be a very effective process at ﬁL/’ 5%}» peam

low energies [11,12]. If DA of a molecule at a surface E ==

occurs, desorption of the fragment ion and hence the S

observation of the process by mass spectrometric electron mono-

techniques is a possible pathway among various
. . Fig. 1. Experimental setup for the study of electron stimulated
others. In comparison to DA in gas phase molecules, desorption of F and CI- from condensed CHEI.

however, the observation of desorbed fragment anions
is subjected to particular constraints as (1) the frag-

ment ion must gain sufficient translational energy to directly on the metal. A reasonable explanation is
overcome the polarization energy with the environ- formation of clusters and islands upon deposition on
be preferred allowing an unhindert ejection of the eyperiment. The energetics of such processes will be

fragment into vacuum. Thus by far not every DA gpalyzed for the class of the fluorochloromethanes.
event at the surface will lead to the desorption of an

ionic fragment.

Some of the electron attachment studies to ad- 2. Experimental
sorbed molecules (including charge accumulation
[13,14]) have been performed on rare gas layers Desorption of negatively charged ions from ad-
condensed on the cold metallic substrate. This has sorbed and condensed molecules following low en-
been done for two purposes, firstly to use the rare gasergy (0—15 eV) electron impact is studied in an UHV
layer as a spacer thereby studying the varying influ- apparatus schematically shown in Fig. 1 and de-
ence of the metal substrate with the thickness of the scribed in detail in a previous review article [18]. In
layer [15] and secondly to study effects induced by brief it consists of a trochoidal electron monochroma-
the rare gas substrate. For submonolayer amounts oftor [19], a monocrystalline Au substrate mounted on a
particular molecules on rare gas surfaces it was found manipulator and a commercial quadrupole mass spec-
that the desorption cross section exhibits sharp en-trometer for identifying the desorbed ions. The troch-
hancements near the energy of the corresponding rareoidal monochromator was invented three decades ago
gas excitons [3,16,17]. These features were explainedby Stamatovic and Schulz and is also known as
by the initial formation of an electron—exciton com- Stamatotron. The presently used Stamatotron gener-
plex which tranfers the electron and energy to the ates an energy selected beam of electrons [energy
adsorbed molecule which then undergoes DA even- resolution~ 0.2 eV (FWHM), electron current 30
tually followed by desorption of the negative frag- nA]. The electrons are aligned by a homogeneous
ment. In all these experiments it was implicity magnetic field which prevents spreading of the beam
assumed that the molecules are randomly distributed at low energy. The Au substrate is electrically insu-
on the rare gas surface. lated but thermally connected to the cold tip of a

As we shall demonstrate for the system GBF closed cycle He refrigerator which cools the sample
the desorption intensity is drastically suppressed when down to~30 K. A volumetrically determined amount
the compound is deposited on the Xe spacer insteadof gas (Xe, CHECI) is condensed on the cold
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Fig. 2. Desorption of Cl and F~ from & 2 monolayer CHEE film Fig. 3. Desorption of Cl and F from a 2 monolayer CHFE! film
deposited directly onto the metallic substrate. deposited ontt a 6 monolayer Xe as spacer to the metallic substrate.

substrate by means of a capillary which can be placed
near the sample. To avoid surface contamination and which we shall not discuss here). Electron impact to
extensive charging of the film, the desorption spectra condensed CHJEI leads to remarkably strong reso
presented here always refer to one short scan on anance features in the desorption yield with a dominant
newly deposited system after evaporating the previous peak located around 9.7 eV. At that energy only a
one by heating the substrate. Calibration of the elec- very weak feature was seen in the corresponding gas
tron energy scale is performed by taking the onset of phase DA yield. It was shown that the absolute cross
the electron injection curve into the substrate as zero section for ion desorption is at least 2 orders of
(vacuum level) [18]. magnitude higher than the gas phase analogue (sur-
face enhanced DA [20]).
As can be seen by comparing Figs. 2 and 3 the

3. Results and Discussion desorption yield from the rare gas layer is signifi-
] o cantly suppressed with the effect more pronounced on
3.1. Desorption of negative ions the product CI. For a uniformly covered surface one

) ) would rather expect the opposite behaviour, namely
In Fig. 2 we present the desorption spectra of I 1 raacaq desorption efficiency from GJ&F on

a.nd F from "’_1 2 monolayer (ML) dose of CI—&E:I ~ the noble gas surface due to the lower solvation
directly deposited on the metallic substrate and in Fig. energy: apart from the orientation of the molecules at
3 the corresponding yields when the same amount of the surface, desorption of an ion into vacuum is
CHFClis deposne_d a6 ML of _Xe as aspacgr tq constrained by the interaction energy of the charge
the metal. Formation and evolution of negative ion with the medium. Desorption requires that the kinetic
resonances :om gas phhase molgcules, clgsters Tndenergy of the ion must be larger than this interaction
pondensgd P ase.CIQFEl as been discussed in detai energy. If the decomposition of the precursor ion at
in a previous publication from our laboratory [20]. In the surface is approximated as unimolecular the en-

th‘i gas phase We_ observed a weak resonance on th%rgetic threshold for desorption becomes [18]
CI™ channel peaking near 1.1 eV and a further on the

F~ channel at 3.4 eV (and also a very weak kignal gq= (M/M)V, + AH, (1)
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with m; and m the mass of the ionic and neutral and kinetics of such formation processes. We note
fragment, respectively andH, the thermodynamic  that recent experiments on the related compound
limit of the corresponding gas phase DA process and CHFCL, resulted in a comparable effect [22] as in the
V, the solvation energy which is essentially due to present system while the desorption intensity from
polarisation. Note that in this conteX, is a positive NF; was appreciably higher from the rare gas layer

number. The gas phageH, numbers are 0.14 0.1 [23]. In the context of the present interpretation this
eV for the CI" channel and 1.76- 0.2 eV for the F means that upon NFdeposition cluster formation
channel [20]. dues not occur. This is easily rationalized by the lower

Expression (1) indicates that the desorption thresh- intermolecular interaction as obvious from the much
old is directly proportional to the interaction energy lower boiling temperature of NfF(—130°C com
and for a given DA system desorption of a heavy ionic pared to 9 °C in CHFGI[21].
fragment is energetically less favourable. This last
fact is simply a consequence of the principle of linear 3.2. Structures of electronegative molecules on a
momentum conservation which results in less kinetic rare gas lattice
energy release to the heavy fragment.

The interaction energy of the negative ion is We consider here the deposition of electronegative
composed of the polarization energy with the neigh- molecules on a rare gas lattice. Bulk rare gases (with
bouring CHECI molecules plus the effect of the the exception of He) prefer the face centered cubic
image charge in the metal. In both cases we have a 2(fcc) lattice. Adsorption of rare gases on metallic
ML coverage of CHECI molecules and hence a substrates has been extensively investigated in the
comparable contribution from polarization. The im- past (see, e.g. [24-26]) and it appears that they prefer
age potential can be expressed by the (111) face on metal surfaces. If the interaction
between the adsorbed molecules is dominated by their
dipole moments this interaction will control the three
with e the elementary charge,,, the dielectric con dimensional lattice structure of the polar molecules.
stant of the materiad, the vacuum permittivity, and The dipole moments of nearest neighbours must then
the distance of the charge from the metal surface. For have opposite directions and from the symmetry of
bulk Xe we have a dielectric constant of 1.88 [21] the problem it follows that the molecular bulk lattice
leading to must be the body centered cubic system (bcc, see
below). On the other hand, the symmetric compounds
(CX, X = halogen atom) do not have a dipole
for a charge located on the Xe spacer with thickress moment and they hence form the face centered cubic
It is obvious that an ion located on the surface of the (fcc) lattice. In the latter case the density of the solid
noble gas layer is subjected to a considerably weaker p is connected with the distance between nearest
solvation energy than directly on the metallic sub- neighbour byp = m\/2/b® wherem is the molecular
strate. We hence interpret the present observation of amass. Table 1 contains values of the mean binding
considerably decreased intensity by the formation of energy per molecule obtained from the pressure of
clusters or islands on the rare gas film which reduces the saturated vapqr,,,on the basis of its temperature
the effective area (surface) for electron attachment dependencpg,;> exp(—e/T). These numbers refer to
and negative ion desorption. The additional observa- the temperature regime whepg,.has been measured
tion that this effect is more pronounced on Ghan and the accuracy is in the order of the thermal energy
on F may be related to the structure of the clusters or in this range. The numbers in parentheses give the
islands with the F atoms preferentially located on the intermolecular binding energy at the boiling point as
spheres. obtained from the enthalpy of vaporization. For com-

In the following we will consider the energetics parison the: values for the rare gases are 96070 K

Vp = €%/16me g0z

Vy(eV) = 1.9/2(A)
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for Ar, 1330 = 30 K for Kr and 1850+ 60 K for Xe. Table 1 '
All input data are from [21]_ Parameter; for som(_e fluorochloro metha@gjlstance between
. . nearest neighbours in the lattice,mean binding energy per
For the molecules of Table 1 the solid density iS molecule in the liquid, the number in parentheses refer to the
known and with the critical molecular volumé, the mean binding energy at the boiling temperatyredipole

; 3 _ + moment,U: dipole interaction energy calculated from Eq. (2).
scaling lawV /b . 2.0 £ 0.2 holds. The avgrage All input data are taken from [21].
accuracy for the distances between nearest neighbours

in Table 1 is*0.2 A. Molecule b(®) =(K) w® UK
Whereas solid bulk halomethanes with no dipole CFa 4.9 1700+ 200 0 0
CF,Cl 5.3 2300+ 200 0.50 250

m_oment have the fcc structure, polar halomethanes CECl, 56 2900+ 200 051 220
will have the fcc or the bce structure, dependent on crcy, 5.9 3500+ 300 0.46 160
the value of the dipole moment. As mentioned, it is CCl 6.1 4500+ 900 (3900) 0 0
. . CHF, 4.8 2300+ 100 1.65 3700
epergetlcal!y fayourable to hav'e nearest neighbours CH.F, 46 2900+ 300 160 4000
with opposite dipole moments in the case when the ch,r 45 2500+ 300 1.86 5800
dipoles dominate the intermolecular interaction. The CH, 4.3 1170+ 70 (1000) 0 0
. . . . CHLCI 4.9 3300+ 500 (2600) 1.89 4600
Iattlce_ then consists of two cubic Iattlcgs, each of them CHCl, 55 4000 300 (3500) 160 2300
containing molecules with parallel dipole moments. cHcl, 5.8 4000+ 300 (3800) 1.04 840
We hence have the bcc lattice with the dipole moment CHFRClI 5.2 3100+ 200 142 2100

of the central molecule opposite to those located in the

vertices. Withb the distance between nearest neigh-  ,,q5 this value is small compared to the real intermo-
bours Weilzave for the length of the elementary cell |ecyjar energy, but it is obviously essential for hydro-

| = 2b/3"'“ (lattice constant). The interaction energy gen containing compounds. We may hence conclude
per one molecule can be expressed by that the completely substituted compounds have the

1 2 N 2 N 27-3/2 fcc and those containing hydrogen the bcc structure.
[(2+ Ii) + (2 + Ij> + (2+ Ik) ] In any case for halomethanes on a rare gas surface
the interaction is dominated by the intermolecular

U=—u? >

ik

+ 2 D [1)2+ ()2 + (k)2 32 energy in contrast to molecu'les on a metallic surface.
ik Molecules on rare gas lattices will then cover the

1 surface not uniformly but rather form clusters or three

=—Uy >, dimensional islands. We shall now consider the sta-

Tl(1 .\ 1 \? 1 23 L . .
s > +il + > +ij| + > + Kk tistical physics of these islands.
For simplicity we assume that each island has a

1 hemispherical form and assume the same radius for
+Ug > (iZ+ 2+ K)° (2) each island. We shall evaluate a typical island size
Mk : under realistic experimental conditions. We will work
with Uy = w?/13. The values, j, k are negative and  with the free energyF = —T In z where z is the

positive integers which characterize the position of a partition function. Thermodynamic equilibrium corre-
molecule in the three dimensional lattice, if a test sponds to the minimum df, i.e. the maximum of the
molecule is located in the origin & j = k = 0). partition function.
This allows one to calculate the sum directly. Taking ~ We introduce the number of islands and a
into account the positions of approximately 1000 number of positionsm which they can possess,
molecules we get for the above suth= (5.0 = Evidently,m = S/4r? with Sthe target area andthe
0.1) X U,,. island radius. The partition function is

From the dipole interaction energies (Table 1) it E
can be seen that for the completely substituted meth- z = C¥, exp( — T)
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with CK, the number of combinations for the position energy to the thermal energy at the temperature
of the islands and the energy of the system of the sample. For the CHEIl molecule on a
Xe surface we have for typical conditions of
the present experimenT (= 30 K, | =2,S= 0.5
The first term is the volume energy (s the binding ~ €M) N = 4 X 10%, m = 4 X 10'%*", andA ~ 155,
energy per molecule in the solid, anmd the total With these values we obtain for the partition
number of molecules at the substrate) dhg, the function
surface energy of the island which can be expressed asy, 7 ~ const+ K[10 — (In k)/3] — 8 X 10%K/3

(5b)

r 2 r 2
Eour= [Zw(b> 2D+ Tr(t)) 2b-D )]k (42 Among integer values ok the maximum of the
] o partition function corresponds tio = 1, i.e. forma-
HereD is the binding energy between two molecules tion of one single island under thermodynamic equi-

andD’ the binding energy between a molecule and a |ipjym. The question then is on which time scale
rare gas atom ankithe number of islands. For the fcc

structure the binding energy per atontis= 6D. For

simplicity we assume the sphere surface having the

{100} plane, so that the surface energy per on atom is 3.3. Kinetics of cluster and island formation

2D, and the surface area per atombis Assuming

that the boundary between rare gas crystal and island In the actual experiment the sample molecules

is the same plane, the total surface energy of the are deposited within some several seconds and the
island can be expressed through the total number of spectra are recorded on a time scale of up to a few

E=—-en+ Eg, (3)

cluster and island formation occurs.

molecules ) and the number of island&) minutes. It must be remembered that adsorbates
5 are often grown far away from thermodynamic
= 277(b> (3D — D')k = 3k**n?3(3D — D) equilibrium and their structur-es may -be decided in
a very early stage of nucleation and island growth.

(4b) Such phenomena have recently been reviewed

If we neglect the interaction in the boundary between [27,28].

the cluster and the rare gas surface we obtain The mechanism of diffusion across the surface can
3 1 be thought as individual hops of particles from their
Esur= ekn?? (4c) original site to adjacent neighbour sites. In the case of

a coverage close to one monolayer a hopping event
can thereby lead to dimer formation. The hopping
frequencyd can be expressed as

Since the number density of molecules in the fcc
structure is 2/?/b® the total number of molecules is

_
o 2m\2 ( r )3k 9 = 9o exp(—Egn/T) (6a)

3 b
with 9, the pre-exponential factor artel,; the act

and withl the number of layers which can be formed vation energy for surface hopping. In terms of resi-
on the substrate (by a given number of molecules and dence times we can write

under uniform distribution) we have = Slb?. We

can now express the partition function from above as 7 ~— 7o exp(Eqire/T) (6b)
The pre-exponential factor is composed of the vibra-
tional period of the molecule in the site (18-10"*3
with const= ne/T and A = 3¢/2T. The parameter s) plus a factor accounting for the different “escape

A characterizes the ratio of the specific surface routes” from the given site [29]. The pre-exponential

In z= const+ k In(m/k) — An?3k*/3 (5a)
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factor can then range between T0and 103 s.
ObviouslyE 4 very sensitively controls the residence
time of a particle at a particular site. For physisorbed
systemsEy is in the order of 10% of the heat of
adsorption [29] and thus typically in the range of
100-500 K. For the present situation (sample temper-
ature 30 K) and assuming an activation energy of 300
K and a pre-exponential factor of 18 s one arrives

at a residence time of a few microseconds. Although
strongly dependent oy we may conclude that
dimer formation can easily occur for electronegative
molecules on a rare gas lattice. Once a dimer is
formed, its residence time is considerably larger due
to the increasing activation energy. Clusters consist-
ing of several molecules may no longer change their
positions so that the growth of larger islands is only
possible through evaporation of molecules from small
islands and attachment to larger ones.

4. Conclusion

We interpret the strong suppression of the desorp-
tion intensity from CHECI adsorbed on a Xe spacer
by cluster formation within the time scale of the
experiment. The observation that desorption of Gl
more suppressed than that of Ean then be explained
by a preferential geometry of the clusters with the ClI
atom located inside the complex. Such a geometry is
easily rationalized by the comparatively larger polar-
isability of Cl compared to F.
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