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Contents seen the emergence of a new field of study, involving
molecular “wires” connecting metal or semiconductor con-

1. Introduction 1553 tacts? Here the traditional molecular view of electron transfer
1.1. General - 1553 between donor and acceptor species gives rise to a novel
1.2. Low-Energy Electron Transmission (LEET) 1554 view of the molecule as a current-carrying conductor, and

Spectroscopy o observables such as electron-transfer rates and yields are
1.3. Low-Energy Photoelectron Transmission 1555 replaced by the conductivities of such molecular junctions
(LEPET) Spectroscopy or, more generally, by a currenvoltage relationship.

2. Experimental Methods 1555 Another type of transport occurs when the electrons have
2.1. LEET Spectroscopy 1555 positive kinetic energy relative to the VL; namely, the
2.2. LEPET Spectroscopy 1556 electrons are unbound while passing through organic films.

3. Interpretation of LEPET Experiments 1556 Such electrons are applied in electron microscopy, where

4, Measurements of Elastic and Quasi-Elastic 1558 electrons with energies of thousands of electronvolts are used

Scattering in Thin Films by LEET for obtaining structural informatiof.In the low-energy
5. Measurements of Electronic Excitation near 1561 region above the VL, low-energy electron transmission
Threshold in Molecular Solids by LEET (LEET) and low-energy photoelectron transmission (LEPET)
6. Determination of Quasi-Elastic and Inelastic 1563 spectroscopies have provided information on the transport
Mean Free Paths (MFPs) by LEET parameters of electrons with energies close to zero to about
7. Measurement of Surface Charges by LEET 1564 12 eV in thin-film molecular and biomolecular solids along
8. LEPET through Organized Organic Thin Films 1566 with data on their dielectric properties. These techniques and
(OOTFs) the results obtained from their use with such films since the
9. Angular Distribution of Photoejected Electrons in 1567 earliest experiments are reviewed in the present article.
LEPET From biophysics to insulation of power lines and futuristic
10. Electron Transmission through DNA Monolayers 1569 applications of molecular electronics, understanding the
11. Spin-Dependent LEPET 1573 transmission of low energy {612 eV) electrons (LEESs)
12. Summary 1575 through organic-based materials is_of_central interest. Th_e
13. List of Abbreviations Used in the Text 1576 energy dependence of LEE transmission through dielectric
14. Acknowledgment 1576 media and semiconducting materials has been investigated
' both theoretically and experimentally for more than half a
15. References 1576 century. In such experiments, LEEs are incident on a thin
film usually deposited on a metal substrate; simultaneously
. the current passing through the film is measured as a function
1. Introduction of electron energy. Basically, two types of transmission
experiments can be performed: LEET and photoinjection.
1.1. General In the photoinjection experimef®, electrons photoejected

from the metal substrate, which pass through the film, are

Electron transfer is a fundamental chemical process under- . - i
lying all redox reactions and has been under experimental meas_ured In a vacuum. The ph_otoelectrons are injected into
the film with ill-defined energies and momenta, but the

and theoretical study for many years. Generally, electrons may . tgoing electrons that escape into the vacuum with a given

be transported through organic molecules following various .

mechanisms. One way to sort the transport processes is b)pnelrgy ar:d IinEoErr_}_entlumt can fbe selected with an dele::tron
relating them to the energy of the transported electron. For&neaf)illfner.lnnthis caéee fﬁer?r?; dre%rpb\g:r%urg sa;ev:/r:atl:ll— di?in?ag
example, in the well-established field of electron transfer, the : '

electron has negative energy relative to the vacuum level SNy and momentum, but the current measured at the metal

(VL) when it is transmitted between the donor and the accep- substrate contains electrons scattered into all angles that have

tor through a molecular briddeln recent years, we have lost energy. Furthermore,_when the f|_Im is h|ghly disordered,
electrons are scattered in all possible directions near the

surfacé so that in LEET the momentum of the electrons in
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Figure 1. The expected transmitted photoelectron energy distribu-
tion assuming “classical” scattering of electrons by molecules in a
thin film deposited on a metal substrate (dashed line). The initial
photoelectron spectrum from the metal substrate is shown as a solid
line.

have a lower energy than their initial energy (see Figure 1).
It is also possible, in a different approach, to parametrize
the dielectric by a barrier and to calculate the tunneling
probability through this barrier. In this quantum mechanical
approach, the problem is treated in one dimension and the
barrier is characterized by its height and wiglffull quantum
mechanical simulations have been conducted on electron
transfer through thin arg8f® or water layers. In these
simulations, the “band”-like electronic structure was estab-
lished for ordered layerS.A comprehensive review of the
theoretical aspects of electron transmission through molecular
interfaces has recently been published by NitZan.

1.2. Low-Energy Electron Transmission (LEET)
Spectroscopy

Despite their simplicity, LEET experiments have often
been difficult to interpret owing to multiple scattering of the
electrons. In the past, several attempts have been made to
correlate structure appearing in current vs voltage plots of
the transmitted current with the target band structure (i.e.,
the relationship between electron energy, momentum, density
of electron states, and geometrical structure). In the early
work of Hilsch® Wright,** and Bruning'® low-velocity elec-
trons were used to bombard metal surfaces coated with thin
films of potassium chloride, sodium chloride, calcium fluo-
ride, and barium oxide targets. The ratio of total backscattered
current (elastic plus inelastic) to the bombarding current was
measured as a function of electron energy. Since the trans-
mitted current represents the incident current minus the total
reflected current, these experiments are equivalent to LEET
experiments. In all backscattering measurements, a decrease
in emitted electrons (corresponding to an increase in trans-
mission) was noted at a certain critical energy for each partic-
ular film. From comparisons with optical absorption experi-
ments, it has been found that exciton levels existed near
maxima in the transmitted current. More systematic inves-
tigations were later performed by Jacobs et%@Fredrikov
and Goryachev#, and Fredericks and CodR,who inter-

Theoretically, in the simplest approach, it was assumed preted structure in their spectra as electron interaction with
that the electron is a point charge and scatters in the mediumcrystal imperfections. In the 1970s, LEET experiments in

via classical mechanidswith this formulation, the energy

pure®?°and doped alkali halide films, as well as alkaline

dependence of the elastic and inelastic mean free pathsearth fluoride films?? were performed by Hamill and co-

(MFPs) can be estimated. This classical approach is basedvorkers. Above the lowest energy optical transition, maxima
on random scattering processes, in which electrons changen the first energy derivative of the transmitted current were
their momentum because of the collision with atoms or interpreted to result from electronic transitions. Structures
molecules. Under such conditions any initial energy distribu- below the lowest energy optical transition were attributed
tion becomes broader and some of the transmitted electrondo the formation of triplet excitons and to electron interaction
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with imperfections or degraded molecules. Molecular solids chemical degradatiot. It is also possible to calibrate the
in the form of organic films were also investigated by electron-energy scale with respect to the’42by measuring
Hiraoka and HamilP®24 At lower energies, LEET features the energy onset of the transmitted current.

were attributed to the presence of temporary negative ions

or pre-existing trapping potentials. Later, Hiraoka and Rfara  1.3. Low-Energy Photoelectron Transmission

suggested that the{2 eV features in hexane, ethers, and (LEPET) Spectroscopy

alcohols could arise from electron tunneling to the metal o .
substrate through a negative potential barrier. The early low-energy (610 eV) photoinjection experi-
ments have been performed essentially to obtain information

on the scattering length, escape depth, or MFPs of LEESs in
molecular films>*~ "> These parameters could be determined
by measuring the intensity of the current transmitted into
vacuum as a function of film thickness. Depending on the
experiment, either the transmitted curféfit or its entire
Energy distributiof?47473vas measured. The analysis of the
full thickness dependence of the transmitted substrate current

Starting in 1979, organic molecular films were reinvesti-
gated?®?” using an electron monochromator as a source
instead of a simple filament. In these experiments, electrons
were collimated by a magnetic field to align the electrons.
Because of these advances in the technique, the visibility of
sharp structures was enhanced, and their energies were mor
accurately defined. For example, it was possible to observe

a larger number of structures for a given target and to makeangity with appropriate mathematical modeFe often
accurate comparisons with energy levels found by other yiq|4eq getermination of both inelastic and elastic scattering
spectroscopic methods. Such comparisons, combined withiggihs or MFPs from the measured attenuation lengths. This
theoretical calculations, made it possible to unambiguously gt ot photoinjection experiment is now well established as
identify the origin of the structures found in LEET spectra ; method to measure parameters related to LEE scattering
and to develop procedures to analyze the data. Today, the\)rps in insulators and semiconductors. For further informa-

underlying mechanisms in LEET spectroscopy are fairly well 4o on the results obtained with this technique, the reader
understood. One can delineate two regimes in LEET g referred to the review article by Marsoldis.

spectra: the collective regime below the energy threshold
for electronic excitation of the molecules within the film,

and the inelastic regime above this energy. A structure
appearing in the former is usually due to elastic and quasi-
elastic scattering (i.e., electron energy losses to phonons)
whereas in the latter regime electrons having electronically rganic molecular film, but the main focus of the experiment
excited the target atoms or.molecules p_roducgd the observe S to investigate the’details of the energy and angular
LEET features. The elastic an_d quaS|—eI_ast|c features A€qistribution of the photoelectrons transmitted into vacuum
generally related to the electronic conduction-band structure - their relationship to the band structure. Although, as

34 iti
above the vacuum lev&=* and hence are sensitive to opposed to LEET, there is a very limited control of the initial

38 i i 8-30,32,37 i . .
Strg'Ctuéa:(.?rdé& ar;d f"’.“ :hnf:knesé f thForlveiy thin parameters of the electrons in LEPET, before they are ejected
ordered Tims, quantum interierences of the electron Wave j,., the organic layer; parameters related to intensity,

between the vacuusfilm and film—substrate boundaries, momentum, and energy can be measured in detail for post-

H 0,39,40 i . . . .
called quantum size effects (QSESJ)***’appear in the  yangmission electrons. As will be shown in subsequent

felastic pqrtiirI‘EEo_lf the transmitted cu:lrent. The inelﬁstic gsections, such a detailed analysis of LEE transport properties
eatures in spectroscopy usually appear as broady, | EpeT spectroscopy has revealed a large number of

i ,35,41 i i i 1 . . . . .
maxim&-2# resulting from a convolution of inelastically g4\ ctyral and electronic properties of organic thin films from
scattered current distributions created by electrons havmgsimple molecular solid films to systems as complex as DNA.

lost most of their energy from producing electronic excita- Recently, the electronic properties of adsorbed organic

fons s i toband vansiions, W i KNOWEA, jecues nave been Invesigated by two-ohoton LEPET

o i ‘spectroscopy. Experiments have been performed both with
By monitoring the thickness and energy dependences ofsybpicosecori@’” and with nanosecond laser pulgésn

the “elastic” features (i.e., those in the collective regime that these studies, the first photon excites electrons in the

arise from elastic and quasi-inelastic scattering), it was substrate, which can transfer them to either a surface state

possible to characterize film growth including the determi- or a negative ion state on the adsorbate. A second photon

nation of their thicknesseé8°*°orientations;®*?layer-by-  detaches the electron from the metastable state and, when

layer construction&}*>*24?and phase changésThe for- this electron is transmitted to vacuum, its kinetic energy and

mation of defect&®414%4% and quantum well structur®s  angular distribution are measured. Two-photon LEPET has

in thin films has also been detected by LEET spectroscopy. been used to study the electronic structure of the adsorbed

Studies involving the inelastic features served to identify |ayer7®the nature of the electronic staf8snd the interaction

spin-forbidden electronic transitions having strong threshold petween the adsorbates and the metal sub$trate.

cross sections within molecular soligi&:41444These mea-

surements also led to estimates of inelastic cross section ;

near the threshofl and of the energy of the lowest 2 Experimental Methods

conduction levely, (i.e., the energy of the band edge near 2.1. LEET Spectroscopy

the vacuum level below which electrons have no energy =

states in the solid) in several molecil#g“3 and organic In the LEET technique, spectra are recorded with an appa-

solids#64” Furthermore, in experiments where the primary ratus of the type shown in Figure 2, which is housed in an

particles are LEEs incident from vacuum on a solid surface, ultrahigh vacuum (UHV) system. Basically, it consists of a tro-

LEET spectroscopy can be used on a routine basis to monitorchoidal monochromator, a pair of deflector plates, D, and a

film charging?® metal work function change$;**> and cryostat, L. Electrons exiting the monochromator are deflec-

As the field progressed, investigators became preoccupied
with the band structure properties of the phototransmitted
current, which led to the development of LEPET spectros-
copy. In this spectroscopy, the photoelectrons are also ejected
by light from a conductive substrate coated with a thin
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are collected by metal surrounding the spectromététh

this type of deice, all scattered electrons are dispersed
outside the target regionThese precautions are important
to produce LEET spectra free from artifacts created by
reflected electrondzurthermore, since the current intensity
of magnetically confined electron beams is independent of
energy at low current densities, the magnitude of the
Figure 2. Schematic diagram of a low-energy electron transmission transmitted current becomes a quantit@tidetermination of
(LEET) spectrometer. Electrons emitted from the filament F are the averall transmission coefficientSince the transmitted
aligned by a magnetic fielB, and energy is selected by a trochoidal cyrrent is equal to the incident current minus the total
monochromator. The monoenergetic electron beam is then deﬂeaeqeflected current, under these conditions, LEET spectra

gg;gﬁg t;)(}r[f)aagglsn%!t %_hhrguggﬂggtgtlje(gggnf;eilg ia:qpcri)gg(rjnag;ozs ttr?i?l exhibit the inverted line shape of the total reflected current.

molecular film deposited from the vapor on a metal ribbon R. This ~ Electrons are accelerated to the film by a ramp voltage
metal ribbon is electrically insulated from a copper block C by a placed between the metal substrate and the monochromator.

ceramic sheet I. The copper block is maintained at cryogenic They arrive at the film surface with kinetic and total energy
temperature. The portion of the incident current transmitted through E defined with respect to VL. The latter is determined by
:jhe.mo.'ew.'ar film, Ordthe “fegat'."e V?'”Ie of its Seco”dRe”e.rgydmeasuring the position of the steepest slope in the current
cervatve, s easured a5 intien of lecon ey RepINeonsetof he transmited urren e, the njecion urve). AS

explained in section 6, a shift toward higher energies of this
ted by plates D and impinge on a molecular film condensed current onset is due to charging of the film by trapped anions
on a metal ribbon, R. The current transmitted to the met- or electrons. Before and after the recording of a LEET spec-
al substrate is measured as a function of electron enérgy, trum, the injection curve is measured in order to verify wheth-
The cryostat consists of a liquid-nitrogen-cooled stainless er charging occurs. When the shift is larger than the energy
steel finger or a closed-cycle helium-refrigerated system endingresolution of the monochromator, the curve is discarded, even
with a copper block. A metal ribbon is secured by a press though such a shift does not affect the line shape of LEET
fit to a pure ceramic sheet that is attached to the copper block.spectra at energies above those of the injection curve. In a
Metal shielding is placed around the ribbon to prevent elec- typical LEET experiment, the time required to record a
trons from reaching the ceramic. Electrical leads spot-welded spectrum varies from about 0.1 to 10 min; the monochro-
across the metal ribbon provide connections for cleaning the mator provides an electron current of between 1 and 10 nA,
substrate by resistive heating and are used for measuring théyith an intrinsic resolution between 40 and 60 meV full
electron current. Molecules admitted in vapor form through width at half-maximum. Under these conditions, film de-
tube T are condensed on the ribbon R. Films of materials composition is negligible as verified by the absence of change
that exhibit a high vapor pressure are grown using a gas-in the line shape of repeated LEET spectra on the same
volume expansion dosing procedtfrthat can be calibrated  film.2635The beam is incident normally on the film surface.
by monitoring the QSE features observed for ultrathin fifhs.  The absolute energy scale is calibrated to withib15 eV
Films of materials that under ambient conditions might be of the VL and the film thickness to 3660% accuracy.
described as low-vapor-pressure solids can be grown using

I_ TROCHOIDAL MONOCHROMATOR _I

>-£0 X0 XH
F

an oven to generate a low-density molecular fitix. 2.2. LEPET Spectroscopy
In the trochoidal monochromatdtgelectrons emitted from In a typical LEPET experiment, an organic film is
a filament F are aligned by an axial magnetic fi@df 50 deposited on top of a conductive substrate and placed inside

G. Two electrodes following the filament have holes drilled an ultrahigh vacuum chamb®®¢Various lasers can be used
off-center. Thus, electrons enter the set of parallel plates off- to eject photoelectrons from the conducting substrate. The
center. In this region, an electric fielel perpendicular td energy and angular distribution of electrons that pass through
is established by applying a small potential across the two the organic film are measured in vacuum.

parallel surfaces. In the crossed-field region, the electrons The lasers’ wavelengths are chosen such that the photon
describe a trochoidal motion and their guiding center moves energy is above the substrate work-function but below the
with a velocityE x B/B2. They are dispersed according to ionization potential of the molecules so that all the electrons
their axial velocities and those that reach the center of the originate from the conductive substrate. Typically, the photon
tube are transmitted through the exit hole (H). The monoen- energy is chosen not to be absorbed by the film. The power
ergetic electrons are accelerated by a potential of about 30in the laser pulses is kept sufficiently small to avoid charging
V into another pair of parallel surfaces D, where they are of the film by electrons and to avoid any nonlinear effects.
further deflected by application of a potential difference  The laser beam is introduced into the vacuum chamber,
across the surfaces. Thus, electrons hit the target off-axis.and after being reflected from the sample, it exits through
An interesting characteristic of the motion in such a cross- quartz windows. The photoelectron kinetic energy distribu-
field region is that theE x B drift experienced by the tion can be measured by various electron energy analyzers.
electrons takes place in the same directioregardless of  In order to avoid light-induced or charge-induced damage
the direction of motion along the axis of the tube. That is, to the film, it is preferable to use a time-of-flight electron
electrons that scatter from the target and enter the parallelenergy analyzer that provides the full electron energy
surfaces acquire a drift in the same direction as those enteringspectrum for every laser pulse. This technique enables shorter
at electrode H# Since the magnetically confined electrons collection time thereby avoiding decomposition of the
always travel along the direction of the axis of the tube, molecules forming the organic films.

unless acted upon by the x B force, this arrangement . .

prevents any electrons that have scattered once from the3- Interpretation of LEPET Experiments

target R from reaching it again. Scattered electrons end up When electrons are ejected from a conductive substrate
traveling on an axis out of the target range. Eventually, they their energy distributionPo(E), depends on the photon
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Figure 4. The electron energy distribution of photoelectrons from
gold coated with one (A), three (B), five (C), and thirteen (D)
""" Evacuum monolayers of cadmium stearate. Reproduced with permission from
ref 87. Copyright 1997 John Wiley & Sons Limited.
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Figure 3. Energy level diagram for photoelectron transmission.
The Fermi level of the system is shown as a dotted line, whereas
the vacuum level of the sample (on the left) and the detector (on
the right) are shown as dashed lines. The photoelectron energy /
distribution is shown for a bare substrate (A) and for a substrate ] !
coated with OOTF (B). The low-energy cutoff of the distribution 61 .\'\ \.
is denoted as LECO. The transmission probability through the film 1 ; \
(B) modifies the spectrum of electrons. The high-energy cutoff 4 \
(HECO) is defined by the photon enerdy/} and the work function | ~.
of the detector and is insensitive to the substrate work function N 4 \
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energy, the density of states in the substrate, the barrier for
electrons to escape from the substrate (work function), and

the work function of the detector. Special attention is given -
; photoelectrons transmitted through 13 layers of Cdar bef@je (
to the low- and high-energy cut-offs (LECO and HECO, and after @) they were heated to 378 K and cooled back again to

respectively) in the energy distribution of transmitted elec- room temperature. Reproduced with permission from ref 87.
trons (see Figure 3A). The LECO depends on the work Copyright 1997 John Wiley & Sons Limited.

function of the substrate and the difference between it andnfyenceT(E). For instance, as explained elsewhere in this
that of the detector. The HECO is a function only of the gicie as the film gets thicker electrons are increasingly
photon energy and the electron affinity of the detector (See geattered in all directions leading to LEPET spectra that are
Figure 3A). When an organic layer is adsorbed on the jncreasingly related to the film band structure. Such an
surface, its work function may be changed by exchanging eyo|ution of P(E) is shown in Figure 4 for photoelectrons

charge with the substrate or by applying force on the ejected g mjtted from a gold substrate coated with one (A), three (B)
electrons, due to the intrinsic dipole moment of the molecules 4.4 five (C) monolayers of cadmium stearate (Cdst). Also,
on the layer. Afterward, the LECO depends on the new work 45 the film thickness increases the number of electrons

function of the metatfilm system (see Figure 3B). In  angmitted having energies close to thermal energy increases:;

Electrons energy (eV)

Figure 5. The current density as a function of electron energy for

addition, there is an energy-dependent probabiliffg), for  eyentually, at high thicknesses, we have a “relaxed” energy
electrons to be transmitted through the layer. Hence the final yigtribution similar to that shown in Figure 1. In fact, it can
energy distribution of the electronB(E), is given by be seen from Figure 4D that such a relaxation is beginning
to occur at 13 ML thickness causing a relative increase of
P(E) = Py(E)T(E) 1) transmitted current around 0.4 eV and depletion of this
current at higher energies. Another parameter that influences
when Py'(E) is the modified energy distributiorof the LEPET spectra is film order. An example is shown in Figure

photoelectron ejected from the substrate due to the chemicals, which presents the current as a function of electron energy
bonding of film. From eq 1, it is clear that in LEPET studies for photoelectrons transmitted through 13 layers of Cdar
T(E) cannot be obtained simply by measurid@) and that [cadmium salts of arachidic acid], before (circles) and after

of the pure substrat®y(E), sincePy = Po. Still, as will be (squares) they were heated to 378 K and cooled back again
shown, LEPET provides direct information about the elec- to room temperature. Thus, before heating, electrons with
tronic properties of the adsorbed film. energies near ca. 1 eV are transmitted through the band very

The energy distributioP(E) evolves according to film  efficiently with little energy loss. Following heating, the
thickness depending on the different parameters, which electron energy distribution indicates that extensive random
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scattering processes have occurred as one can observe a
strong increase in the population of electrons at low energies. r
This is an indication that a relaxed distribution evolved due
to inelastic scattering of electrons in the film. i a
The results presented above indicate a “nonclassical”
scattering process that can in principle result from two
different effects. One is related simply to the fact that thin
layers exist with thicknesses comparable to the electrons’ L
wavelength; hence electron interferences in the transmission L
result in specific structure®. These interferences are very
sensitive to the thickness of the layer but only weakly depend
on the electronic properties of the molecules. Another source
for the structure in the transmission spectrum may arise from
formation of a transient negative ion stétaeyhich is due to
the temporary localization of an incident electron in a usually
unfilled orbital of a molecule in the film. Since the radius
of the electron’s orbital in these states is large, it causes
coupling with nearby molecules in the layer and electronic
bands are formed. In both cases, the layer must be well-
organized. L
The positions of the maxima of the distributions in Figure S \f
4 are almost independent of the thickness of the films (one, -
three, or five layersy? This is inconsistentwith quantum e 9,
interferences and indicates that the band structure is control- 0 3 10 15
ling the electron transmission. The transmission indeed ELECTRON .E NERGY eV . .
depends on the films being well organized. Since these Iattergg%r)e g-ur'\-/':%tsggst;igtﬂg%Sr'r?r’]‘ta';ﬁz]:‘L‘lg“&gﬁ%ﬁ:ﬂg;‘é@tsrate
are L:_;mgmuw—B_Iodgett _fllms, they melt upon warming, anq The vertical lines represent the energies of the lowest excitons.
ordering of their constituents is lost. The same conclusion pesed with permission from L. Sanche, G. Perluzzo, G. Bader,
has been reached based on LEET studies, which are describeghd L. G. CaronJournal of Chemical Physic§7, 3285 (1982).
in the next section. Copyright 1982, American Institute of Physics.
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4. Measurements of Elastic and Quasi-Elastic is predicted to be independent of thickr_wgss at large th_ick—
Scattering in Thin Films by LEET nesses, Whereas, under the same conditions, th.e elastic and
guasi-elastic currents become inversely proportional to the
“Elastic” scattering within thin dielectric films has been thickness. This behavior is observed for structure3d and
investigated by analyzing the elastic and quasi-elastic 1—4, respectively. An elastic/quasi-elastic behavior below
contribution to the LEET currefft33.36.39.43,45.8%9 yithin the 10 eV is expected, since only acoustic phonons can produce
collective regime. However, even when elastic scattering energy losses in this rang@@.Structures +4 were also found
dominates, such an analysis is not straightforward, since theto depend on the ordering of the Kr film. The films deposited
LEET current is not simply the complement of the currents at 17 K (curve d) are the most disordered ones (structural
arising from the addition of the specular and diffracted beam disorder). In the film deposited at 3| K (curve e), the
intensities, which constitute the purely elastic portion of the structural disorder is smaller, but there is greater thermal
transmitted intensity. Other currents that form the quasi- disorder (phonons) than in the 17 K-deposited films. The
elastic contribution arise from scattering at the boundary of films deposited at 3| K and cooled to 17 K (curve f) are the
the microcrystals and scattering by defects, imperfections, most ordered ones: a low structural disorder because of the
and phonons. Figure 6 shows, as an example, LEET spectrénigh deposition temperature and a low thermal disorder, since
for Kr films deposited on a polycrystalline platinum sub- at 17 K the phonon population is greatly reduced (Debye
strate!® Recording such spectra at different film thicknesses temperature 64 K3)> The structures below 10 eV are
and temperatures allows one to differentiate between elastictherefore closely related to the ordering of the films. Finally,
quasi-elastic, and inelastic scattering. Curve a was recordedvhen a single layer of Kr is deposited (curve b), quasi-elastic
for the clean metal, whereas curves b, ¢, d, and g represenscattering becomes negligible and interferences of the
the energy dependence of the current transmitted throughincident electron wave between the interfaces dominate the
Kr films of 1, 10, 100, and 500 monolayers (ML), respec- spectrum. For this reason, curve b in Figure 6 is different
tively, deposited and held at 17 K. Curves e and f were from all others due to the prominence of purely elastic
recorded at a 100 ML coverage. For curve e, the temperaturescattering.
was kept constant at 31 K during the deposition and the More detailed analysis of the LEET spectra of Ar, Xe,
experiment. Curve f was recorded at 17 K after deposition and CH, films, according to the Fermi golden rule, has been
at 31 K. As the Kr film becomes thicker, features-4 performed by comparing the experimental results with the
progressively disappear and features7sbecome sharper.  respective electronic conduction band density of states
Feature 3 also shifts to higher energy with increasing (CBDOS) calculationg38%2293which provides the density
thickness. The maxima in features-B correspond within  to energy levels (averaged over all directions) available to
+0.2 eV to the position of the first two excitonic levels (  electrons as a function of energy. These comparisons clearly
=1 and 2) of thel = 1/, andJ = ¥, series of solid krypto#?* indicate a relationship between the quasi-elastic LEET current
which are represented by vertical bars in the figure. In the in the collective regime and the CBDOS of the solid, as
two-stream approximatioft,the inelastically scattered current  shown for the case of Ar filn¥8 in Figure 7. Here, the
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Figure 7. Electron conduction-band density of states (CBDOS) Figyre 8. (a) Analysis of electrons, which are backscattered from
of solid argon, calculated (full line) and determined from analysis g 50 ML Ar film, after having losAE = 0.25 eV. Scattered electron

of LEET data for solid argon recorded at 20 K. The zero of jntensity is shown as a function of the incident electron energy for
energy is that of the vacuum level (VLY is the energy of the  geyeral angles of incidencé,. Reprinted with permission from

bottom of the conduction band. The letters on top of each peak yef 106 (http://link.aps.org/abstract/PRB/v44/p10485). Copyright
represent the designation of the corresponding band features.jgg; by the American Physical Society. (b) CBDOS for the fcc
Reprinted from ref 93, Copyright 1988, with permission from  strycture of solid Ar, as calculated by Bacalis et al. Reprinted with
Elsevier. permission from ref 108 (http://link.aps.org/abstract/PRB/v38/

. . p6218). Copyright 1988 by the American Physical Society.
CBDOS calculated by the linear analytic tetrahedron métod
is represented by the solid line. The CBDOS extracted from the structure in secondary electron spectra, which were
the LEET spectrum is represented by the dashed®fitie.  previously show#*1%to reflect changes in the CBDOS. In
was derived from the theoretical model developed by other experiments, the smearing out of LEET features near
Plenkiewicz et at®to explain the transmission of low-energy the melting point of long-chain alkane fil#fsvas attributed
electrons though condensed multilayer films. In this model, to smoothing of the CBDOS due to the breakdown of the
the transmission of incident electrons through a thin dielectric intermolecular symmetry (e.g., phase transitions) induced by
film of thicknessd is considered to be a two-step process. thermal excitations. Changes of the electron effective mass
To begin with, electrons after being scattered in passing with energy have also been invoked by Plenkiewicz 4.
through the vacuumfilm interface penetrate the surface to explain the energy dependence of the MFP in the collective
potential barrier of the film in proportion to the film's three-  regime.

dimensional electronic CBDO$)(E). Subsequently, they When films are sufficiently disordered, the correspondence
propagate (in Bloch states) into the film in all possible between LEET features in the collective regime and the
directions in a manner that is characterized by a MHE). CBDOS can generally be traced to multiple phonon losses,
Under the conditiod(E) 2 d, the total transmitted current,  which scatter electrons in all directions within the film and
I(E), is given by at its surface. This relationship has been clearly shown by
high-resolution electron energy loss spectroscopy (HREEL)

OB 1- R){ﬁll _ (1 - ﬁ)(g)E (9)] + on thin rare gas andMNilms.1%6.107Taking again the example
Oy 1l ! ; > . J < SN

VE s M of an Ar multilayer film, this relationship is shown in Figure

) 8. The curves in the figure were recorded with a HREEL
1-pe } (2) spectrometer set to measure the dependence of energy loss
on incident electron energyAE = 0.25 eV) electrons
wherelg is the intensity of the incident electron current at backscattered from the films. The data were recorded at
the target,R(E) is a slowly varying function ofE that several incidence anglegyf between 15and 65. Therefore,
describes the reflection coefficient of the injected electron these curves represent the probability of an electron, pen-
at the film—metal boundary,S is an energy-dependent etrating a 50-layer film of Ar deposited on Pt, to lose 0.25
adjustable parameter representing the number of scattere@V via multiple losses to phonons in the solid. Except for

electrons that reach the metallic collector, and the measurement & = 45° (i.e., in the specular direction),
all the features are found generally at the same energy,
d\ _ o exp[=(did)t] q independent of the incident angle. The similarity between
El(}) - t t these curves reveals an electron-scattering property of the
solid that is averaged over various directions of electron
By fitting the experimental thickness dependencé(&) to propagation (i.e., various electron states), which may con-

eq 2, one can calculate both the electron MFP and thesequently reflect the CBDOS. In Figure 8b, the CBDOS of
electronic CBDOS as a function of energy. A further Ar, as calculated by Bacalis et &% is displayed with the
correlation between the electronic CBDOS and the “elastic” bottom of the lowest conduction band fixed at the measured
(i.e., elastic and quasi-elastic) features in the collective regimevalue®®2 of 0.25 eV above the VL. As one can see, the
has been achievétby comparing the “elastic” features with  experimental curves of Figure 8a, and especially those for
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large incident angles, closely resemble the CBDOS. The
closer agreement at lar@g presumably arises from a better
averaging over the incident direction owing to the disordered
arrangement of the deposited polycrystalline films. With the
exception of the peaks around 9 and 12 eV, all the calculated
features appear progressively shifted to higher energies with
respect to the experiment, by0.25 eV at low energies to
~1 eV at the highest energy. In this regard, note that the

calculations have been performed with a face-centered cubic
lattice parameter of 0.526 nm, whereas a larger value of 0.531

nm (typical of solid Ar between 4 and 20 Rjwould have
yielded a more compact density of stdt€s''and conse-
quently an overall better agreement.

One can explain the similarity between the experimental
results and the calculated CBDOS by focusing on the electron
transport properties in the bulk? An electron propagating
in a conduction band of a rare gas solid suffers scattering
mainly from defects and lattice waves (i.e., the electron
phonon interaction). This can be described by introducing
the scattering probability per unit lengtQ(Ex,.ko,Ex,K) that
a Bloch electron initially in a statg Cof momentunky and
energyEy, is scattered into a final stafgxCJof momentum
k and energyE, while the crystal changes from a staite
of energye; to a statgfllof energye;. Then, by referring to
the “golden rule” and solving the Boltzmann transport
equation for a plane-parallel system in the “two-stream”
approximatior>1314one obtains for the electron MFP;,

(E) (i.e., the reciprocal o)) the expression

ME) = mZQ(Eko,ko,Ek,k)rl@ €)

wherekE; is the incident electron energy.

In this expression, thk summation extends over the first
Brillouin zone, wherea&l..[istands for the average over the
incident directionk, for a constant incident enerdsko =
E. If we replace the summations with integrations and
assume for simplicity that the matrix element for calculating
Q depends only on the momentum transfer (ille.; kol),
eq 3 yields

8Th 1
QYE) =(E)

A(E) " =D(E) (4)

where D(E)) is the CBDOS of the solid at the enerdy,
7(E) corresponds to a relaxation time (i.e., the time between
scattering events) independent of thedirection, SE) is

the surface of constant ener@y within the first Brillouin
zone, andQ is the volume of the crystal. Within the
approximations of an electron effective mass and of an
electror-phonon interaction described as a deformation-
potential perturbation, one Ha31/z(E) O |ko|? andS(E) O
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Figure 9. LEET spectra for (a) 6 ML oh-hexane deposited at
temperature§ between 26 and 145 K and (b) 12 ML of ethyl-
benzene deposited @tbetween 26 and 150 K. Reused with per-
mission from A. D. Bass, L. Parenteau, F. Weik, and L. Sanche,
Journal of Chemical Physi¢413 8746 (2000). Copyright 2000,
American Institute of Physics.

2.1. The other curves have not been adjusted to M eV

in order to make changes in the surface work function visible.
The nominal film thicknesses were 6 ML forhexane and

12 ML ethyl-benzene. For each spectrum, a new film was
deposited at the indicated temperature. As shown for Kr
films, the spectra of Figure 9 depend on the film's geo-
metrical arrangement; we therefore expect the structure in
the collective regime to be altered considerably if the
structural order is changed. This can occur, for example,
when annealing of an amorphous film at an appropriate
temperature forms a crystalline solid. Since the CBDOS of
amorphous materials is less defined in energy than that that
of crystalline solids, we expect the LEET spettfal’ of
amorphous films to exhibit broad features, as seen in Figure
9b, and those of crystalline films to have a much sharper
structure, as seen in Figure 6.

For the case afi-hexane in Figure 9a, a significant change
in the LEET spectrum is observed between the temperatures
of 85 and 100 K. For temperatures of 90 K and lower, a dip
is present in the LEET spectra near 0.4 eV, which is due to
the negative electron affinity af-hexane film&® (i.e, the
fact that the lowest conduction level nfhexane lies above
the VL). Sincen-hexane has a conduction-band edge (i.e., the
energy of the bottom of the conduction bang) lying 0.8
eV above VL, the LEET current decreaseskass reduced
from ~2 to ~0.4 eV, since electrons cannot be transmitted
easily through the band gap. As explained by Caron é¢al.,
below this latter energy, the LEET current recovers owing to
electron conduction via gap states. Thus, the disappearance
of this feature above 90 K in the present experiment is in-

|kol2. Consequently, the expression in parentheses in eq 4 isdicative of a reduction in the, level of n-hexane. It has been

independent oE;, and the energy dependencel§E;)* or

Q (i.e., the quasi-elastic scattering probability per unit length)
becomes directly proportional to the CBDOS, as shown
experimentally in Figure 8.

The examples of (aj-hexane and (b) ethyl-benzene in
Figure 9 show how the CBDOS features in a LEET spectrum
reflect changes in the geometrical arrangement of the
molecules in films'® The vertical axes in the figure represent
the transmitted currentr, whereas the horizontal axis
corresponds tancorrectecklectron energy. By this we mean
that only the energy scales in the bottom curves of Figure
9a,b have been calibrated, as described at the end of sectio

estimated that) is less than 0.2 eV far-hexane films above
100 K. Since calorimetric measuremé{s®® for vapor-
depositech-hexane indicate that a transition from the amor-
phous to the crystalline phase is in the same temperature
range, this marked change in the LEET spectra can be attrib-
uted to this transitior®12° Additionally, a 0.2 eV reduction

in the surface work function is visible in the LEET current
onset as the deposition temperatidréncreases to 145 K.

In contrast, no significant change was observed in the line
shape of LEET spectra obtained for ethyl-benzene films with
deposition temperatures between 26 and 140 K. This suggests
that no change of phase occurs from the amorphous state in



LEET through Thin-Film Solids Chemical Reviews, 2007, Vol. 107, No. 5 1561

ethyl-benzene films; possibly, the physical size or shape of
the molecule inhibits the close packing necessary for Ar 26l CH
crystallization and the formation of a well-defined CBDOS. 4
On the other hand, considerable change in the surface work
function is seen: the current onset decreases from ap- __ 22
proximately—0.0 eV at 26 K to—0.3 eV at 70 K and returns o
to 0.0 eV at 140 K. T ek

o
From these results, it is evident that the LEET spectraare = '9
sensitive to the geometrical structure of a film, as expected
from the relationship shown in this section between the
CBDOS and LEET features of rare gas solf$'”*?'and
in previous studies of long-chain alkaridn fact, these
results suggest that LEET spectroscopy can be used as a
simple, comenient, and inexpengt method to qualitatiely
monitor structural changes in waporated organic and
molecular films as well as changes in work function of the
metal substrate.

As a general rule, sufficiently thick (5100 A) disordered
films exhibit LEET features in the collective regime, which
are representative of the CBDOS. However, in thinner films
and/or highly ordered films, QSEs could appear if the
boundaries are well-definéd.Structure resulting from in-
tramolecular electron resonances can also be seen, if these
lead to strong electron energy losses to molecular vibrations.
When the film is too thin, scattering by defects and energy
losses to phonons and vibrations may not be sufficiently
intense to redistribute electrons in random directions. Thus, _. ) ENE RG,Y (eV) )

a portion of the penetrating electrons are capable of consery-Figure 10. Transmitted current in Ar and Ghas a function of

. ii tum durina thei id in the fil incident electron energy for film thicknesses ranging from 3 to 6
Ing a Specific momentum during their resiaence In the 1M, -, 5no1ayers (ML). The arrows point to the interference structure

allowing constructive and destructive interferences of the caysed by multiple reflections of the electron waves between the
electron wave to evolve between the fitmacuum and film —vacuum and film-substrate interfaces. The numbers refer to
film —substrate boundarié$3® These QSEs modulate the the assigned values of the interference order. Reprinted with
usual transmission features emerging from the bulk CBDOS. permission from ref 28 (http://link.aps.org/abstract/PRL/v55/p545).
QSE features are indicated by vertical arrows in the LEET COPyright 1985 by the American Physical Society.

spectrd® of three to six layers of Ar and CHn Figure 10.
This is further shown in Figures 11 and 12 for thin films of
N2 and CO molecular solids. The dc and DD (i.e., doubly x4
differentiated) LEET spectfarecorded with 10 ML films
appear at the bottom and above, respectively, in both figures.
The rise near 7 eV in Nand 5 eV in CO in the dc curves

is due to energy-loss electrons that increase the transmitted
current. The vibronic structure is clearly apparent in the DD
curves shown in the upper portion of Figures 11 and 12.
The broad features below the onset of electronic excitation
at 6 eV for CO and 6.5 eV for Nbelong to the collective

3 monolayers

4 monolayers

5 monolayers

TRANSMITTED CURRENT

O N PODODON HO®D®ONDOOD®ON O
T —T—TT T T T

6 monolayers

6 monolayers

ON SO ®ON
T —

U SR W N U SN W U
01 23 456789 (o]

x25
x25

x1

dc AND DOUBLY DIFFERENTIATED
TRANSMITTED CURRENT
___J
<
N

regime. The set of peaks from 2.4 to about 5 eV, especially & N,

in nitrogen, is composed of oscillations whose amplitude and

number depend critically on the thickness. Such variations

are indicative of QSE, but they could be mixed with CBDOS T T s s v 6 T v o
features. The first set of peaks i, Netween 0 and 2.4 eV ELECTRON ENERGY (eV)

is characterized by fairly evenly spaced (280 meV) peaks, Figure 11. LEET spectrum (bottom curve) ofon Pt, together
which are present even at submonolayer coverage. HREELWith its doubly differentiated (DD) spectrum (middle curve).
measurements on tH##-123and thick®7.122.124jims of N, on Various sections of the DD-LEET spectrum have been amplified

: S . . by a factor indicated near every section (top curves). Reprinted
a metallic substrate have indicated that the vibrational crossiy, permission from ref 35 (http:/link.aps.org/abstract/PRAV35/

section is large in the 0:8 eV energy range, owing to the  pg07). Copyright 1987 by the American Physical Society.
presence of a1, shape resonané&26Furthermore, more

refined measuremeritd'?*for levels wherev = 1,2, and 3 py the formation of the same N state. Similarly, the
indicate that this resonance produces oscillatory structuresstrycture below 2 eV in CO originates from transient
or peaks in the excitation functions of these states, which fgrmation of a2l state of CO .127

originate from vibrational motion of the temporaryg Non. ) L

These peaks are spaced by the same energy as those in Figufe Measurements of Electronic Excitation near

11 lying below 2.4 eV. Collectively, these facts suggest that Threshold in Molecular Solids by LEET

the structure observed between 0.8 and 2.4 e\Liis Maused When the excitonic channels become accessible in a
by vibrational energy losses, which are strongly enhanced molecular film, quasielastic scattering competes directly with
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dielectric by the negative charge of the electron. The dotted
horizontal line represents the energy of the lowest conduction
level, Vo, of the solid. After having produced an electronic
transition of energyg;, the electron is found at lower level

in the film “conduction band'with energyE' = E — E;. An
inelastic event can occur only if a free energy level is
available to accommodate the lower-energy electron. Hence,
at the electronic excitation threshditl= V, = E — E;. This
simple relationship betweew, E andE; shows how LEET
can be used to measu¥g by measuring the onset energy
of the inelastic regime. More specifically, the probability
amplitudeP; of an electronic transition for an electron of
initial energyE, a wave vectok, a final energyE’, and a
wave vectoik' is represented by

P, O (L) E K | TIAEKD (5)

whereA andA' are quantum numbers specifying the density
cO of state of the medium before and after the inelastic event.
T indicates a transition operator that cannot be expressed in
J . o o simple forn?8 except in the Born approximatidf® where
e 5 5 4 © ¢ 7 & expression 5 reduces to the Fermi golden HfAeThis,
ELECTRON ENERGY (eV) however, is not expeqted to be yalid for elec'gronic transitions
Figure 12. LEET spectrum (bottom curve) of CO on Pt, together near the threshold, since in this case the final wave vector

with its DD-LEET spectrum (top curve). Reprinted with permission K is necessarily quite different from the initial wave vector

from ref 35 (http:/link.aps.org/abstract/PRAN35/p607). Copyright K-'*?As shown in eq 5, the sensitivity of LEET to electronic
1987 by the American Physical Society. energy levels of solids involves a convolution of a joint

density-of-states: one at enerfgyand another one at energy
E.
r According to this mechanism, referred to as thé “
’ mechanism”, excitation of a bound electron in a film to an
E E; unoccupied state by an incoming electron scatters the electron
to a lower-energy state. Near the electronic excitation
VL threshold, such inelastically scattered electrons “fall” to the
\Z\ lowest “conduction” level of the film. Their transmission
1 \ T probability becomes unity when the band edge (). lies
below VL. As the electron energy is increased, excitation
Vacuum Film of the same transition produces electrons of correspondingly
0 increasing energy, up to a point, where they have nonzero

Figure 13. Simplified potential-energy-level diagram for an probabllllty of escaping in a vacuum. Frqm 'then on, the
electron of energf entering a solid film from vacuum along the ~ transmitted current usually progressively diminishes unless
zdirection. The horizontal double line and the heavy line represent another electronic transition with a comparable magnitude
the total electron energy and the potential energy with respect to becomes energetically possible. Thus, as the electron energy
VL, respectively. The vertical dashed line denotes the-filracuum is swept across the energy of an electronic transition, an

ir}ttek:rfag.e.lvptis tge t;r)]otentialt.ene[]gy dueftt?] elelctrtonic/gf(ilarizat.itpn increase in transmission is followed by a tailing decrease.
of the dielectric by the negative charge of the electron. After exciting TSSO TS . ; <
a level of energyE,, the electron reaches a final enerdy, The However, the situation is different for films with a positive

dashed horizontal line represents the energy of the lowest conduc-Yo but because of the image potential of the metal,
tion level, Vo, of the solid. backscattering to a vacuum of near 0 eV electrons in the

film is small. Therefore, even for films having a positive
electronic transitions and loses its preponderance, andenergy loss, electrons increase the transmitted current near
coherence in the electron waves is eliminated. As a result,the electronic excitation threshold. TMg mechanism has
LEET features above the electronic excitation threshold been considered by many autHots®®:36:41.4547.96,130gn( is
represent the inelastic cross section near the energy thresholihtroduced in calculations via refraction (i.e., Snell’'s
for such an excitation (i.e., for electrons to lose essentially law).33444590A systematic and quantitative assessment of its
all of their energies). The mechanism producing LEET validity and influence on the magnitude and shape of inelastic
structures related to electronic transitions may be explainedfeatures has been given by Marsolais etal.
by referring to a simplified potential energy level diagram  TheV, mechanism reveals the presence of several energy
for an electron of energ¥ entering a solid film in thez loss features in the DD LEET spectra of &hd CO, shown
direction from a vacuum. Such a diagram is shown in Figure in Figures 11 and 12, respectively. In the DD LEET spectra
13, where the heavy line and horizontal double line representof N,, at least two series of peaks are observed below 10
the potential energy with respect to VL and the total electron eV: one barely visible series below 7.2 eV and one series
energy, respectively. The vertical broken line at 0 denotes of strong and narrow peaks above 7.2 eV. The position of
the film—vacuum interface. The valu¥, is the average the steepest slope on the low-energy side of each peak closely
potential energy resulting from electronic polarization of the matches the vibronic progressions of thé&* and the B
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[1, electronic states of N respectively. The relative
amplitudes are also quite consistent with those seen in
HREEL spectrd® even though the incident energy is slightly
different. A striking similarity is observed between these
results and those obtained with the trapped-electron method
in the gas phas®! which also measures the cross section
for electronic excitation near threshold. The peaks above 8.5
eV also match the &Iy state, but there is apparently no
trace of theA states. The spectra in Figure 11 also consist
of at least two other series. The %I, progression in N

can be made to coincide with the minima in the observed 12 34 5 6 7 8

structure, but above 11.8 eV, the progression of peaks cannot Electron energy (eV)

be attributeq to any known electronic state of Rheir width Figure 14. Energy dependence of the electron scattering mean
(140 MeV) is somewhat larger than that of the other peaks. free path (MFP) for solid methane in the quasi-elastic scattering

They probably originate from optically forbidden states yegion at 25 K. Reprinted from ref 89a, Copyright 1985, with
having a strong cross section near the threshold, which arepermission from Elsevier.

hidden by Rydberg states present in the gas-phase HREEL
spectra of M'?” but absent in the solid phase. _ _ _ o o
The DD LEET spectra for CO in Figure 12 show a single €lastic and inelastic collisions. In a crude approximation, the

series of peaks spaced by about 200 meV, starting attotal electron MFP was assumed to be constant over the
5.8 eV. It is easily attributed to the X=* — a °I1 tran- 0—10 eV energy range studied, and the effective mass of

sition, provided that the electron energy inside the film is the electron was taken to be the free electron mass. The MFP
increased by a few 100 meV to compensate for induced associated with elastic and specific inelastic processes was
polarization. Thus, these results and the sharp and narrowthen adjusted until an agreement emerged between the
structure observed in the DD spectra provide evidence for theoretical and experimental LEET curves. This type of
the occurrence of large cross sections near the threshold foi@nalysis was employed to study benZ8A& and tryp-

Solid Methane
T=25K

» [=2]
T T

Electron mean free path A (nm)
N

exciting the &1 state of condensed CO molecules. tophan?2133For benzene, the total inelastic MFR" was
found to be~0.8 nm, whereas for tryptophan it was in the

in the region of electronic excitatiofieed, Which represents
Mean Free Paths (MFPs) by LEET the mean distance traveled by the electron before such
Since in LEET spectroscopy one measures the total currentexcitation occurs, was calculated for tryptophan as 9.0
passing through a thin film sample, this technique provides Aeec < 280 nm. Despite the simplifying assumption of a
a way to determine absolute values for electron MFPs. constant total MFP, these results today still represent the best
However, in LEET, electrons suffer multiple collisions before available information concerning electron MFPs in these two
their collection at the metal substrate, so extraction of MFPs compounds.
from such spectra must involve a mathematical description During the same period of time, a quantum mechanical
of electron scattering within the film and at its interfaces. approach was develop&lThe transmission of electrons
Thus, considerable effort has been made to unravel the effectshrough a dielectric film was considered a two-step process.
of multiple scattering from LEET spectra, and to this end, Electrons were envisaged as being initially scattered at the
several theoretical approaches have been developed. MFRilm —vacuum interface, where they penetrated the film’'s
determined from LEET spectroscopy can be compared with surface potential barrier to an extent proportional to the
measurements obtained from the attenuation of substrateCBDOS. Subsequently, electrons propagated in Bloch states
photoelectrons injected into a molecular solid following UV in all possible directions in a manner similar to a single MFP.
irradiation of a metal substraté® The results obtained with ~ An analytical formula was obtained for the transmitted
this photoinjection techniqlg before 1991 have been current as a function of film thickness, which allowed both
reviewed by Marsolais, Cartier, and Pfluder. the CBDOS and the MFP to be obtained in the collective
The earliest attempts to unravel the scattering sequenceregime. The model was used to obtain MFPs for electrons
within films*> employed a unidimensional or “two-stream” in solid Xe3*#N,,8° and metharf&films. Those for methane
model to approximate the multiple reflections, toward and are reproduced as an example in Figure 14.
away from the metal substrate, of an injected electron within A considerable advance in the analysis of LEET spectra
a Xe film. This model was used, with other simplifying and the measurement of electron MFPs was the development
assumptions, to obtain an expression for the transmittedof a general 3D probabilistic model of electron transgbrt.
current as a function of film thickness, elastic MFP, and the The new model took into account the partial reflection of
reflection coefficients of the vacuunfilm and film—metal electrons at boundaries and included the effects of multiple
interfaces. The elastic MFP was obtained by fitting the quasi-elasti* and inelastic scattering? The validity of
behavior of the transmitted current as a function of film assumptions regarding the isotropic electron scattering within
thickness, at numerous energies in thel0 eV rangé a solid was investigated in a series of Monte Carlo calcula-
Subsequently, a 3D electron transport model was developedions?® The complete model has been applied to electron
that combined a semianalytical simulation of the transport transmission through \3* copper phthalocyaniné$°and
of an excess electron in a film’s conduction band with a rare ga&®®*3fiims and revealed an almost inversely pro-
random sampling of the temporal succession of the various portional relationship between total MFP and the CBDOS.
elastic and inelastic scattering evefft82132133The injected Subsequently, the assumptions underlying this probabilistic
electron was assumed to scatter isotropically from imperfec- model were investigated and an accurate model was devel-
tions within the film and to transfer its energy via quasi- oped using elementary diffusion thedfy.The results for
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Figure 15. Plots of the inverse of the total (elastic and inelastic) limit t — 0, a charging coefficienfs = dAV/dt, directly

MFP (i.e., the total scattering frequency per unit path length) for proportional to the trapping cross section, can be expressed
Ar, Kr, and Xe. Dotted lines represent the CBDOS. Reprinted from as

ref 136, Copyright 1992, with permission from Elsevier.

dAV/dt|,—, = {(dnyJy)/(e€ = 7
rare gas solid films, shown in Figure 15, illustrate the o = {(drpdo)/(c@)} ocr = A, 0

relationship between total MFP and the CBDES. The experiment is performed as follows. A multilayer film
that does not charge under electron impact is first deposited
7. Measurement of Surface Charges by LEET on a metal substrate. Afterward, submonolayer amounts of

molecules, which act as electron traps (i.e., the density of
gurface molecules becomes the trap density), are condensed
on top of the multilayer film. The IC of a freshly deposited
surface-doped film is first recorded rapidly (e.g., during 0.1
s) to avoid any significant charging. The film is then
bombarded at a given voltag¥ applied between the
monochromator and the film for a much longer period (e.g.,
25 s) with the same incident current (i.e.~ 5 x 107° A).
Afterward, the IC is again rapidly recorded, and the shift
AV is determined by comparison with the initial IC. Such a
cycle can be repeated many times on the same film with the
sameV to obtain the time dependence of the process. To
measure the electron energy dependence, a new film has to

With LEET spectroscopy, it is also possible to measure
the number of charges that have accumulated near the surfac
of a dielectric film, resulting from the electron bombard-
ment*® When electrons from the monochromator, shown in
Figure 2, have just enough energy to enter the multilayer
film, deposited on the substrate R, a sharp rise, termed the
“injection curve” (IC), is seen in the LEET spectrum. The
IC for an uncharged film is represented by the upper curve
of Figure 16. When the same film is charged at the surface
by the electron beam, the IC is shifted B to a higher
accelerating potential (bottom curve, Figure 16), since the
incoming electrons must then possess additional kinetic
energy to overcome the negative potential barrier. The IC is

also broadened due to the effect of space charge and thé)e deposited for each data point. However, if film charging

current density distribution. Such measurements are usuaIIy?f:cﬁgnr%?ueclggtrtgntheengfamcgisggﬂr'ggaéngﬁsgr;r:elgt?"%s a
performed in conjunction with all types of thin film low- 9y 9

energy electron experiments to ascertain that the target doe%gIthOUt appreciably affecting the total energy resolution of

not charge significantly during the time of the experiment. '€ experiment. .
Howeveﬁ if tﬁe film isypurpogely allowed to chane at its The charge at the surface is created by electron capture

surface by a significant potentialV, this can be related to gglﬂgtvts%re?é ?ﬁfgg{gﬁ?ﬂ?ﬁeﬁgsefg're apéo::égvfg(iﬂeo;‘:ﬁg e
the trapping cross section by treating the dielectric film as a P gy P 9

charged capacitdf. The potential barrieAV is related to potential they induce in the dielectric and in the metal

the charge density(t), which has accumulated after bom- substrate. Thus, for total glectron and lon capturey
bardment time, by the relations becomes an absolute trapping cross section. Desorption of

anions induced by electrons of energy below 10 eV can be
AV(t) = n(t)d/e and verified by mass spectrometry. If no anion desorption occurs,
thenocr represents the absolute cross section for stable anion
o(t) = n,{1—exp@t)}; L= (ocrI/€) (6) formation at the film surface. Under the best conditions, the
smallestAV that can be measured in these experiments is
where, e is the permittivity of the film,d its thicknessng 0.5 mV, which allows the measurementaifsolute charge
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trapping cross sectionas small as 10° cn?. The absolute
energy scale, which is accurate to approximate.1 eV
(monochromator=50 meV, charging=50 meV), is cali-
brated by taking as 0 eV the point of the steepest slope of
the IC (i.e., taking VL as 0 eV). Analysis of errors, including
those associated with the preparation of the target film,
suggests a total error af50% for the absolute values of
the measured cross sections.

Electron trapping cross sections have been measured for
numerous simple molecules adsorbed in submonolayer
quantities onto the surface of a dielectric fitf.14° Electrons
can be trapped via several mechanisms including dissociative
electron attachment (DEA). This is a two-step process well-
known from gas-phase studi®$,in which an electron
attaches to a molecule to form a transient negative ion, which
subsequently dissociates into a neutral and a stable anionic
fragment.

Two further mechanisms have been observed to trap
electronic charge in thin filmsintermolecularandresonance
stabilization(IMS and RS, respectively). In the latter process, Electron energy (eV)
electron attachment to a molecule produces an anion in aFigure 17. The dependence on incident electron energy of the
vibrationally excited state, which is then de-excited by energy charge trapping cross sectioner, for isolated chloromethane

exchange with neighboring molecules. When the initial anion Molecules condensed onto the surface of a multilayer Kr film. Data

ground state lies below the band edge or the lowest Were obtained for 0.1 ML of the indicated molecule deposited onto

. . X o a 15 ML thick Kr film. Panels &c reused with permission from
conduction level of the dielectric, then the additional electron 5 " Bass, J. Ganache, P. Ayotte, and L. Sancheyrnal of

may become permanently trapped at the molecular site. Inchemical Physics104, 4258 (1996). Copyright 1996, American
this case, a permanent anion is formed (e.g., the case ofinstitute of Physics. Panel d reused with permission from P. Ayotte,
0,'%9). When electron trapping can be attributed to DEA or J. Ganache, A. D. Bass, I. I. Fabrikant, and L. Sandbernal of

RS processes alonecr is equivalent to a cross section for Chemical Physigs106 749 (1997). Copyright 1997, American
stable anion formation. IMS refers to the trapping of very nstitute of Physics.

low energy electrons by an aggregate of molecules typically enyvironment on DEA by comparing the absolute cross
unable to do so in the monomeric form. In this sense, the gaction in the gas and condensed phases. Usually, an
process is similar to solvation, which usually requires the enhancement in cross section relative to that of the corre-
organization of polar molecules to form a suitable trap. sponding gas-phase process was observed. The cross sections
Incident electrons are initially temporarily captured into pre- of analogous processes can vary greatly between the gas and
existing traps formed during condensan(_)n._By Iosmg energy condensed phase, differing by as much as a factor ofat0

to phonon modes of the molecular solid in hopping from CH,Cl.143

one trap to another, they become permanently trapped at an glectron trapping processes (e.g., DEA, RS, and IMS) are
intermolecular site. IMS has been observed for water clustersgreauy affected by a change in local environment. This
condensed on Kr and Xe surfaces at cryogenic tempera-gensitivity to the local environment was investigated by
tures*°and in pure water films®! Both IMS and RS occur  yarying the thickness of the supporting Kr film in charge-
at incident electron energies below 1 eV. Since DEA can, trapping experiments for GaI1,143145CH,Br, 145 and CFCJ.149
in some systems, occur at similar energies, it is not always ag jllustrated in Figure 18 for the example of G&l, ocr
easy to identify which process is responsible for charge jpjtially increases as the Kr film thickness is reduced from
accumulation. Fortunately, further information can usually 20 ML, reaching a maximum value at 5 ML. Below this
be obtained from measurements of the desorbed yield ofhickness, the cross section is observed to decrease. A shift
anions from similar films and from a comparison with gas- g |ower the energy of the maximum it is simultaneously
phase data. accompanied by a decrease of film thickness, which is
In Figure 17, we show a few examples of the dependencedepicted at the bottom of the figure. A further shift to a lower
of oct on incident electron energy, for the chloromethanes, energy and enhancementafr are observed when electron-
for example, CCJ, CHCls, CH,Cl,, and CHCI.143145|n the trapping molecules are covered by layers ofKrt%Besides
gas phase, Clproduction via DEA to these molecules is chloro- and fluoromethanes, absolute valuesoef were
observed over the-010 eV energy range and is expected to reported for condensed GFO,, CO,, N,O, and HO.
be responsible for the CT features reported in the figftiré> The decrease inct with increasing Kr thickness reported
Features appearing in the data at energies greater than 5 eVh the previous paragraph can be generally explained by a
can be correlated to an anion desorption signal from similar change in the polarization-induced interaction between the
films induced by a 510 eV electron impact?The absence  environment and the temporary trapping anion molecule. This
of such a signal at low incident electron energies implies interaction modifies the energy of the transient anion
that the cross section measurements bel@weV in Figure responsible for DEA with respect to that of the ground state
17 represent the absolute cross section for DEA. At higher parent molecule. Consequently, the branching ratio between
energies, howeveo,cr must be considered a minimum cross electron emission from the anion and electron stabilization
section for the DEA process as some Qlepresenting an  on a molecular fragment is modified, thus affecting the cross
unknown fraction of the total yieltt! Such measurements section of the latter process. More specifically, the increase
made it possible to study the effects of the solid-phase ocr from 20 ML to about 3 ML is essentially due to the
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Figure 18. Variation of maximumocr with Kr film thickness for
low-energy electrons incident on 0.1 ML of GEl deposited on Electron Energy (eV)
the surface of Kr films+). Also shown is the variation in energy . . - .
of the maximum irucr with Kr film thickness ¢ — —). Reprinted Figure 19. Charging coefficientAs, as a function of electron

with permission from ref 143 (http:/link.aps.org/abstract/PRL/v75/ €Nergy for (@) 10 ML Kr condensed onto a Pt substrate gnd
p3568). Copyright 1995 by the American Physical Society. 0.1 ML CRCl> on 10 ML Kr () and (b) 5 ML O on 10 ML Kr
(®) and 0.1 ML CFKCl, on 5 ML H,O on 10 ML Kr (). Reprinted

with permission from ref 172 (http://link.aps.org/abstract/PRB/\63/
€153403). Copyright 2001 by the American Physical Society.

increased stabilization of the transient anion by the image
charge induced in the metal and Kr layer, whereas below 3
ML, the steep decrease is caused chiefly by a reduction of
the lifetime of the anion owing to the possibility of electron  effects of surface polarization [e.g., ref 143]. However, when
transfer to the metal substrate. the same quantity of GEl, is deposited on kD, the
More recently, absolutecr measurements have been ap- charging coefficient per GEIl, molecule at 0 eV increases
plied to problems of atmospheric interest, particularly to the by more than a factor of 10 to yietsbr = 1.3 x 10~ cn.

prob_lem of ozone de_pletion. The presence of ionizing radia- A further order of magnitude enhancementis is observed
tion in the upper regions of the earth’s atmosphere and thefor CF,Cl, on NH;.172

realization that “atmospheric” chemistry can occuronthe sur- |t has been argueld? by analogy with the case of
face of ice and dust particles have led to studies of the inter- molecules adsorbed on glagsjexane?° that this enhance-

actions of LEE with molecular solids of ozo#& HCI 1% ment is due to electron transfer to &, of an electron

andhalogen-containing organic compoupfis"-14314614714815618 - previigusly captured in a precursor state of the solvated
in an effort to shed new light on the problem of ozone electron in the water layer, which lies at or just below the
depletion. vacuum levek’™72and its subsequent molecular dissociation

In a series of experiments, Lu and Ma@€y"*found that  via DEA. Similar results have been reported for HCI
the F and CI" yields produced by the impact of 250 eV adsorbed on water i¢&* It has been proposed that in polar
electrons on CEl; adsorbed on a Ru surface were enhanced stratospheric clouds the enhanced DEA to@Fvia electron
by several orders of magnitude, when the,Clk was  transfer from precursor-solvated states irftiéeay explain
coadsorbed with polar molecules such agOHand NH. the correlation between cosmic ray activity (which would
Subsequent charge-trapping measurements by Lu andyenerate secondary low-energy electrons in ice) and atmo-
Sanché&? also displayed an enhancement in stable anion spheric ozone losg?
formation at electron impact energies near 0 eV, implying
that secondary electrons having near-thermal energies wer i ; in Cj
responsible for the enhancement observed by Lu and Madey?(gbég-gg]- through Organized Organic Thin Films
Figure 19a shows the charging coefficigqfE;), which is
directly proportional tascr, for 10 ML of Kr deposited on In recent years, studies were performed on electron trans-
Pt foil (solid triangles) and that for 0.1 ML of GEl, mission through organized organic thin films (OOTFs). These
deposited on the Kr surface (open squares). These resultdilms can be formed either using the self-assembly technique
can be compared with those in Figure 19b for 5 ML ofH or via the Langmuit-Blodgett method. In the OOTF, perio-
on 10 ML of Kr (solid circles) and for 0.1 ML of C&l, on dicity in the potential exists both in the direction perpendic-
5 ML of H;0 on Kr (open diamonds). In contrast to pure ular to the layer’s planez{axis) and in the directions parallel
Kr films, which do not trap electrons, both,&8- and Ck- to the layer x,y). In thez direction, the periodicity is a result
Cl,-covered films show significant charging. Those for,€CF  of almost all the chemical functionalities being identical to
Cl, correspond to a maximum trapping cross section of 1.4 the CH, groups. The situation in they plane is different,

x 1075 cm? 12near 0 eV, attributed to charge stabilization however; here the periodicity results from having the

as CI, via the DEA reaction CiEl, + e(~0 eV)— CRCl;~ molecules adsorbed in an organized layer. If the interaction
— CRCI + CI~ 3 and here enhanced by approximately an between the molecules is weak (van der Waals forces), then
order of magnitude with respect to gas-phase DEA by the no band structure can be observed for the highest occupied
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molecular orbital (HOMO). However, when an additional A

electron is injected into the film the situation changes.
While in a bulk solid the addition of an electron does not

affect the interaction between subunits, in the OOTFs the | Cdbr

additional electron makes all the difference. This can be
understood as follows. In bulk solids, the total Hamiltonian
describing the system is given by

H=Shy+ S Vi ®)

whereh, is the Hamiltonian of each subunit in the solid and
Vom IS the interaction between the subunits. The bandwidth
is characterized by,m, which in typical nonmolecular solids

is large. When an additional electron is added to the system,
it induces a new interaction between the subunts, and

the Hamiltonian is now given by

Transmission Signal (arb. units)
o

I NI N S NS '

00 02 04 06 08 1.0 1.2 1.4 16 18
H= zhn + z Vnm + Z V;wm (9) Photoelectron energy, eV
n =m r=m Figure 20. The photoelectron energy distribution for electrons
transmitted through layers of Cdar (— —), Cdbr ¢-+), and mixed

Since in a typical solidV,m > V,,, the addition of an monolayers ) for three (A) and nine (B) layers. Reused with
electron does not significantly change the interaction betweenpermission from A. Kadyshevitch, S. P. Ananthavel, and R. Naanan,
the subunits and therefore does not affect the band structureJournal of Chemical Physic407, 1288 (1997). Copyright 1997,
In OOTFs, the interaction between the subunits is weak, ang”Merican Institute of Physics.
therefore no band structure can be observed in the spectros- 76 i
copy of the neutral system. This means tiagis small, on resultd’® suggest that the _cor_responden(_:e with the band
the order of van der Waals interaction, and therefore the bangStructure of the bulk material is substantial even for very
is very narrow. However, when an electron is added to the thin films.

system, the interaction due to the additional electron is much  The results presented in this section indicate that “band
larger than that when all the molecules are neutral and conduction”, or transmission through electronic states that

therefore,V,,,, > VonThis means that the addition of an are extended, is the cause of the efficient electron transmis-

electron significantly increases the coupling between the sion through amphiphiles. It also explains the observation
subunits. This “electron-induced coupling” results from the that electrons are better conducted through all-trans am-
low dimensionality of the system, which forces the electron Phiphilic chains than through chains containing some gauche
to be localized in one dimension (perpendicular to the bonds; that is, when the chains are in an all-trans configu-
surfacez direction), while being delocalized in the other two  ration, the layer is ordered and the electronic wave functions
dimensions. Hence, in the presence of an additional electronin the band are delocalized. The formation of the gauche
and because the electron cannot be delocalized on thddonds requires introducing disorder, which increases scat-
direction, the charge density is high enough to alter signifi- tering and reflection and, when sufficiently pronounced,

cantly the interaction among the molecules. Therefore, localizes the electronic wave function.

significant “band structure” existsnly in the presence of

an additional electron. 9. Angular Distribution of Photoejected Electrons

The importance of the two-dimensional periodicity on the jn LEPET
transmission properties is shown in Figure 20, which presents
the transmission probability of electrons as a function of the ~ As previously mentioned, one may view the LEPET and
photoelectron energy for layers made by the Langmuir LEET spectroscopy techniques as complementary in an
Blodget method from cadmium salts of arachidic [Cdar, §CH  interesting way: in LEET and HREEL spectroscopies, one
(CH,)18C0O0),CcP'] or brassidic [Cdbr, (Ck{CH,);CH=CH- controls the energy and direction of the incident electron
(CH,)1:CO0"),Cd*? acids or a mixture of both’5for three beam, whereas in LEPET one resolves the energy and
(Figure 20A) and nine (Figure 20B) layers. As is clearly direction of the transmitted signal. In both types of experi-
evident, the electron transmission through the mixed layers ments, electron transmission is examined through thin films
is much less efficient than that through the Cdar or Cdbr at positive (relative to vacuum) electron energies. However,
layers themselves. Moreover, the spectrum for the mixed there is a possibility to also control, to some extent, the
layers is much closer to the relaxed type, as shown in Figure momentum of both the incident and the transmitted electrons
1. Namely, because of the destruction of the order in the in LEPET experiments. Hence, direct information on the
system, the electrons are not transmitted any more throughtransmission through the organic film as a function of the
well-defined bands and the transmission efficiency drops. incident and scattered angles can be obtained.

Some word of caution, however, is needed regarding this  The control of the momentum of the incident electrons is
point. The notion of electronic bands is of course related to achieved by changing the lasesurface incident angle. The
the electronic structure of ordered bulk solids, and applying dependence of the photoelectron angular distribution on the
it to thin films is, in principle, questionable. Indeed, it is laser-surface angle has been addressed both experimen-
sufficient to associate high transmission probabilities with tally’’”-18 and theoretically182 Although the theory and
states of the excess electron in the films that are extendedthe experiments do not agree in all details, some basic
on the scale of the film’s thickness. In fact, numerical principles emerge. It was found, for example, that for large
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angles between the surface normal and the laser, the electron
distribution also peaks at large angles but typically is smaller
than the laser incident angle. As the incident angle of the
laser relative to the surface normal becomes smaller, the peak
of the electron distribution moves toward the surface normal;
for example, when the lasesurface normal angle is 20

the electron distribution peaks at abot'518!

In these experiments, two setups are used. The first one
is a modified photofragment imaging system described in
detail elsewheré® In brief, a uniform electric field generated
by two parallel plate electrodes is used to accelerate
photoelectrons toward a position-sensitive imaging detector
located~45 cm from the acceleration field. The OOTFs are
mounted on the repeller electrode such that their surfaces
are flush to each other and biased at the same voltage,
typically —3 to —5 kV. The extractor electrode is grounded.
Both the acceleration and the field-free region toward the
detector are shielded from the Earth’s magnetic field using
two concentric tubes of«-metal. Photoelectron images
appearing on the detector’s phosphorus screen are recorded
using a slow-scan CCD camera. The size of each pixel is
about 0.08 mm; therefore, the solid angle per pixel is 3
1078 sr. The excitation laser is either a frequency-doubled

Nd:YAG-p_umped system_ oran ArF (19.3 nr_n) excimer I._aser. Figure 21. The images obtained for a gold surface coated with
The laser is linearly polarized along a direction perpendicular o (a) and four (B) layers of CdSt and (C) the angular distributions
to the surface normal, whereas the excimer laser is unpo-derived from the images. The laser-impinging angle is. 88
larized. The pressure in the chamber during these experimentReprinted from ref 184, Copyright 2000, with permission from
is 1 x 1077 mbar. Elsevier.

In the second system, the experiments are performed in _ _. ) ) ) )
an UHV chamber pumped to below Fimbar. Glass slides ~ °f-flight axis of the machine, anthaxis the maximum value
coated with gold, either bare or covered with OOTFs, are Of X, which corresponds to an electron being ejected at 90
attached to a grounded holder and inserted into the chamber, Figure 21 shows the images obtained for a gold surface
An Nd:YAG-pumped dye laser with frequency mixing is coated with t‘é‘io and four layers of CdSt (panels A and B,
used to eject photoelectrons from the substrate. A laser beanf€SPectively}* In Figure 21C, the angular distributions

with a wavelength of 225 nm and a flux of about 50 nJ/ derived from the images are shown. Clearly, the angular
mm? is introduced into the chamber in a horizontal direction distribution peaks move closer to the surface normal when

through a quartz window. The photoemitted electrons are the surface coverage changes from two layers to four layers.
detected by a multisphere plate or multichannel-based The sharper angular distribution, observed for the four layers
detectors, which are placed parallel to the sample at asample, is consistent with the fact tha}t four-.layer systems
distance that can be changed from 10 to 75 mm. The detecto@r® known lo be better ordered than films with fewer than
is positively biased to 113 V relative to the grounded sample. three layers? In fact, LB films of Cdst are crystalline-like
The back anode of the detector is divided into seven vertical &t '00m temperature for films that contain more than three
parallel strips. The width of each strip is 4 mm. By analyzing 1@Y€rs:* By monitoring the ratio between the intensities
the signal from each anode separately, we are able to extracfrresponding to the GHand CH vibrations in the IR

the angular distribution of the photoemitted electrons. The SPectrum, we were able to ascertain that indeed the multilayer
organic films are made from cadmium salt of stearic acid film is more ordered than the two-layered one. Hence, we
[CASt, (CH(CH,):CO0"),Cc*] using a LangmuirBlodgett observed a clear correlation between the order in the film
(LB) trough. and the selectivity in the transmission probability as a

A strong dependence of the photoelectrons’ angular function of thek vector of the incident electrons.
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distribution on the laser impinging angle has been found. It
was observed that electrons are ejected mainly in the plan
defined by the laser impinging and reflection angles, namely,
in the XZ plane. Since the photon energy is very close to
the surface work function, the energy distribution of the

electrons is narrow and therefore the observed images ca
easily be converted to angular distribution in the following

' )

ax
wherea is the angle in radians between the initial velocity
of the emitted electron and surface normals the distance
between the electron position on the detector and the time-

oa=2—arco (10)

2

e

The results of the imaging experiments are consistent with
those obtained using the angle-resolved time-of-flight experi-
ments. Figure 22A shows the displacement of the photo-
electrons’ signal from the center of the multichannel detector
in the second experimental setup for bare gold surface and

r1‘or gold coated with four layers of Cdst. The center of the

detector corresponds to the normal scattering angle. The
distance between the sample and the detector is 75 mm and
the laser-impinging angle is 80relative to the surface
normal. In this case, the angular distribution of the photo-
electrons emitted from the bare surface peaks at normal to
the surface, and the distribution is very broad. When the
surface is coated with four layers of Cdst, the photoelectrons’
distribution narrows significantly. Figure 22B presents the
transmission probability obtained by dividing the distribution
obtained with the covered surface by the distribution of the
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Figure 22. (A) The displacement of photoelectron signals from

Chemical Reviews, 2007, Vol. 107, No. 5 1569

and the electron energy is not well-defined. However, using
LEPET spectroscopy, it has been possible to investigate the
interaction of LEEs of a limited energy range with mono-
layers of single- (ss) and double-stranded (ds) DNA oligo-
mers chemisorbed on a gold surface. By methodical variation
of the bases in the oligomers, the effect of each base on the
interaction with electrons could be determined, as well as
the difference between single and double strands. Further-
more, the binding energy of the captured electrons could also
be determined?®?In brief, the work described in this section
was to determine the structural and chemical elements in
the DNA that govern the initial electron-capturing process,
by studying electron transmission through organized adsorbed
layers of DNA.

Past findings hint that guanine (G) bases act as “DNA
protectors”. For example, G-rich telomeres found at the ends
of chromosomée$§® were recently shown to increase the
resistance of DNA to ionizing radiatidd? It is also well-
established that guanine is the most easily oxidized nucle-
otide1°5%hence a positive charge localizes on the G bases.
It has also been demonstrated that positive charges can be
transported over long distances in DNA through multistep
hopping between G bast&:2°° The putative role of G bases
as protectors of the genome from electrons with kinetic
energies greater than the ionization energy of the bases seems
to result from their ability to easily form catio%-2°?Hence,
LEPET studies specifically focused on the role of the guanine
bases in the interaction of the DNA oligomers with the

the center of the detector, as measured by the second experimentatlectrons.

setup for a bare gold surface and for gold coated with four layers

of CdSt. Zero displacement corresponds to a normal scattering

angle. Here the laser impinging angle was$ &flative to the surface
normal. (B) The transmission probability obtained by dividing the
distribution obtained with the covered surface by the distribution
of the bare surface. Reprinted from ref 184, Copyright 2000, with
permission from Elsevier.

bare surface. The enhancement of the signal in the normal

direction indicates a “channeling” effect, namely, that

electrons are emitted from the metal surface at angles

different from normal, which are scattered by the OOTF
toward the normal direction. This type of process is well-
known for high-energy particles scattering through crystéls.

The results presented here show that the angular distribu-

tion of low-energy photoelectrons ejected from a gold
substratéds not isotropicand depends strongly on the laser-

impinging angle. The photoelectrons emitted are confined

into the plane defined by the laser impinging and reflection

directions. It is also demonstrated that the transmission of . L ; . ok
S‘,preparatlon and characterization are described in detail in

electrons through OOTFs depends strongly on the electron

entrance angle. In general, the electron transmission is by

far more efficient along the chains of the organic molecules
than in any other direction.

10. Electron Transmission through DNA
Monolayers

Many of the mutagenic or lethal effects of ionization

Self-assembled DNA monolayers were prepared according
to the standard procedut®;?%“that is, by depositing'3hio-
lated 15-mers of DNA on clean gold substrates. Fifteen-base
single-stranded, disulfide (SS)-protected oligonucleotides
were suspended in 0.4 M, pH 7.2, phosphate buffer. The
clean Au slide was covered uniformly with the oligomer
solution.

In order to form layers of dsDNA, '3hiolated ssDNA
was hybridizedex situwith its complementary nonthiolated
DNA oligomer by combining equal amounts of the two
oligomers. Complete hybridization was determined by non-
denaturing gel analysis. The hybridized ds oligomers were
then deposited using the same protocol as that for ssSDNA
oligomers.

Figure 23 shows the different DNA oligomers and their
corresponding abbreviations used in the study. The mono-
layers were characterized by atomic force microscopy,
contact angle measurements, and ellipsometry. The sample

ref 192.

Several control experiments were performed in order to
verify the validity of the electron transmission results. The
first experiment checked whether the UV light, used for
ejecting the electrons, damages the adsorbed DNA layer.
Radiolabeled DNA oligomers were exposed in solution to
193-nm light with an energy density (100 nJAr&0 times
larger and an exposure time (14 s)®1lnes longer than

radiation can be attributed to secondary electrons that arewere used in the experiment (2 nJfcamd 20us). By gel

created within 10'® s along radiation tracks and spurs and
have kinetic energies below 20 é¥:88Experimentaf® and
theoretical®® studies indicate that electrons with subionization
energies play an important role in inducing damage to
DNA.191 But, the detailed mechanism underlying electron
DNA interaction is difficult to address experimentailtyzivo,
where many parameters affect the electr@NA interaction

electrophoresis analysis, no single-stranded breaks could be
detected in the DNA.

In addition, by monitoring the electron signal as a function
of the laser intensity, one can verify that the electrons ejected
from the gold are indeed produced by a single photon. The
results indicate that there is a linear dependence of the
electron signal on the laser flux.
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Figure 23. The different DNA oligomers used in the experiment and their abbreviations. In oligomgen8&G, the guanine bases are
clustered together. §& and GG are double-stranded oligomers bound to the substrate through a propyl-thiol group attached to either the
G or C single-strand oligomer, respectively. Reprinted with permission from ref 192. Copyright 2005 by The National Academy of Sciences
of the U.S.A.
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Figure 24. (a) The kinetic energy spectra of photoelectrons transmitted through monolayers made of single-stranded DNA oligomers
containing 15 bases with various numbers of guanine, the rest being adenine bases. The photon energy is 6.4 eV. The abbreviations of the
strand sequences are given in Figure 23. (b) The effect of clustering of the G bases on the transmission signal. When the G bases are
clustered together (3G5G;), the transmission yield is reduced compared with the oligomers where the guanine is separated by adenine
bases. (c) The kinetic energy spectra of photoelectrons transmitted through monolayers made of various oligomers (see Figure 23 for the
assignment). The transmission through layers made of the 3C and 5C oligomers are compared with 3G and 5G. (d) Kinetic energy spectra
of photoelectrons transmitted through layers made of double-stranded DNA (red and black solid lines). For a comparison, the transmission
through layers made of single-stranded DNA is shown (8C, 8G). The curves with the dashed lines correspond to the spectra obtained after
washing the ds samples with pure water to induce denaturation. Reprinted with permission from ref 192. Copyright 2005 by The National
Academy of Sciences of the U.S.A.

Finally, in order to probe the effect of the salt (and there-  Figure 24 shows the electron signal vs energy for photo-
fore the counterion) on our measurements, we prepared DNAelectrons ejected from the gold substrate and transmitted
monolayers on gold from an ethyl alcohol solution instead through monolayers composed of the different ssDNA
of water, and we performed electron transmission experi- oligomers. The data in Figure 24a indicate that the electron
ments. Interestingly, the results were identical to those ob- transmission intensity decreases as the fraction of G bases
tained for monolayers made from aqueous solutions of DNA. in the DNA oligomer increases. The same transmission
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351 0g— 0, = (674 24) x 10 ®cn?
364 This difference in cross section is large but not unreasonable
374 for an electron interacting with a molecule possessing a large

dipole moment. Boudaiffa et #1°> measured the cross section
for 10-50 eV electron damage to DNA by creating DNA
-3.9 strand breaks and obtained values of up tox300 16 cn?.

40 Since the electrons’ captured cross section is expected to be
higher than that for the actual breaking of the DNA, the
results obtained here are consistent with those in ref 205.

-3.8

In(lg)

4.1

4.2 To explore the state of the captured electrons on the
0 1 2 3 4 5 & 7 8 g adsorbed layer, we conducted two-photon photoemission
Number of Guanine bases () (TPPE) studied®2%7 In these experiments, electrons are

Figure 25. The measured integrated transmission yild)(as a excited in the metal sub_strate with photon energy below the
function of the number of guanine (G) bases in the DNA oligomers. Substrate’s work function. Some of these electrons are
The straight line indicates théic = lay € N"e=9) with og — oa transferred to the LUMO of the adsorbed layer. A second
= (67 £ 24) x 1076 cn?. Reprinted with permission from ref  photon is used to eject these electrons from the LUMO to
192. Copyright 2005 by The National Academy of Sciences of the the vacuum, and their kinetic enerdsi, is measured. The
U.S.A. kinetic energy of the electrons ejected by the TPPE process
efficiency was obtained whether the single G base was Eot?ﬁ;teéffr:f liteE(i f,‘;htgf,’ L:Vbi'g ?ﬁlgpigﬁg%yéﬁgrgi'livfﬁi%h
positioned at the '5end or 3 end of the DNA oligomer in the present study is 3.55 eV.

(farther [seq. 1§ or closer [seq. 1§ to the surface, Figure 26 presents the TPPE spectra observed for DNA
respectively). The transmission yield is lower when the G |ayers composed of different oligomers. The TPPE signal
bases are clustered together [oligomers 8@l 5G] (Figure  gepends on the transition probabilitig) of the electrons
24b) than when they are separated by an adenine base [3Gom the metal to the layer and on the lifetime of the electrons
and 5G]. In addition, the transmission efficiency was found residing on the LUMO. This lifetime depends on the
to be much higher for monolayers made of DNA oligomers rejaxation rate of the electrons back to the meitg).(Hence,
consisting of the C and A bases rather than the G and A g intense TPPE signal means either that the layer captured
bases (Figure 24c). The transmission is more efficient yery efficiently the excited electrong(is high) or that the
through layers made of double-stranded DNA than with the |ifetime of the electron in the LUMO is very long, allowing
single-stranded ones (Figure 24d). Importantly, the capturingfor a high transient population. On the other hand, the
by layers made of dsDNA is about 2.3 times less efficient electron transmission intensity depends only on the capturing
than the capturing by a layer made of ss GA-rich oligomers, probability by the layer and not in any way on the LUMO
and 1.5 times less efficient than the capturing by layers madejifetime. When comparing the results from two different
of ss CT-rich oligomers experiments (electron transmission and TPPE), one sees that

To confirm the effect of the double strand, after measuring the calculated capturing probability from the electron trans-
the transmission, the samples were washed extensively withmission experiment matches closely the normalized electron
water in order to denature the double-stranded DNA. capture probability calculated from the TPPE experiment (see
Following the washing, the transmission efficiency decreased Table 1). The normalized capturing probability was calcu-
(dashed lines in Figure 24d), as expected from a double-lated assuming that the difference in the TPPE signal depends

stranded DNA that had been converted to mainly single- only on the capturing probability of the electrons. Hence,
stranded oligomers. the ratios between the integrated TPPE signals provide the

ratio between the capturing probabilities. Figure 26a shows

The above qualitative description can become quantitative . . : .
if one calculates the energy-integrated photoelectron signal.that in the case of single-stranded oligomers, the TPPE signal

N L ; increases with an increasing number of G bases in the
I(E) dE). Ing, the integrated electron transmission signal . s o ;
Elf:iéu)re 2)5) rgi)tained fo? the nG oligomer, can thereforge be oligomer. More sp_eC|f|c.aIIy., itis inversely proportlonal 0
calculated byl = Il — P, where P is’the integrated the transmission signal in Figure 24a and proportional to the
nG — lAu - 1

; . .~ . capturing probability. In addition, when the guanine bases
capturing probability of the electrons by the layer, which is : :
given by (a — Inc)flaw, andla, is the signal from a bare are clustered together (oligomers,3hd 5G), the capturing

' robability increases (Figure 26b). This inverse correlation
gold substrgte. Since the shape of the spectra does not chan etween the transmission signal and the TPPE signal for
as a function of the number of guanine bases, one can,

L . ayers made of single-stranded oligomers means that both
conclude that within the studied energy range of the electrons’results are controlled by the capturing probability of electrons

the capturing probability is energy-independent. by the layer. When the capturing probability is high, the
The integrated intensity of the transmitted electrons can transmission signal is weak, whereas the TPPE signal is
be represented binc = lauw € N9 ), whereN is the strong and vice versa. Hence, the TPPE signal is controlled
number of adsorbed molecules per unit area @dndoa by the transmission probability from the metal to the DNA
are the scattering cross sections for electrons scattered fromayer, kr, and it shows no effect due to the variation of the
a G and an A base, respectively. Figure 25 shows that indeedifetime of the LUMO states. Hence, the lifetime of the
a plot of In(g) versusn produces a good approximationto LUMO must be about the same for all oligomers. This
a straight line. Three sets of experiments were performed,indicates that the LUMO may be the same for all single-
and the slopes indicate that the cross section for electronstranded oligomers.
scattering from a guanine base is larger by about G016 The TPPE studies clearly show that for layers made from
cn¥ than the cross section of adenine: single-stranded DNA, the energy distribution of the ejected
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08 % Table 1. The Electron Capturing Probability

strand 1G(3) 1G(5) 2G 3G 3G5G 5G 8G 5C 3C GC GG
capturing 44 43 47 54 57 61 65 71 22 22 31 33
prob.
% + 22
capturing 44 46 51 51 58 57 64 81 66 39
prob.
% + 3°

0.7 -
08 -
05 -
04 -

2 Obtained from electron transmission studies where the capturing
probability is given by lau — Ing)/lau; lau IS the energy-integrated
photoelectron signal obtained for bare gold, drglis the integrated
electron transmission signal (Figure 24) obtained for the nG oligomer.
| bThe calculated capturing probability is based on the TPPE signal
0.0 T T ST (Figure 26) and is normalized relative to the signal obtained for 1G(3)
00 02 04 06 08 10 12 14 16 18 20 22 24 oligomer.

Electrons energy (eV)

0.3+

TPPE signal (a.u)

0.2

due solely to the difference in the capturing probability but
56x also depends on the lifetime of the electrons in the LUMO
sl () sox (low kp); that is, the lifetime of the LUMO in the layers

> —36x made from double-stranded DNA is longer than that in layers
054 ooose made from single strands. This conclusion is further sup-

] - ported by the shape of the TPPE spectra, which indicates
that the electrons on the double-stranded layers are more
strongly bound by about 0.2 eV compared with the electrons
bound to the single-stranded layers.

The results indicate that the number of G bases controls
the capturing efficiency of slow electrons. The fact that
clustering of guanine bases is more efficient in electron
capturing than guanine imbedded in an adenine sequence
indicates that it is not the adeninguanine combination,
rather than solely the guanine, that affects the capturing. In
08 the past, it has been assumed that high capturing efficiency
of a base can arise either from its high electron affinity or
from negative-ion resonances at energies relevant to that of
the transmission electrons. It is important to realize that most
guantitative experiments performed so far on the electronic
properties of DNA bases, like ionization potential and
electron affinity, were performed mostly in the gas phase
and rarely in the condensed phd%e?4 In addition, a
comparison of the theoretical and experimental results shows
that the determination of electronic affinity values of the
DNA bases is still a matter of controverdy.One does
T O A expect that when the base is attached to the sugar backbone

00 02 04 06 08 10 12 14 16 18 20 22 24 in an oligomer, its electronic properties will vary. Hence these
Electrons energy (eV) former experiments are of limited use in our case. Another
Figure 26. Kinetic energy Spectra of electrons ejected by a two- d|ﬁ|Cu|ty iS that e|eCtr0niC structure Ca|Cu|ati0nS were
photon photoemission (TPPE) process. The photon energy is 3.55performed usually on a single base and at most on a base
eV. (a) The TPPE spectra obtained from monolayers made of single-pair. Again, the validity of these results to our experiments
strandeq DNA oligome.rs contaiping 15 bases with various numbe(s is questionable. Overall, both former studies and present
of guanine, the rest being adenine bases. (b) TPPE spectra showing 5| jations have predicted very low electron affinities for

the effect on the electron transmission due to clustering of the . . .
guanine bases (5Gnd 3G) versus the bases being separgted py guanine. Clearly, guanine is not distinct from the other bases

adenine bases (5G, 3G). (c) TPPE spectra from layers made ofin terms of its electron affinity. o _
double-stranded DNA (dashed lines) versus layers made from The special role of guanine can arise either from the high
single-stranded oligomers. Note the shift in the peak of the TPPE electron capturing probability or from the ability of the
spectra for the double-stran_ded Iayers_compared with the Sing|e-e|ectron, once captured, to lose energy quickly and be
gt(;gndbelez;yeﬁ. Repr'ln’;ed g‘”th perssion fromf r?]f 192-Si°Pyr'9ht stabilized on the DNA. The dipole moment for the biologi-
5 by The National Academy of Sciences of the U.S.A. cally relevant form of guanine (amir@xo tautomer) is
electrons does not depend on the sequence, as can be seatout 7 D?'6217 which is three times larger than that of
by the similar shape and peak position. This is consistent adenine (2.2 D) and almost twice as large as that of thymine.
with the conclusion that the nature of the LUMO is the same However, cytosine (amineoxy tautomer) also has a high
for all single-stranded oligomers, as indicated by the samedipole moment, like guanin€®?'® However guanine is
lifetime. For the double-stranded oligomers, the TPPE signal distinct because of its low ionization potentt&. 2% It has
(Figure 26c) is stronger than expected, based on the capturingpeen found recently that, at least in the form of self-
probability derived from the transmission experiments, when assembled monolayer, most of the phosphate groups on the
compared with the transmission probabilities. This indicates DNA are not charged, namely, they are protonété#ience,
that the difference between the TPPE spectra of the layersone may speculate that the explanation for the role of the
made from single- versus double-stranded oligomers is notguanine is as follows. The protonated phosphate group, with
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its high electronegativity, attracts charge from the guanine A substantially different result was obtained for ECD
making the guanine slightly positively charged and the measurements on thin organic LB films of amino acids on
phosphate negatively charged. Hence, clearly electrons willgold substrate¥® A partial polarization (15%) of the
be attached very efficiently to the positive guanine. Guanine electrons was achieved by using circularly polarized light
is unigue because of its low ionization potential. Hence, this to eject the photoelectrons from the gold substf&t&he
effect cannot be found for the other bases. It is important to measured asymmetry parameter was a sizable fraction of a
realize that if the phosphate is not protonated, then becauseunit. This result is more than 4 orders of magnitude larger
of it being negatively charged, it cannot attract more electrons than the quoted results in gas phases for [Bwchiral
from the guanine and the guanine is expected to remainmolecules. The huge asymmetry was confirmed, and more
neutral. The role of the guanine in the electron capturing surprising observations were reported recently when spin-
clearly deserves further calculations and experiments. polarized electron transmission was measured for self-
The results presented here indicate that, once capturedassembled monolayers of polyalanine on ¢éf¢?°

the electron is not localized on one of the bases but instead = Self-assembled monolayers (SAM) of either alkylthiols or
is either on the sugar backbone or between the molecules in - or p-polyalanine polypeptides were investigated on a gold
the monolayer in a nonlocalized stdt€The recent observa-  substrate. A cystine group has been added at the end of the
tion that the phosphate is protonat€dmay support the  polypeptide. The cystine, with its thiol group, served for
conclusion that the captured electrons are localized on thepinding the polyalanine to the gold substrate. When the
most electronegative group, namely, on the protonated cystine is connected either at the C- or N-terminal of the
phosphate. peptide, its dipole moment points either away or toward the
The low capturing yield by monolayers made of dsDNA  substrate, respectively. Characterization and purification of
oligomers may result simply from their better organization. polyalanine by high-pressure liquid chromatography was not
Whereas monolayers made from ss oligomers are e><I0€CtngE))ossible due to the hydrophobic nature of this peptide.
to form irregular layers due to their less rigid structure, the |nstead, the powder from the synthesis was taken and
monolayers made of the dsDNA are more organized because:haracterized by two methods: matrix-assisted laser desorp-
of the rigid and regular structure of the double helix. tijon—ionization mass spectrometry, which gave the mass of
Numerous studies show that, in general, the capturing of low- the polypeptide, and amino acid hydrolyses, which determine
energy electrons by well-organized and regular monolayersthe type of amino acids in the polymer.
of organic molecules is by far less efficient than in the case  1,ee types of polyalanine monolayers were prepared,
of irregular layersg.Hence, the difference obtained between consisting either of-alanine om-alanine and having 16 and
the electron capturing yield by layers made of ss- and dsDNA 55 aming acids, respectively, both connected to the surface
is consistent with the difference in their organization. 5i the C-terminal (hereafter referred to as LC and DC,
Interestingly, it is well-established thiat vi»v0, close packing respectively), and a monolayer pfpolyalanine consisting
of DNA strands enhances their protection against radiation ¢ 2o amino7 acids and connected to the surface at the
damage?!-222 Despite the fact that the experiments were n_terminal (DN). The structure and tilt angle of the films
performed in a very different environment than underithe 16 determined by their Fourier transform infrared (FTIR)
vivo conditions, the dsDNA layers most likely contain  grazing angle. In helix peptides, the transition moment of
structural watef°>and therefore include all the basic building  the amide | band lies nearly parallel to the helix axis and
blocks of DNA in theirin vivo environment. Their density 5t of amide 11, perpendicular. Since transition moments,
is also similar to the one observed vivo. Hence, our  \yhich are parallel to the gold surface, cannot be detected in
observation relating the organization of the DNA to the 4a7ing angle FTIR, the ratio between the intensities of the
reduction of electron capturing suggests that a similar gmide | band (1665 cml) and the amide Il band (1550 ci)
mechanism possibly exists in a biological environmiéht. i gicates the tilt angle of the molecules relative to the surface
) normal. The frequencies of amide | and amide Il vibrations
11. Spin-Dependent LEPET indicate that the molecules in the monolayers are indeed in

Electron circular dichroism (ECD) measurements are €@ helix form. _ _
historically prominent because of the discovery of parity ~ The thickness of the films was measured by ellipsommetry
violation in -decay in 1956 and the subsequent theories of and was compared with the predicted thickness, as calculated
Vester and Ulbrich* on the origin of biological homo- by multiplying the length of each peptide by the cosine of
chirality by the interaction of-rays with primordial chiral ~ the tiltangle as inferred from the grazing angle FTIR spectra.
molecules. In LEPET, measurements of ECD are performed Circular dichroism (CD) measurements were performed
by comparing the transmission intensity ¢f spin circular to verify the handedness of the layers. For the CD measure-
polarized P = £1) electrons. An asymmetry parameter is ments, the polypeptides were deposited on 10 nm thick gold-

defined by coated quartz slides that are transparent to UV radiation down
to 190 nm. The CD spectra indicate a righhelix form for
_1(+P) = I(—P) the LC film and a left one for the DC film.
o [(+P) + I(—P) For the electron transmission studies, the samples were

inserted into an UHV chamber at10-8 Torr. The polarized
Accurate measurements of the asymmetry paramfetier photoelectrons are ejected from the substrate by applying a
the gas phase of camphor molecétebave shown that the  laser beam at 248 or 193 nm. The laser beam is passed
model of Vester and Ulbricht cannot be supported by through a linear polarizer and /d4 plate to create either
experiments. In particular, the results for energies below 10 left- or right-handed circular polarized light. It has been
eV show|A| < 2 x 1075 for organic chiral molecules that established that right-handed circularly polarized light in-
do not contain heavy elements (e.g., with low-spin orbit duces positive helicity in the photoelectrons ejected from
parameters). the gold substrate and the reverse for the left-handed
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Figure 27. The energy distribution for photoelectrons ejected with 2003 by the American Physical Society.

a left (—) or right circular ¢ — —) polarized laser. The electrons

are transmitted through films af andp-polyalanine both bound _ . . .
to the surface through the C-terminus (A and C, respectively) and & T = 264 K'is believed to reflect an electron transmission

through a film ofo-polyalanine bound to the surface through the through a homogeneous medidfh These results are con-
N-terminus (B). Reprinted with permission from ref 228. Copyright  sistent with a model that suggests an electron transfer from
2002 Wiley Interscience. the gold to each molecule when the CPD is positive and a
hole transfer when the CPD is negative. Only at a very small
polarized light. Moreover, it is known that in the energy region near zero CPD is there no charge transfer and the
range of a few electronvolts the photoelectrons possess aasymmetry is also zero.
polarization of about 15%7’ After the electron passes Two-photon photoelectron spectra were recorded from LC
through the organic layers, the its energy distribution is and DN films at a photon energy of 4.66 eV. Measurements
analyzed using a time-of-flight (TOF) spectrometer. were carried out at various temperatures and are shown in
Results of electron transmission for the three different Figure 29. The photoelectron distribution from the LC film
films, LC, DN, and DC, are shown in Figure 27. The 10% at room temperature is narrow (Figure 29B); thus only very
differences between the two circular polarizations correspondlow energy electrons are emitted. It shows a single photon
to about a 70% asymmetry parameter (due to the 15% partialdependence. When the sample is cooled down, the intensity
polarization of the gold photoelectrons). As mentioned above, of the photoelectron signal decreases until, at 260 K, a second
this result is many orders of magnitude larger than that in broader peak starts to appear at appreciably higher energies.
the gas phase. According to expectations, the LC and DCThe intensity of this peak increases with a further decrease
films have signs opposite to those of the asymmetry of the temperature. The increase and broadening of the
parameter for all measured energies. However, againstenergy distribution spectra of the LC film at low temperatures
expectations, the DN and DC films, which have the same is an indication of the change occurring in the monolayer
molecular handedness, show opposite asymmetry of the spinwhen cooled. As long as the CPD is positive (see Figure

dependent electron transmission for all energies. 28), only low-energy electrons are emitted with intensity that
The voltage across the films was measured with a Kelvin monotonically decreases with the CPD value. This is the
probe and was found to be aboti0.3, —0.3 and+0.3 V region where a transferred electron resides on each molecule

for the LC, DN, and DC films, respectively. These contact in the layer. An additional electron cannot bind to the
potential differences (CPD) are opposite and 2 orders of molecule because it feels the repulsion from the already
magnitude smaller than what is expected if the electric dipole charged molecule. Therefore, only direct single-photon
moments of the free molecules are unchanged upon adsorpemission from the substrate is observed. Below 260 K,
tion. These results can, however, be explained as due to avhere the CPD is negative, the molecules are positively
charge transfer of about one electron per molecule from the charged, and therefore an additional electron can reside in a
gold substrate to the LC and DC films or an opposite transfer metastable state. Subsequently a second photon can eject the
(a hole per molecule) for the DN fili#0 electron from the metastable state to the vacuum. Hence, in
CPD measurements were carried out as a function of this two-photon process, electrons are transferred by the first
temperature for a LC film as well as the corresponding photon from the substrate to the layer and ejected to the
asymmetry measurements, which are shown in Figure 28.vacuum by the second photon.
Upon cooling, the CPD drops froat0.3 V throudh O V at The reverse effect is observed for molecules connected to
T=264 Kto—0.3 V. As expected, the asymmetry parameter the substrate through their N-terminus (DN). The photo-
jumps and changes its sign when the CPD changes its signemission from the DN sample at room temperature is two-
(Figure 28). Only at a very small region netr= 264 K photon-dependent and decreases with decreasing temperature.
does the asymmetry collapse to zero, and the electronHence, we concluded that whereas the LC layer is negatively
spectrum dramatically changes its character. The spectrumcharged at room temperature and therefore cannot be charged
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the same is true for the existence of the magnetic field itself.
0.15 —_—207K Recently several other studies reported “interface magnetism”
— — 258K similar to the one found in the above cases. This interface
— - = = 250K magnetism was observed for gold nanopatrticles coated with
= 010 — - 246K organic moleculed:235for thin HfO, layers on silicon and
g Trrm24K sapphire, and in irradiated carbon substraiés®
‘B The explanation for the magnetism is based on the fact
8 005 that upon organization of a SAM, charge is transferred,
£ driven by the electrostatic repulsion between the aligned
dipolar molecules in the SAM. It is important to realize that
0.00 i the charge transferred to each molecule is a fraction of a
0.0 24 28 32 unit charge?® Thus, the extra charge is positioned on the
- monolayer in order to reduce the dipole moment of the
N B molecules; this charge is squeezed on a two-dimensional
008 - Is ey net. Based on Hund’s rule and as shown before, in each
—~ ... 277K domain of the monolayer all the spins associated with these
g 0.06 - === 267K charges must be aligned parallel to each other. The charge
> SN squeezed between the two-dimensional network of molecules
B 0.04 | Y eesees 253K in the monolayer may possess large orbital magnetism.
f«j Ny mees 250K Hence, in each domain, except for the spin order parameter,
£ oo A there is an internal angular momentum order parameter that
.......... depends on the external magnetic field. However, if the
adsorbed molecules are not chiral, then in each domain the
D'ODO_O 390 spins can be oriented either toward or away from the

substrate and the net magnetism with no magnetic field is
therefore zero.

Electron Enerav (e\)

Figure 29. Two-photon photoelectron energy spectra as a function ; ion i i
of temperature for the DN (A) and LC (B) layers of polyalanine. The situation is different, however, when the adsorbed

The photon energy used is 4.6 eV. At temperatures above 260 KmOIeCL_Jles are chiral. _He_re th_e charge-transfer Process,
in the DN layer (A) a two-photon process occurs, while a single- OCCUrting upon organization, is directly related to the
photon process occurs in the case of LC layer (B). When the preferred direction of the angular momentum of the trans-
temperature is lower than 260 K, no electrons are ejected from theferred electrons. Hence, upon electron transfer, the direction
substrate coated with DN and a two-photon process takes place ingf the transient magnetic field is well-defined and energeti-
the case of the LC-coated surface and high-energy electrons arecy)|y favors a unique direction for the spin order parameter.
ggs;ﬁéi?'zgggrllgrt:gl gggﬁfg?gjgggom Figure 4 in ref 245. Thus,f_or chirgl molecules thg spi_ns of the transfer(ed holes

) N ) are aligned in the same direction for all domainghe
with an additional electron in a two-photon process, the DN preferred direction of the spin depends on the handedness
sample is positively charged at the same temperature ancof the chiral molecule. The polarization of the spins can be
hence a strong two-photon signal is observed. Upon coolingdetected by the magnetoresistance effect, namely, spin-
below 260 K, the charging on the layers reverses its sign, asdependent electron transmission. This effect is similar to the
indicated by the CPD signal, and therefore a two-photon gpin transmission preference observed in electron transmis-
process occurs on the LC layer, but the DN layer is now sjon through an ultrathin magnetic cobalt lag&rindeed
negatively charged and hence cannot be charged by arnspin-selective electron transmission was observed only for
additional electron. Because of the hlgh work function of chiral m0n0|ayers_ For mono|ayers made from nonchiral
the gold covered with the DN layer, a single photon signal akyithiols, paramagnetism was measu##dbut no spin
is not observed either at this photon energy. The change inselectivity in electron transmission could be observed.
the charge is attributed to structural changes in the molecules. The difference between the spin selectivity observed for
This effect was observed bef(ﬁ%,but it is outside the SCOpe Sing'e and doub|e strands Of DNA mon0|ayers may be
of the present discussion. . explained if one considers that dSDNA monolayers form
~ The temperature-dependent studies prove that upon formayyell-organized layers and that the molecules themselves are
tion of the closed packed layer, charge is transferred betweeryigid double helices with a right-handed helicity. In the case
the substrate and the layer, consequently canceling thepf ssDNA monolayers, the layer is much less organized and
dipole-dipole interaction between the molecules. For ex- the molecules have no well-defined helix-type structure.
ample, in both the LC and DC layers, an electron is Hence, the monolayers are not well-packed and therefore
transferred from the metal to each molecule and that the electrostatic repulsion between the molecules can be
dramatically lowers the electrostatic energy within the layer. reduced by their bending and reorientation rather than the

In recent studies two new related effects were detected:charge transfer. For dsDNA monolayers, the only way the

(1) spin-selective electron transmission through monolayers system can reduce the electrostatic repulsion is by charge
made from chiral molecules, as reported here, and (2) theansfer.

large magnetic moment measured for self-assembled mono-

layers?® In addition, it has been found that there is clear

difference between monolayers made from ssDNA and thoselz' Summary

made from dsDNA. This difference exists despite the fact The study of electron transmission through thin organic

that both types of molecules are chifé. films provides information unavailable from any other source
In trying to rationalize the observations, it is importantto on the electronic properties of the organic molecules as

realize that chirality alone cannot explain spin selectivity and individuals and on the properties that emerge due to
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interactions among the molecules in the film. These proper- LEET low-energy electron transmission
ties relate to many technological applications varying from LEPET  low-energy photoelectron transmission
the insulation of electrical liné# to radiation damage in ~LUMO  lowest unoccupied molecular orbital
biological tissue¥? and futuristic molecular electronic ap- MFP mean free path
plications?#* ML monolayer S

) ) . OOTF organized organic thin film

The two methods described in the present review are gsg quantum size effect

complementary in nature. In LEET studies, a monochromatic rs resonance stabilization
electron beam hits an adsorbed molecular layer from the SAM self-assembled monolayer
vacuum side; the transmission is monitored via the current ds double-stranded
generated in the conducting substrate. The same experimentais single-stranded

setup can be used to study reflection. Both transmission andTPPE ~ two-photon photoemission

reflection are studied as functions of the incident electron UHY ultrahigh vacuum

energy, substrate type, and characteristics of the molecular vacuum level (i.e., zero energy reference)
layer. In the LEPET experiments, photoelectrons are ejected

from a conductive substrate and are transmitted through the14, Acknowledgment

organic film to the vacuum side. Here the signal is the (angle-
and velocity-resolved) transmitted electron flux as a function
of incident photon energy, molecular film thickness, adsor-
bate, and substrate types and temperature.
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electronic states in the films that are above the vacuum level.
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