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Low-Energy Electron-Induced Processes in Fluorinated Copper Phthalocyanine Films
Observed by F Desorption: Why So Little Damage?
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As an indication of damage induced by hot electrons in an organic electronic material, the desorption of F
ions from a thin perfluorinated copper phthalocyanide film on Si@der low-energy (625 eV) electron

impact has been recorded mass spectrometrically. Yields and damage cross sections are very low. No strong
features due to negative ion resonances are found in the electron energy dependence of the desorption yield;
rather the yield function rises from a threshold at abou6%V continuously (with some weak structure)
throughout the measured range. We discuss these findings in terms of the electronic structure of the film, as
well as parameters influencing the relevant bond breaking process. We emphasize the strong influence of
energy redistribution, which quenches normally long-lived negative ion resonances and selects localized and
strongly repulsive excitations, as often observed in electronically induced bond breaking at surfaces. The
improved understanding should be helpful in the selection of low-damage materials for organic semiconductor
devices and for selection of operation parameters.

I. Introduction dissociate, resulting in the production of negative ions€Rd
others)’® a process called dissociative electron attachment
(DEA). In the present work, we examine the electron-stimulated
desorption of F ions from thin films of FCuPc, focusing on
low electron energies<(15 eV), well below the thresholds

Fluorine-substituted organic materials can be used as active
elements in FET (field effect transistor) circult3.One such
material is perfluorinated copper phthalocyanine, FCuPc

(CaoF1eNsC), a quasi square-planar molecule with a Cu atom expected for F formation. The desorption of Fions from films

in the center and €F bonds at the perimeter. Its utility as an - o -
n-channel semiconductor in condensed films is based on high.Of FCUPC.'S pr_op_osed as a useful _|nd|cator of electromcall_y
carrier mobility due to strong—z overlap of the stacked mole- induced d!ssomauon processes, which can lead to degradation
cules in the FCuPc layed<. In model devices, loss of contact of the desired electronic coupling between molecules, and thus
near the polymer/metal interface leads to failure after prolonged .Of the functionality of devices. Also, we hope to cl_arlfy the
operatior®>6 In test cases, it is reported that gate voltages of Important aspects and parameters of this process in terms of
100 V and bias potentials 0¥100 V between source and drain excitations anq subsequlent. Processes. ) ]
are often employe#:® This means that in principle electrons .Ion desorption as an indicator of damage is most useful if
can gain energies of several electronvolts before suffering this damage occurs at or near the surface. There could be
important inelastic losses in the film. Under such conditions, destructive processes deep below the surface, in particular at
these hot electrons can cause electronic excitations that maythe interface of film and support, which would not lead to
lead to degradation of the material. In this low-energy region, desorption. Although in dielectric films electronic excitations
below the threshold for dipolar dissociation (DD), the potentially ©Originating in the bulk can be transported to the surface,
bond-breaking excitations with the highest cross sections usuallydissociative events following electronic excitations in a con-
occur via the formation of negative ion resonances. densate are likely to be localized. Also, dissociation events in
One possible way to investigate these destructive excitationsWhich neutral fragments are expelled, and after which ions
is to detect the expulsion of negatively charged ions from the remain trapped, are not detected. So, when fragment desorption

surface under controlled electron irradiation. For materials with 0ccurs there is certainly some damage; but if no desorption is
high electron affinities, such as perfluorinated aromatic mol- observed, freedom from damage is not assured. On the other

ecules, irradiation by low-energy electrons10 eV) can lead hand, because the films appear to be electronically quite uniform
to temporary electron capture by the target molecule with very throughout their thickness (except for the monolayer in contact

high cross sections. The transient negative ions thus formed carith the substrate), the observed desorption eveewen if
mainly stemming from the surface regiemdicate the suspected

t Part of the “Giacinto Scoles Festschrift”. presence of similar processes occurring inside the films. This
* Corresponding authors. E-mail: menzel@ph.tum.de (D.M.); madey@ will lead to deteriorating performance, even though these events
physics.rutgers.edu (T.E-M.). are not observable through desorption. Therefore we believe
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The main experimental results of this investigation are as 7
follows. The yields of F and cross sections of bombardment-
induced changes are very low compared to expectations from
gas-phase values. The threshold electron energy for desorption
of F~ ions from FCuPc is~5—6 eV, and the yield function
(i.e., the electron energy dependence of the ion yield) exhibits
an atypical behavior. Strong peaks due to DEA, as observed in
the yield functions of fluorocarbons, are not observed; rather
the F energy dependence exhibits only a slightly structured
increase with energy between 5 and 9 eV. Above 9 eV, the
yield function increases more rapidly, which is likely due to
the onset of dipolar dissociation (DD) through excitations of
localized on the €F bonds, possibly overlaying broad reso- 0 5 10 15 20
nances involving*(C —F) derived orbitals, partly of many body
nature. The low overall damage seen and its behavior with
energy is due to the suppression of the high cross section

J, = 0.5 uAlom’

Transmitted Intensity (nA)

Electron Energy (eV)
Figure 1. Current to sample as a function of incident electron energy.

negative ion resonances. 25000

The bulk of the present work is concerned with a detailed E =9340V
analysis of these results, which are taken as representative for 20000| o
a larger class of molecules useful for electronic devices, those
containing large aromatic systems. In these, considerable _,_
intramolecular and intermolecular energy redistribution appears » 15000¢ Fon yild
to affect the desorption yield and to quench excitations that may %
be observable in isolated molecules and are observable in smaller 10000¢
molecules. The rather high primary excitation energies found
suggest that damage in electronic devices can be minimized by 5000} 0100 200 300 400 500
using low voltages to suppress electron-induced bond breaking. Time ®
Also, the strong tendency of energy redistribution in coupled ol « .

m-electron systems explains the particular suitability of the 0 10 20 30 20 50 &0 70

present and similar systems for such devices. Mass (amu)

Figure 2. Electron-stimulated desorption (ESD) of negative ions from
a FCuPc film. Inset: stability of the Fsignal as a function of time of
The samples consisted of 10 cm Si wafers with native oxide, electron irradiation.
which were cleaned by rinsing with acetone, methanol, and ) o o
finally 2-propanol, and dried by blowing with a;Njun. The curve is shown in Figure 1, where variations up to 20% were
films of FCuPc were vacuum evaporated at room temperature.recorded for the current transmitted through the f|_|m_ between
The film thickness (2.5 nm) was verified using Rutherford 4 and 19 eV. 'I_'he incident current was constant within 5% for
backscattering spectroscopy (RBS). Samples xciem were electron energies above 4 eV. Nggatlve ions desorbed from the
cut from the wafers and transported in air to a vacuum interlock, Surface were collected by an ion lens and detected by a
for insertion in the ultrahigh vacuum measurement system held duadrupole mass spectrometer (Extrel 150-QC). The lens is
at a base pressure of 2 10710 Torr. No sample heating or covered by a grounded _shleld held at the same_potentlal as the
cleaning was attempted. Separate experiments on similar filmsSa@mple. However, the first element of the lens is hele-20
with XPS showed very good agreement with publisireditu V with respect to the sample and thus provides a draw-in
XPS of vacuum-deposited filnfsThis suggests that these films potentlgl for anions. ConS|der|ng the e_ff_ectlve collection angle
are quite inert and clean, so no important contamination is from this potential and_the detection efficiency of the quadrupole
expected; this is corroborated by the low-impurity signals in for F~, we roughly estimate that about 30% of the desorbed F
electron-induced ion desorption (see below). No structural I0NS are measured in our experiments. In the latteiwas the
investigations on these samples have been done; althougtlominant species; the'Hand CI" impurity ion signals were
NEXAFS would have been valuable, this would have required |OWer in intensity by more than a factor 50, as seen from the
synchrotron radiation, which was not available. XRD of similar Mass spectrum of Figure 2. This suggests that the samples were
films indicated that the majority of the molecules were oriented duite clean, with only traces of contamination. Measurements
edge-on which suggests that at least a large part of the surfacef ion yields vs electron energy were made by sweeping the
molecules is oriented nonparalfdl. beam energy while monitoring the ion signal.

The apparatus used to measure electron-stimulated desorptior|1
of anions has been described in detail elsewketeOnly a
brief description of the procedure and experimental arrangement The maxima of the observed Fyields were about 1(s
is provided here. Each sample was irradiated at an incident anglecn?); this value corresponds to aboutZ@ons/electron, which
of 70° from the surface normal by an electron beam from a approximates to a desorption probability of>x3 1077 ions/
commercial electron gun (Kimball Physics Inc.). The gun electron. The F yield was roughly stable with time at 23 eV
provides a beam with a spot diameter of 2 fnencurrent density ~ and 0.5uA/cm? (corresponding te~3 x 102 electron/(s crd)
of 0.5 uAlcm? (i.e., 10 nA ih a 2 mn? spot) and an energy  or ~0.1 electron/s per surface molecule) over times necessary
resolution of 0.4 eV full width at half-maximum. The zero of for experiments. The change of about 2% in 500 s shown in
electron energy was obtained from the onset of the electron the inset of Figure 2 corresponds to a cross section of about
transmission curve to the sampfeA representative transmission 10717 cm2 for the electron-induced change in the layer

Il. Experimental Procedures

II. Experimental Observations
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fragments to be formed, at least one of the fragments must have
a positive electron affinity.

For isolated fluorine-containing hydrocarbons there are clear

’g 8000 low-energy resonances corresponding to DEA. The frequently
o observed negative ion at vanishing electron energy is due to a
% 6000+ shape resonance for electrons captured into the LUMO. With
= increasing electron energy; Fas well as larger fragments are

5 3000l found. For F ion production, resonance peaks found mostly
w in the range 410 eV dominate the spectfa hese peaks were

interpreted as due to shape resonances as well as core-induced
resonances of considerable lifetime; their energy content is
L sufficient to break the €F bond, albeit possibly after energy

4 6 5 10 12 14 redistribution. For instance, forgEs, the simplest perfluorinated
aromatic, which is a building block of FPc molecules, the F
yield for the isolated molecule shows peaks at electron energies
of ~4.5, and 9-11 eV, and then becomes very small at higher
energiesd$ Electron capture into the LUMO of*-type near 0

eV leads to a transient negative ion state with energy below
the anior-neutral fragment dissociation limit, which therefore
cannot dissociate. The 4.5 eV resonance (which also yields

Electron Energy (eV)

Figure 3. Solid curve: F ESD signal from a FCuPc film as function
of electron energy. Dotted curve: Negative second energy derivative
of the F yield emphasizing structure of the yield curve.

connected with F desorption. This cross section represents a
lower limit for electron damage because the product resulting = . ; :
from degradation can also emit Hf this decrease scales with CeFs fragments_) Is explained by electron capture into the
electron energy as the anion desorption, then the cross sectiorpecond unoccupied MO, _also m_f-type, or t_)y a core-induced
at 10 eV is about 10 crr?. Compared to DEA of fluorocarbons ~ 'eésonance (1h 2e state) involving a hole in thelOMO and

at lower energies in the gas phase, these cross sections are lowdyvo electrons in ther* LUMO_ and possibly another UMO.
by at least 2 orders of magnitude. We note that ther*(C—F) orbital of GFs condensed on gold

]has been determined at 3 eV above the Fermi I1Eveg that
this orbital could well participate. The higher resonances are
ascribed to core-induced resonances; they certainly contain some
C—F antibonding nature. Above 15 eV the intensity vanishes.
In general, above approximately 125 eV there is seldom

trong anion intensity for isolated molecules, which means that,

ompared to the (resonant) cross sections of DEA, those for
(nonresonant) DD are small for molecules. For clustered and

ndensed species the initial transient negative ion cannot leave

e surface because polarization leads to an increased binding
energy in addition to the ground-state condensation energy.
Similarly, large fragment desorption is mostly quenched, because
high-mass fragments cannot escape the induced polarization
potential; in addition, their share of acceleration is small

i. Negative lon Formation. The resonant formation of atomic ~ ¢0mpared to a small fragment. In other words, conservation of
or molecular anions at the surface or in the bulk of physisorbed €N€rgy and momentum in molecular dissociation have the effect
molecular layer&!213is initiated, as in the gas pha¥hy the that th_e low-mass fragments have higher kinetic energy aljd are
capture of a low-energy electron into a transient anion state (i.e., Mre likely to escape the surface than the slowly moving higher
a resonance) of an adsorbate molecule, . +€ABC — mass fragments, Whlch are more eff|C|entIy trapped .by the
ABC®)-, where the transient anion ABT can be formed by polarization potential. Nevertheless, in .the fAeld function
temporary electron attachment into a shape resonance (oneStrong resonances frequently appear, which are usually separated
electron, 1e, state) or a core-excited resonance (one-hole two{fom intensity increases abovel2—15 eV (examples include
electron, 1h 2e, state). This process may occur whenever a low-F~ 1om CFCb, CoFs, and GFsCl (ref 7, pp 58-61).
energy electronE < 20 eV), created near a surface as a  Again looking at GFs, its condensate (here on a xenon or
photoelectron or secondary electron or incident from a vacuum krypton spacer layer) shows an Field curve in which the 4.5
source, impinges onto a condensed molecular solid. The ground-€V resonance is almost invisibféout exhibits a broad structured
or excited-state ABO~ may decay via (a) electron autode- peak starting at-5 eV and a maximum at11 eV; above this
tachment to a molecular ground or excited state, (b) dissociationenergy the yield intensity declinéBigger anionic fragments,
into an anion and ground- or excited-state neutral fragments, which exist for the isolated molecule, disappear for the
or (c) stabilization of the molecular anion. Process ¢ may in condensate; indeed, in essentially atindensedluorinated
practice only occur if the internal excitation energy of the aromatics (as well as in Freon-type molecules) no larger negative
intermediate AB© ~ can be transferred to the solid. Fragmenta- ionic fragments are observed to leave the surface at any electron
tion also occurs if in process (a) a dissociative electronic state isenergies. Though the threshold for DD is expected arourd 10
produced. Depending on the energy of the electronic state, thel2 eV, the similarity of the 810 eV peaks for the isolated and
fragments can be either neutral (e.g#+C) or charged (e.g.,  the condensed species suggest that their origin is mainly DEA
A~ + BC™). The latter process is termed resonant BOhe via core-induced resonances. These are usually assumed to be
only other channel, which can lead to molecular damage, is a # — z* transition with 2 electrons in the LUMO as the
nonresonant DD of an ABC* state into positive and negative strongest excitations. So the-type resonance at 4.5 eV can
fragments, e.g., A+ BC™. Of course, for stable negative ion lead to F production only after some energy redistribution

The main result concerns the electron energy dependence o
the F yield, which is displayed in Figure 3. The threshold of
F~ desorption lies around-5% eV, depending on the way
extrapolation is done. A gradual, slightly structured rise, without
clear indication of resonances, follows up to 25 eV where the
measurements were terminated. The negative second energ
derivative of the yield function has peaks at 8.2, 10.5, and 11.9
eV. The curve is displayed at the bottom of Figure 3. Even if
these peaks can be interpreted as resonances, they are very bro
and/or are covered by a superimposed gradual increase. For th
yield of a negative ion, this is a quite unusual behavior.

IV. Discussion
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within the molecule to produce sona&(C—F) character, i.e., C up
16 urc

to localize the excitation on the-~ bond. This would require

that the resonance concerned is rather long-lived. In the
condensate, however, rapid delocalization of the excitation
energy and/or the additional electron should occur and make
this reshuffling, which can lead to"Fdesorption, improbable.
Complex excitations such as core-induced resonances (1h 2e
excitations) are more strongly localized by correlation and
should therefore have longer lifetimes than shape resonances.
Furthermore, they usually possess a larger gradient of the
potential energy curve in the Franckondon region (i.e., are
more repulsive). Both these properties increase the success rate ,
for fragmentation. These interacting effects are well-known for -0 8 6 4 -2 0 2 4 6 8
bond breaking in adsorbates and condensates at higher energies Binding Energy w.r.t. E_

(above the ionization or multiple ionization limit) by excitonic Figure 4. Spectral features of a film of FCuPc on Au in the ranges of

and ionic excitation_s (see, e.g., refsﬂ). There the general occupied electronic states (photoemission spectroscopy, PES) and the
rule has been derived that complexity and repulsiveness of empty states (inverse photoemission spectroscopy, IPES) (courtesy of

excitations conspire to make bond breaking more successfulA. Kahn, unpublished datg.
under circumstances of competing delocalization.

We now apply this general knowledge to our case. For CuPc n-electr_on system. We therefo_re suggest tha_lt fqr a Pc-like system
and FCuPc films there is agreement that at most the first alreadyintramolecular delocalization of excitations can lead to

monolayer of molecules on a conducting support shows Strongerstrong guenching of fragmentation for all nondirect dissociation

binding; thicker condensed layers interact only weakly by Van paths.Intermolecular delocali.zation, coming into play as the
der Waals forces ane—zx overlap. Therefore it appears justified  €ffect of the condensates, might even not be necessary for the

to approach the problem mainly from a molecular viewpoint, observed quenching of fragmentation induced by such transient

albeit taking the mentioned condensation influences into account,negative |on§. Hlere dfragtr:)nenéagon Igan c_)nlyhbef.successfull for
As no data on electron-induced fragmentation of isolated Pc €Xcltations that lead to bond breaking in the first pass, 1.e.,

molecules exist, we cannot make a similar comparison as Was|mpuIS|ver. Consequently, the relevant excitation itself must
possible for GFe. have a strong component on the-E bond, and be very

The di . b h lained t f th . repulsive; then a long lifetime is not necessary. It is interesting
€ discussion above has expiained two of the main 4, 5q \yhether more can be concluded about the orbitals and
characteristics of our findings, the absence of any anion

: . . transitions involved under such conditions.
production at very low energies{® eV), and the rather high

threshold. It h t lained why th d q f ii. Electronic Structure of FCuPc: Filled and Empty
reshoid. as not explained why the energy dependence Olq a5 A few spectroscopic papers exist on the filled and
the yield curve is so different from other condensed fluoro-

. . - o empty levels of FCuPc. As an example we show in Figure 4
aromatics, such asgEs: the relatively low ion intensity in the Py P 9

f tive i below 10 eV) and the hi hdata from photoemission (UPS; filled states) and inverse
range of negative ion resonances (below 10 eV) and the hig photoemission (IPE; empty statéd)Other work has reported

increases above th.at' range, (.:ontinuing. to 25 eV (and likely data from UPS and XP$26 and from XES?’ Although there
above). The most similar case is Besorption from condensed is some variation of the derived level energies with thickness

16 - R . .

CoFs, ™ also .an system. ) _and preparation of the films, a set of energy values (relative to

One possible explanation could be that the observed behaviorg,) can be derived for occupied states {at.3/~1.8/~3.7/~
is not due to any specific excitations but to the action of 6 2/-7.6 to—8 eV) and for unoccupied states (at 0.2/1.1/3.5/
secondary electrons in a condensed layer. The low-energy part o/>8). We note that the corresponding data for G§Rtand
of these secondaries could again be attached to produce transiefpr other metat-Pcs such as ZnPare not very different?
negative ions, orif they have sufficient energycould produce For further conclusions we need information on the nature
DD or ionic excitations. However, the secondaries involved of these orbitals. Although most authors who have been working
would have to possess energies above 6 eV to become effectivegn this have been mainly concerned with the mobility gap, i.e.,
Secondary yields are known to be low below 30 eV, and to wjth HOMO1 and LUMO1, some theoretical analyses of the
contain their main weight at very low energislthough the  fy|| range exist, in particular for CuPc and other metal
secondary yield of our sample has not been measured, it appearp¢’s27.3+-33 The comparison of Liao and Scheifis particu-
extremely unlikely that the yield of such secondaries would rise |arly helpful in pinpointing the metal participation in the various
sufficiently within the relevant span to produce the observed orhitals. These calculations clearly show that the HOMO in
behavior. We therefore exclude this as an explanation for the cypc is Cu-dominated and the “ring-derived” HOMO lies below
range up to about 15 eV. Secondaries might contribute to theit: Cu participation extends into the valence band. Though there
continuing rise above that energy and explain why in general js strong metal character in the LUMO for early transition metal
the negative ion yield from condensates does not drop drastically pc's, for CuPc the LUMOs 42 are found to ber-type ring

IE=6.4eV

Intensity (a.u.)

above the resonance region. orbitals. Carniato et &F state that the HOMO is a GtN hybrid
It makes sense, then, to discuss the possible excitationsand the LUMO is ar-type ring orbital with little Cu character.
responsible for the (structured) increase in the rangé%eV, The only work that directly addresses FCuPc orbital assign-

and the absence of resonances. The overall cross sectionsnents is that of Kurmaev et &l.From the combination of XES
observed here are small on the scale of negative ion resonancesiata and calculations, the authors arrive at the conclusion that
So, though these resonances will still exist, their contributions the maino(C—F) character should be in the OMOs at B

to F~ production must be strongly quenched; already fgffsC eV belowEg. This agrees with the conclusion of ref 26, which
the lowest resonance is quenched by condensation. We are noveompares UPS data of CuPc and FCuPc and concludes that
concerned with a molecule with a much larger and correlated although most peaks essentially stay rigid with respect to each
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other (the observed shift relative & is mainly due to the channel, which overlaps with the onset of DD. Energetically,
change of interface dipole momé®)t the peak at about8 eV this resonance could correspond to the— (7*)2 resonance
shifting against the others should be duedf@—F). Their mentioned above. However, this excitation does not possess the
observation agrees with the general expectation from the well- required localization on the-6F bond and therefore is expected
known perfluoro effect, which for aromatic molecules states to be ineffective for F production even if its lifetime against
that upon substitution of all H atoms by F tlelevels are delocalization is increased by correlation. It is more likely that
stabilized relative to the-levels and the latter stay rigid;for there exists also a 1h 2e excitation in this range, which involves
a discussion related togEs, see ref 35. Calculations of Liao et  as—p* excitation coupled to electron capture into &C —

al.3% on the effects of fluorination for the case of FePc show a F) orbital. Similar excitations may play a role in the threshold
rigid shift by about 1.5 eV to higher binding energy of all range below that.

examined orbitals, which may suggest that therbitals So we propose that the observed unusuayfld curve is
supposed to become stabilized lie below their range of calcula- due to fast intra- as well as intermolecular energy redistribution
tion (from Ey to —8 eV relative toEy*). in this condensed layer of a strongly coupleding system,

So, unfortunately, the cited papers do not give a clear answerwhich has the effect that only excitations directly localized on
about the energetic position of th&(C—F) level. An interesting the C—F bonds and being highly repulsive for these bonds are
argument about its location derives from a paper on X-ray successful in fragment production, because they can lead to
absorption (NEXAFS) in the F1s excitation range, monitored impulsive dissociation. The excitations with the highest cross
by F* ion desorptior?” From the high F desorption in the  sections, ther* as well as ther — (*)? resonances, do not
lowest energy F1s NEXAFS peak it was concluded that this appear in the Fyield function. Therefore, our observations can
peak corresponds to the Fiso*(C—F) transition (the results ~ be understood in terms of the superposition of one (or several)
have recently been corroborated by ion-Auger electron coinci- core-induced resonance with somrecharacter and the onset
dence measuremefis This means that the LUMO of the of DD througho — o* excitations localized on the-€F bonds.
F-core ionizedsystem is thes*(C—F). Although the core hole  This competition of delocalization and localization and the
introduced in the F atom will pull down the empty states in additional influence of high repulsive nature to select the
energy relative to the ground state, this still suggests that evensuccessful excitations is well-known from the body of work on
in the latter theo*(C—F) level cannot be too high in energy. electronically induced fragmentation of adsorbates at higher

iii. Correlation of Electronic Structure with F ~ Yield. If energies?!
we scrutinize these results for possible excitations that could Above 10 eV, the oscillatory structures in the fyield
lead directly to a strongly repulsive state localized on theFC ~ function may arise from two possible sources superimposed on
bond, there are several candidates. The weakness of resonarit direct DD background. The latter may be due to an increase
structure in the yield suggests that we should not concentratewith electron energy of the number of electronically excited
on negatively charged states. The strongest dissociative effecistates that dissociate via DD. The structures may arise from
would occur for a neutral excitation from@C—F) to ao*- DEA via transient anions formed at higher energies with a small
(C—F) orbital followed by DD because this would introduce a cross section. However, above the threshold for DD, DEA is
hole into the bonding and an electron into the antibonding state not the only process that can produce peaks in anion yield
localized on G-F. The corresponding high repulsiveness would functions. As explained in the beginning of this section, transient
lead to the required direct dissociation, and the negative chargeanions decaying via autoionization can leave the molecular target
on the F fragment would be due to its high electronegativity. in dissociative electronic excited states. Such states can dis-
Because any energy above threshold can go into the fragmentssociate via DD if the process is energetically possible. There
and the scattered electron, the excitation need not be resonangould also be a contribution from secondary electrons leading
and would result in a monotonically increasing yield with to excitations at lower energies.
increasing energy, as observed experimentally. The large In conclusion, we note that the high stability of FCuPc in
positive fragment would stay on the surface and disperse its devices derives from the discussed rapid intra- and intermo-
energy (a small share as a consequence of momentum conservdecular energy redistribution after electronic excitation. This
tion) and charge in the layer. Pure energetics show that leads to efficient quenching of most of the strongest excitations.
desorption from DD is possible for electron energies greater The remaining processes leading to potential damage most likely
than about 10 eV (we recall thateC—F)-type filled orbital involve loss of F from the ring periphery. The resulting
appears to lie around8 eV belowEr), whereas core resonances asymmetric molecules are certainly not planar any more, and
may lie above 5 eV (see Appendix). the energy injected into the layer will enhance disorder and

The discussion above has not given a clear answer as to whergeducer—s overlap between molecules. This phenomenon will
a o*(C—F)-like empty orbital would lie in the ground staté lead to deterioration of device functionality.
could be the 3.5 or the 5 eV peak of Figure 4. This would lead  We have derived these conclusions from the observation of
to an energetic distance between the two orbitals of at least 12F~ desorption. This must be accompanied by the formation of
eV. However, due to the holeelectron interaction, the transition  neutral radicals and positive ions; at higher electron energies
energy is smaller than this energy difference. Actually, this dissociative ionization contributes to the formation of these
Coulomb interaction should not be too much larger for the core species. The main practical conclusion for stability of electronic
electron excitatioff than for this valence excitation because the devices that utilize FCuPc is to try and limit as much as possible
latter is also localized on the same atoms as the receiving orbital.the energy of electrons that could arise from acceleration in
For the o*-orbital to become the LUMO in the Fls-ionized regions of high-voltage drops. If these can be limited to voltages
systeni® the Coulomb stabilization has to be at least 4 eV; so below 5 V, then film stability could be considerably improved.
the proposedr — o* transition should then have a threshold Because the processes showing up bydeésorption should
around 10 eV. This is well compatible with the main increase occur throughout the film, albeit without being observable by
in the F yield seen in Figure 3. The signal below 10 eV can anion desorption, and because in the range up telB50eV the
be ascribed to decay of a resonance-&t eV into the DEA described mechanisms should be dominant, our probe can be
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considered as an adequate indicator of destructive processes igoverned by momentum conservation) arises. However, the final

high electric field devices. state attractive interactions between the separating fragments
have to be taken into account.

V. Summary Dissociative Electron Attachment (DEA).For the minimum
energyEex{min) for DEA of F~ from FeCuPc, i.e., for the

We have used the desorption of Fons from FCuPc films
under low-energy electron irradiation to monitor damaging
processes and access their nature. The main experimental result
is related to electron resonances, or rather their absence.
Generally, these dominate the Fyield functions from F-
containing molecules, but with FCuPc films the yield function
is low and exhibits essentially a continuous rise from a threshold
around 5-6 eV. The main conclusion is that the negative ion
resonances normally dominating fragmentation of fluorinated
hydrocarbons at electron energies up to 15 eV are inefficient in
these films due to fast energy redistribution, in the big correlated
m-system of the molecule and in addition among the coupled
molecules. Their contribution to the production of negative
fragment ions is lowered by several orders of magnitude.
Therefore, most of the fragmentation occurs by direct impulsive
dissociation via strongly repulsive excitations localized on the
C—F bond. Below 10 eV, contributions to the Fyield arise
from core-excited negative ion resonances involvifi(C —F)
participation, and at higher energies dipolar dissociatiorovia
— 0*(C—F) excitations is the main contribution to the feld.

reaction
e + F,.CuPc— (F,.CuPcj” — F,.CuPc+ F~
we have

E.,(min) = E(C—F) + E(pol) — EA(F)

HereE(C—F), the energy necessary to break the bond of one F
to the remaining BCuPc fragment, ané&(pol), the attractive
polarization energy between the two fragments (or between the
F~ and the film), have to be expended, and EA(F), the electron
affinity of F, is gained.

A web search for the values &(C—F) yields an estimate of
about 4.8 e\ EA(F) is about 3.4 e\ With an estimate of
E(pol) of 0.5-1 eV we arrive at a minimum energy of-2.5
eV. Our measured threshold value is considerably higher, which
corroborates our conclusion gained independently by the discus-
sion of the likely mechanism: that the lowest anionic excitation

We believe that the results of our detailed analysis of this W'th_ enough_ energy does not lead to DE_A_|n our case..
test case have led to improved understanding of the processes Dipolar DISSOCI&:[IOI’I (DD). For t_he minimum excitation
relevant for radiation damage in molecular electronics materials. energy for DD of F from FiCuPc, i.e., for the reaction
Materials with large couplecr-systems will be particularly
suitable for low-damage devices due to their ability of efficient
redistribution of excitation energy for all but the most localized .
excitations leading to direct, impulsive dissociation. To further W€ estimate
improve device stability, measures should be taken to minimize .
the energy to which electrons are accelerated in electronic Eexdmin) = IP(FysCuPc)+ E(C—F) + E(attr) — EA(F)
devices due to high local fields. Inhomogeneities, which have
a tendency to increase the magnitude of local electric fields
should therefore be reduced to a minimum. Generally, devices
constructed from systems highly capable of energy redistribu-
tion, both intra- and intermolecularly, should be considerably
more stable toward the destructive action of low-energy
electrons.

e +F,CuPc—FCuP¢ +F +¢€

Here, IP is the ionization potential of thesEuPc fragment,
and E(attr) is the energy required to separate the negative F
from the positive fragment ion (ECuPc), or from the film. In
view of the large size of s=CuPc, we assume that its ionization
potential is about equal to that of the parent molecule (R (F
CuPc)~ 6.1-6.3 e\d). The C-F bond energy (now for {5
CuPc) is assumed to be the same as f@CEPC, i.e., 4.8 eV,
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The estimate then results in an absolute threshold of about
Appendix 9.5 QV. Because .it is unlikely that the lowest possible final state
. o . carries much weight, the actual threshold should be somewhat
The thermodynamic minimum excitation energiésq{min), higher. This agrees well with our interpretations.
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