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Abstract

The collimated monochromatic low-energy (< 50 eV) electron beam delivered by a low
energy electron microscope (LEEM) was used to locally modify organic molecular thin
films at the micrometre-scale. Self-Assembled Monolayers (SAMs) of p-terphenylthiol
(TPT) anchored on gold substrates were used as model organic layers. The local work
function (WF) was observed to decrease as a consequence of electron irradiation and
to be tuneable using the irradiation energy and/or the dose as control parameters. The
chemical origin of the observed WF changes could be discussed in the light of available
vibrational analyses of irradiated TPT SAMs performed using High-Resolution Electron
Energy Loss Spectroscopy (HREELS) and by comparing the effective cross sections
estimated for WF modulation and for chemical modifications, respectively. The
hydrogen content of the organic thin film was shown to be the determining parameter,
rather than the degree of aromaticity of the hydrogenated carbon centres. Finally, the
imprinted modifications were observed to have a moderate stability after air exposure

by combining Photoemission Electron Microscopy (PEEM) and HREELS.
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Introduction

To pattern templates of controlled chemical composition with a high spatial resolution
is a prerequisite in the development of sensing platforms [1-5]. One method to tune
locally the physical and chemical properties of an organic-inorganic hybrid system is
to process thin molecular layers serving as platforms for device development using
photons or electrons. State of the art chemical template goes down to scale of few tens
of nanometers [5-7], but there are also interest for micrometre scale molecular
architectures, for example when it comes to objects of biological interest like viruses
and designed proteins [8-10].

High energy irradiations are used to reach high spatial resolution, but provide less
control over specific chemical modifications. Many reactivity channels are open and
competing at these energies, among which processes triggered by secondary low-
energy electrons (LEE, < 50 eV) are contributing. LEE are known as efficient particles
to induce selective chemical modifications [11,12], and thereby associated physical
property modifications [13]. Highly focussed LEE beams are difficult to produce, mainly
due to space charge. But a way to go down in terms of beam diameter is to process
molecular layers using a collimated beam delivered by a LEEM. Therefore LEEM
experiments were performed to locally modify the molecular layer and image the local
modification of the physical properties of the organic thin films. The related induced
chemical modifications were investigated using vibrational spectroscopy after layer
processing at the same energies using a standard electron gun delivering centimetre
scale beam.

Self-assembled monolayers (SAMs) are ordered assemblies of densely packed
organic molecules chemisorbed on inorganic substrates. In recent years, SAMs have
been widely used in nanotechnology due to the flexibility offered by the chemical
composition adaptability [14,15]. Aromatic SAMs exhibit a negative resist behaviour
due to their cross-linking ability, the reticulation proceeding through the creation of
bonds between neighbour molecules in the layer [16]. Crosslinked aromatic SAMs
were indeed used to build molecular devices, containing robust anchors and templates
for biomolecules, or used as good precursors for producing carbon nanosheets and
nanomembranes [8,16-18]. Aromatic SAMs of p-terphenylthiol (TPT) are good
candidates to demonstrate the feasibility of using low-energy electron processing to
control physical and chemical properties of organic aromatic thin layers at the

micrometre scale.



In this work, we demonstrate that chemical modifications can be induced on a
microscopic scale through the use of a LEEM [19], providing a possible efficient
alternative to less selective high energy electron irradiation. In order to correlate the
electronic structure changes with chemical modifications induced by low energy
electron irradiations to the TPT films, the WF of the irradiated TPT film was measured
by both LEEM and photoemission electron microscopy (PEEM). The WF decreases by
up to 0.27 eV in TPT films following irradiation energies from 10 to 50 eV. However,
the irradiation with electron energy of 6 eV, known to induce the carbon hybridization
state transition from sp? to sp3 in TPT SAMs [20], does not bring detectable WF
change. Besides, the positon of the higher occupied molecular orbital (HOMO) of TPT
SAMs does not change with respect to Fermi level aftetirradiation. The WF is then
confronted to chemical modification in an attempt to interpret which chemical

characteristics are decisive in setting the WF of a supported organic aromatic layer.

Results and discussion

SAMs of TPT molecules (1,1',4',1"-Terphenyl-4-thiol HS-(CsHa)2-CsHs) supported on
gold layers, as schematized in Fig. 1, are good model layers to study physical &
chemical modifications induced under electron irradiation at the sub-micrometre scale.
These molecular platforms belong to a family of organic aromatic layers already
implemented as resist films for chemical lithography and development of molecular
devices and membranes [8,21,22]. These molecular films are dense
(~4.6x10% molecules.cm-?)[23], 2D-organized and conductive enough to prevent
charge accumulation during low-energy electron irradiation. Their thickness of about
15 A [24,25] is shorter than the irradiation depth of 3 times the mean free path,
estimated in the range 7-12 A - [26-28]. Their thickness is furthermore smaller than
the HREELS probing depth, which was evaluated to be 24-36 A at Exreers = 6 eV in a
previous study [29-31], so that the TPT SAMs are irradiated and probed vibrationally

over their whole thickness.

Morphology of the aromatic SAMs deposited on gold substrate
The quality of the supporting Au coated layer is examined after flame-annealing by
both atomic force microscope AFM (Fig. 1(a)) and LEEM (Fig. 1(b)). The expected

crystalline micron-scale domains in the Au layer are clearly observed. A careful
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procedure is followed for the TPT SAM preparation and spectroscopic characterization
using HREELS (see experimental section and below). The micro-scale domains are
again clearly observed in the LEEM images of the supported TPT SAMs (see Fig. 2).
The p-LEED taken in different areas with a 2 um electron beam in LEEM shows the
FCC(111) preferential orientation of the TPT SAM domains, with different azimuthal
(in-plane) orientations (Fig. 1(c) and (d)), as expected from the textured polycrystalline

Au topmost layers [32,33].

~15A| -

Figure 1: Crystalline micron-scale domains of the flame-annealed polycrystalline Au
layer are clearly observed, both by AFM (a) and LEEM taken at incident energy 0.3 eV
(b). In (c) and (d), u-LEED patterns produced by LEEM with a 2 um electron beam at
different areas on TPT/Au sample show azimuthal rotation of lattice.

Spot imprinting using LEEM beam

The primary irradiations using the LEEM beam were done with electron energies
selected according to previous studies performed using a standard electron gun
delivering a centimetre-scale beam [31,34,35]. A pristine TPT SAM was irradiated on
different spots at 1 eV, 6 eV, 10 eV, 20 eV, 30 eV, 40 eV, and 50 eV using the same
electron dose estimated at about 95 mC.cm-2. LEEM images presented in Fig. 2(a) and
2(b) are recorded immediately after the imprinting of the spots. When visible, the
irradiation footprint is precisely confined with sharp edges corresponding to the 5 um

collimated beam of slightly elliptical shape. Compared to the non-irradiated
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surroundings, the area irradiated at 50 eV shows strong contrast which gradually
weakens when going down in energy. On the other hand, the areas irradiated by 6 eV
and 1 eV electrons do not show any clear contrast with the surrounding (non-irradiated)

area.
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Figure 2: LEEM images ((a) and (b), taken at start voltages of 0.6 eV and 0.3 eV,
respectively) of TPT SAMs supported on gold irradiated with different energies
(indicated in the image) on separated 5 um spots (dose: 95 mC.cm-2). The irradiated
areas are marked with dash-dot outlined circles. (c) Map of WF variations AWF
deduced from the pixel-by-pixel analysis of the energy positions of the MEM-LEEM
transition for the irradiation pattern shown in panel (b). (d) MEM-LEEM transition
curves obtained by averaging over the areas irradiated with different energies. (e)
Average work function variation with respect to the pristine film as a function of the
irradiation energy.

The contrast is related to the modification of the sample electron reflectivity and work
function. It can be rationalized by measuring the transition from mirror electron
microscopy (MEM) mode to LEEM imaging mode [36,37] immediately after irradiation
(see experimental section). The electron reflectivity curves are fitted with an error

function to determine the energy positions of the MEM-LEEM transition [38], and the
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obtained WF variations with respect to the unirradiated area (AWF) can be represented
pixel-by-pixel by color contrast as in the position map of Fig. 2(c). The electron
reflectivity curves presented in Fig. 2(d) are obtained by averaging over each
irradiation spot. The deduced average WF changes are represented as a function of
the irradiation electron energy in Fig. 2(e). No appreciable WF change of TPT SAMs
can be observed for the lower irradiation energies. The WF decreases notably by
0.08 eV after irradiation at 10 eV, before reaching a negative plateau around 0.25-
0.27 eV over the range 20-50 eV for a fixed dose 95 mC.cm2,

Cross-section estimation for WF change induced by irradiation at 10 and 50 eV
The effect of irradiation dose on the WF changes induced in TPT SAMs is examined
by comparing the average MEM-LEEM transition positions for incremental irradiation
time (in the 0-30 min range) with either 10 eV or 50 eV electrons. The experimental
data points are plotted in Fig. 3. In both cases the work function decreases at
increasing irradiation dose before reaching an asymptote. These irradiation-induced
modifications are fitted by a standard exponential decay: AWF(d) = AWF,[1 —
exp(—o d)], where d is the cumulated irradiation dose, AWF is the asymptotic WF
modification reached and o the associated effective cross section. At 10 eV the WF
decreases slowly in the considered dose range towards an asymptotic change of
AWF«(10 eV) =-0.12 eV, with an associated cross section estimated at
c(10 eV) = 1.4x1018 cm2. At 50 eV the WF decreases abruptly and reaches a
significantly lower asymptotic value, corresponding to AWF«(50 eV) =-0.23 eV, with
o(50 eV) = 1.6x10-17 cm2. The work function of the sample can be tuned locally at the
micrometre scale, over a limited range, using the irradiation energy and the delivered
dose as control parameters. These measurements can also be regarded as an
evaluation of the stability of the molecular films when submitted to electron fluxes.
Once the saturation regime has been achieved, the WF of the molecular platform is
stabilized and unaffected by further irradiation.
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Figure 3: Work function changes (AWF) as a function of the irradiation dose (in
electrons.cm2 and in mC.cm2 for the lower and upper scales, respectively) for 10 eV
(red triangles) and 50 eV (blue squares) irradiation energies. The curves represent the
exponential fits used to estimate the effective cross-sections for WF tuning and the

given uncertainties are directly the statistical ones.

Chemical origin(s) of WF changes induced at different energies

Electron induced chemical modifications of aromatic SAMs were quite intensively
studied because there are promising molecular platforms for device design. We used
electron energy loss vibrational spectroscopy in previous studies [31,34] for the
chemical characterization of the TPT SAMs. Particular attention was paid to the
evolution of the hydrogen content and the hybridization state (sp™, m =2, 3) of the
associated carbon centers. The band attributed to overlapping contributions of the CH
stretching modes v(sp™CHx) is a well-isolated band, observed in the range 340-
410 meV (2740-3305 cm-?). It can be used as a marker for the hydrogen content of the
film, since its intensity depends on the hydrogen atom quantity, and its position &
structure depend on the hybridization state of the partner carbon atoms. The v(sp™-
CHx) band is shown for TPT SAMs before and after electron irradiation at increasing
energy in Fig. 4. The pristine film is characterized by a well-defined peak at 378 meV,
attributed to the stretching modes v(sp2-CH) and reflecting the fact that the

hydrogenated carbon centers are unsaturated ones. The observed chemical
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modifications depend dramatically on the incident electron energy. At 1 eV, no
chemical changes can be identified. At 6 eV, a strong modification of the CH stretching
signature is observed. The 368 meV peak decreases in intensity, while a new
contribution appears centered at 367 meV. This new contribution can be attributed to
stretching modes of CHx groups, in which the carbon center is no longer unsaturated,
but is in the sp3 hybridization state. This demonstrates that a noticeable part of the
hydrogenated aromatic carbon centers was converted into saturated ones. The
intensity of the whole band does not vary, meaning that the hydrogen content does not
vary significantly. These observations were related to cross-linking within the spacer
layer. At 10 eV even at higher dose, just like at 1 eV, no sensitive chemical changes
can be identified by HREELS. At 50 eV, again a strong modification of the CH
stretching signature is observed, but strikingly different than the one obtained at 6 eV.
The band is decreasing in intensity, without changing its global shape. This means that
the probed hydrogenated carbon centers are still unsaturated, sp2-hybridized, but that

the hydrogen content of the film has strongly decreased.
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Figure 4: v(sp™-CHx) band probed using vibrational spectroscopy (EnreeLs = 6 eV,
resolution AErwnm = 6-8 meV). Chemical modification of TPT SAMs submitted to
electron irradiation at 1 eV (dose: 2.5 mC.cm?), 6 eV (dose: 2.0 mC.cm2), 10 eV
(dose: 10.0 mC.cm2) and 50 eV (dose: 3.4 mC.cm-2). The pristine film (blue spectrum)
is characterized by a well-isolated v(sp™-CHx) band at 378 meV, attributed to aromatic
CH species (sp2-CH). After irradiation (red spectra), the band is either not modified
(1 eV), barely modified (10 eV), has a different structure but a constant area (6 eV), or

still presents the same shape but with a reduced intensity (50 eV).



Eir(€) lev 6eV 10 eV 50 eV

Dose (mC.cm?) 2.5 2.0 10.0 3.4

H Content conserved conserved conserved 50+5%
sp2-CH = sp3-CH none 50+5% none <5%
Primary interaction e attachm! ion. & exc
"chemical" 44 (cm?) / ~1.2x10°16 / ~2.7-4.7%10°
"WF_modif" 6,4 (cm?) / / ~1.4x1018 ~1.6x107"

Table 1: Main induced chemical modifications, dominant electron-molecule primary
interaction, the effective cross section associated to the chemical modification and the
effective cross section for work function modification under electron impact are

tabulated as a function of the irradiation energy.

We could further demonstrate that the electron attachment is the mechanism at work
at 6 eV, and that the effective cross section associated to the hydrogenated carbon
center re-hybridization is about ~1.2 x10-16 cm?2 [34]. At 50 eV, both molecular
electronic excitation and ionization under electron impact might contribute and the
effective cross section resulting in the reduction of the hydrogen content is one order
of magnitude smaller (2.7-4.7x10-17 cm?) [31]. These quantitative data are listed in
Table 1, together with the main primary mechanism at play and the nature of induced
chemical modification. This emphasizes that the electron energy used for irradiation
drives the nature of the induced chemical modifications. Under processing at 6 eV, the
hydrogen content is preserved at the cost of a loss of aromaticity of the hydrogenated
carbon centers. Under processing at 50 eV, the hydrogenated carbon centers remain
unsaturated but a global hydrogen loss is undergone by the film. Since the TPT film
thickness was demonstrated to remain unchanged under electron irradiation at 50 eV
[39], a decrease in the hydrogen content is equivalent to an increase in the content of
de-hydrogenated carbon centres, whose hybridization state cannot be easily probed.
TPT SAM is partly converted into an amorphous carbon matrix. Note that additional
chemical modifications of a related aromatic SAM, the biphenylthiol SAM (BPT),
induced at 50 eV, were reported in the literature using IR and X-ray spectroscopies
[40]. Hydrogen content decrease was observed also for this system using IR
spectroscopy. It was interpreted as resulting in the production of a stabilized aromatic
molecular layer through cross-linking [16,41,42]. Chemical induced disorder was
deduced from C(1s) XPS signature with an associated cross-section of 3 x 10°17 cm?,
a value comparable to the effective cross section derived above. It is also in the range

9



(i) of the structural disordering measured by near-edge X-ray absorption fine structure
spectroscopy (NEXAFS) in BTP (1.8 x 107 cm?2), and (ii) of the alteration of the
anchoring groups (2.0 x 10'17 cm?2) and their conversion into sulfide groups, R-S-R or
R-SS-R (1.5 x 1017 cm? [40,43] and ~0.5 x 10’17 cm? as estimated from Fig. 3 in ref.
[44]). For TPT SAMs, carbon matrix and anchoring alteration cross section are
respectively 3.7 (£ 0.9) x 1077 cm?and 1.3 (£ 0.3) x 10-7 cm? under 10-8 mbar of Hz

pressure.

Some insights about the molecular origin of the WF changes can be gained by
confronting the effect of the irradiation on the induced chemical modifications and the
induced WF changes, as well as by comparing the estimated effective cross sections.
The work function of a SAM differs from a clean Au(111) surface, as a combination of
numerous contributions. An organic layer on a metal leads to a reduction of the surface
dipole of the clean surface- a source of an attractive force for escaping electron. This
so called “Pillow” effect reduces the extension of electron wave function in the vacuum,
with a reduction of 0.1-0.2 eV of the work function[45]. In addition, energy differences
between the metal Fermi level and the molecules HOMO and LUMO leads to partial
charge transfer between metal and molecular layer, shifting HOMO or LUMO closer to
the Fermi level, creating a new dipole whose strength and direction depend on the
former initial levels. [45—-47]. This has been investigated with density functional theory
calculations in the case on various molecules chemisorbed on gold, with different tail
groups [48-52] . In the case of aromatic SAMS, the position of the HOMO is found to
be independent on the tail group, in the range -0.98 to -1.1 eV below the Fermi level,
whereas the LUMO position varies with the tail group function, shifting the WF in the
same direction [48,49]. The calculations show indeed two dominant contributions to
the WF value, the bond dipole and the tail dipole. The others dipoles along the
molecule contribute less, screened by the dielectric character of densely packed
layer.[53,54] The Au-S bond dipole reduces the work function by ~1.2 eV compared to
a clean Au surface, and is similar for numerous SAM of alkyl or aromatic thiols [48,53].
The main source of WF differences between different aromatic SAMS depend on the
tail function. An electron donor function (respectively electron acceptor) leads to a
reduction (increase) of the work function[48,54].

We can then discuss the change we observed taking into account these

considerations. A consequence of the irradiation induced cross linking is the chemical
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disorder in the layer [40,42—44] because molecules need to twist and bend toward
neighboring molecules for the creation of new bonds. The cross section for chemical
disorder and WF reduction are in the same order of magnitude. In addition, Fig. 2.c
shows that domain boundaries, which are regions of disorder, both in pristine and
irradiates areas have lower WF than long range ordered domains. This observation
points to increased disorder as a reason for WF change, but the comparison has to be
taken with care because boundaries are often associated with vacancies [55,56],
whereas it has been showed by following XPS C1s signature XPS that irradiation only
marginally affect the overall molecular density [39,57]. In other words, the disorder
induced by irradiation doesn’t mimic the disorder at the domain boundaries. Moreover,
the boundaries also suffer a WF reduction, showing that changes can affect both
ordered and disordered regions. Chemical disorder consists also of the alteration of
the Au-S bonds, and formation of R-SS-R or R-S-R function, visible in XPS S 2p
signatures [39,40,43,44]. The estimated cross section for this alteration is 0.5 -1.5 x 10
17 cm?, in the range, or slightly lower than WF change cross section (1.6 x 1017 cm?).
To our knowledge, there is no mention in the calculations of such anchoring group
alteration effects on the WF in literature, although it can take part in the WF change.
The contribution of formation of the new CC bonds that cross link adjacent molecules
must also be considered. The hybridization of the carbon centers is overall unchanged
in HREELS signature after irradiation at 50 eV. This is consistent with NEXAFS
observations of irradiated aromatic SAMS [40,58], and with the observation to a
reduced gap between HOMO and LUMO [59], associated to the extension of =«
molecular orbitals. Due to Fermi level pinning of the HOMO, this gap reduction shifts
the LUMO to lower energy, reducing the work function. The hydrogen loss is also
expected to create radicals, leaving the C atom with an unpaired electron, with a
twofold consequence in WF reduction. Firstly, the system gain an electron donating
character, which is associated to low WF [48]. Secondly, when created on the tail C-H
function, this radical has an extended lifetime in high vacuum, which then leads to a
decrease of the small but existing dipole along the C-H function. This contribution to
the WF reduction must be considered, as the cross section measured from C-H content
loss HREELS (2.7-4.7 x 10'17 cm?2) and WF reduction cross section are compatible.
The tail dipole is also the main source of differences between different thiol aromatic

SAMS on gold, so affecting the tail dipole is expected to have consequences on the
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WEF. It can also explain why the WF slightly increases with the aging of the irradiated
layer. The point is discussed in the next paragraph.

Stability issue — H content sensitivity to environment

The hydrogen content of an irradiated, in other words damaged, molecular film is very
sensitive to its history and environment. Actually, such a film presents a moderate
stability when exposed either to residual vacuum for a long time or to air during transfer.
Pristine TPT SAMs were processed using low-energy electrons as described above,
and then left for one night under ultra-high vacuum. The evolution of the chemical
composition of the molecular layer was followed in situ by HREELS, as shown in Fig. 5.
The stretching CHx bands of the TPT SAM before and after irradiation at 50 eV were
already described above: the band is not modified in shape, but its intensity decreases
strongly. This was interpreted as resulting from a strong decrease of the hydrogen
content of the film without noticeable change of hybridization of the remaining
hydrogenated carbon centres. After an exposure to the residual atmosphere of the
ultra-high vacuum chamber for about twelve hours, the band shape and intensity
change. The contribution of v(sp3-CHx) modes increases, while the structure attributed
to v(sp2-CHx) modes remain unchanged. Additional hydrogen atoms were incorporated
into the processed layer after one night exposure to residual vacuum, in the form of
saturated hydrogenated carbon centres. This can be interpreted as follows. The
unstable radical centres left onto the sample (sub-)surface after irradiation get
hydrogen saturated by extended exposure to the residual atmosphere of the UHV
chamber. This observation in important because experiments made with different
pressure conditions may have alternative results, as radical stability is reduced in
higher pressure. This is probably why the measurements by Kelvin probe microscopy
may exhibit different behaviour with the WF changed induced by irradiation. Yildrim et
al. [60] measured a WF increase from 4.35 eV to 4.55 eV with 50 eV irradiation made

under 108 mbar of Hz pressure.
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Figure 5: v(sp™-CHx) band probed using vibrational spectroscopy (EnreeLs = 6 eV,
resolution AEFwnm = 6-8 meV). Chemical modification of fresh TPT SAM (blue curve)
submitted to electron irradiation at 50 eV (dose: 9.5 mC.cm2, red curve) and then

exposed to residual UHV vacuum overnight (green curve).

In order to get complementary data onto the electronic structure of the LEE processed
TPT layers, the samples were air-transferred to another experimental setup, equipped
with Photoemission Electron Microscopy (PEEM). The same trend of variation is
observed as a function of the irradiation energy, but the observed decreases are more
than twice smaller. This confirms the relation between the hydrogen content of the film
and the reduction of its work function.
The absolute WF values of the irradiated spots in TPT SAMs were measured by PEEM
with a He-l (21.2 eV) source at the photoemission threshold. A typical PEEM image
(Fig. 6(a)) recorded at a kinetic energy of 4.45 eV shows that the irradiated areas have
higher emitted intensity compared to the unirradiated areas. The kinetic energy scale
is calibrated with respect to the Fermi level of the metallic sample holder, itself in
electrical contact with the sample. The threshold value is therefore the sample WF.
The local threshold spectra (Fig. 6(b)) shows that the Fermi level is from 4.2 to 4.5 eV
lower with respect to the vacuum level, which is 0.6-0.8 eV lower than the calculated
values in ref.[49]. The local threshold spectra (Fig. 6(b)) indicate the WF variance after
electron irradiation with energies from 10 eV to 50 eV. The WF values obtained by
error function fitting to the corresponding curves in Fig. 6(b) are plotted in Fig. 6(c) as
a function of the irradiation energy. In comparison with the LEEM results (Fig. 3), they
show the same trend of WF change when irradiation energy increases from 10 to 50
13



eV. However, in LEEM, the maximum WF difference is ~0.27 eV compared to only
~0.09 eV in PEEM. The exposure of the irradiated TPT SAMs to atmosphere, which
brings possible TPT film degradation and contamination, may attenuate the irradiation
induced difference in WF between LEEM and PEEM measurements. This indicates
that the contribution of the radicals in the WF decrease is important, as these radicals
are susceptible to react during exposure to air, especially those at the tail CH bond.
The slight rise of WF in the 50 eV irradiated area with respect to that in the 40 eV
irradiated area is notable in both LEEM (Fig. 3(d)) and PEEM (Fig. 6(c)). It implies that
the chemical modification induced by irradiation varies in the energy range of 40 to
50 eV. We suspect that the primary mechanism starting the chemistry under electron
impact has a key role: among the different processes able to start chemical reaction
by irradiation induced bond cleavage, electron impact ionization is believed to be
dominant at 50 eV [31] whereas dissociative electronic excitation and dissociative
electronic attachment dominate at lower energy [61,62].

Among the three parameters discussed earlier, we have access to evidence of Fermi
level pinning through the PEEM spectra of the irradiated regions. The PEEM spectra
at high kinetic energy in the valence band maximum (VBM) region shown in Fig. 4(d)
taken in the same sample location give information on the HOMO positions of our TPT
SAMs under above mentioned irradiation at different energies. We calculated that the
ionization potential (IP) of TPT is about 7.2 eV [35], Wang et al.[51] found that the IP
of a biphenylthiol backbone is 7.61 eV, i.e. the HOMO is located about 7.2-7.6 eV lower
than the vacuum level. This rough estimation is more accurate in ref. [49] where the IP
of a TPT SAM is 4.65 eV including the corrections from the layer organisation and the
bond dipole formation. It gives the HOMO position 0.98 eV below the Fermi level, with
a calculated WF of 3.66 eV. Near the Fermi edge of the photoemission spectra, two
structures can be identified at 19.2 eV and 18.6 eV (figure 4d). Considering the photon
energy of our He-I source for PEEM is 21.2 eV, 19.2 eV gives a HOMO position at E-
EF=19.2 - 21.2 = -2 eV. This is 1 eV below the calculated values. Feng et co-workers
[59] measured by UPS a HOMO position 3.6 eV below the Fermi level for terphenyl-
dimethanethiol, with a HOMO very similar associated to the aromatic backbone of the
molecule. They observed also that the HOMO position in aromatic SAMs on Au does
not shift with respect to the Fermi level following irradiations. The peaks we observed
persist in the same energy position under irradiations at the different energies used in

this work. This confirms the fermi-level pining of the HOMO, in agreement with ref [59]
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which indicates that the WF reduction is due to lowering of the LUMO level and

irradiation induced changes in the tail-group.
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Figure 5: (a) He-l (21.2 eV) PEEM image of areas irradiated with different energies
(indicated in the image) taken at electron energy 0.45 eV with respect to fermi level.
(b) Local threshold spectra for areas irradiated with different energies. (c) Work
function values extracted from (b). (d) PEEM spectra at high energy cut-off.

Conclusion

We use a LEEM to perform well defined microscopic electron irradiation with given
energy and estimated dose. The irradiated area can be precisely confined to
micrometre size as the illuminating electron beam is selected by an aperture. WF

decrease in TPT SAMs anchored on Au substrate induced by low energy (up to 50 eV)
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electron irradiation is observed by LEEM and PEEM. Such WF decrease is correlated
with both irradiation energy and dose. The maximum WF decrease is about 0.27 eV,
obtained from 40 eV irradiation for 5 min. The WF decrease can be interpreted as a
consequence of the loss of hydrogen and subsequent new bond formation, radical
creation, and increase of disorder, including Au-S bond alteration. The map of WF
change showing the extent of WF decrease for organized domains and their
boundaries confirms that disorder in not the only source of WF decrease. By comparing
the cross-sections of the different processes, we conclude that the alteration of the Au-
S bond may be involved in the WF decrease, but its efficiency cannot render the
measured efficiency of the overall process. In agreement with studies reported in the
literature, we also observed that the HOMO remains pinned to the Fermi-level after
irradiation, showing that the charge transfer to gold is able to stabilize the radicals or
the new orbitals formed after hydrogen desorption. As a consequence, a lowering of
the LUMO, as reported also in literature, can also contribute to WF reduction. The
radical can be located at the tail, where it may affect the tail dipole which is a major
source of WF difference in aromatic SAMs theoretical investigations gathered in the
literature. The cross section of H loss is compatible with the dynamic observed for the

measured WF decrease.

Experimental

Gold substrates. Glass substrates (11x11 mm) coated successively with a 2.5 nm
adhesion layer of chromium and a 250 nm thick layer of gold were purchased from
Arrandee (Werther, Germany). The gold-coated substrates were flame-annealed to
ensure good crystallinity of the (111) textured, topmost layers with micrometre to
submicrometre domains [15,32,33]. The surfaces of the substrates were examined by
an atomic force microscope (AFM) in atmosphere. Lattice orientation at different areas
of the Au layers was checked using the diffraction imaging mode of the LEEM, also
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called pu-LEED (low energy electron diffraction) and combined with an aperture to
confine the beam diameter to about 2 um to produce well-defined diffraction patterns.

SAMs. The substrates were immersed in freshly prepared saturated solutions of thiol
in absolute ethanol at a dilution of ~1 mM for 2 h under stirring, following a procedure
applied to a series of thiol SAMs [31,63,64]. After 5 min of sonication and rinsing in
ethanol (15 min) to evacuate all non-covalently bound molecules, the surfaces were
rinsed in Milli-Q water for 15 min and then dried under a flow of dry nitrogen. The
presence of a layer of TPT in the standing-up phase was checked by X-ray
photoemission spectroscopy (XPS), after transferring the sample from one experiment
to the other, and the thickness was estimated to be ~15 A [65]. For the chemical
characterization of the molecular layers, we used High Resolution Electron Energy
Loss Spectroscopy (HREELS), model IB500 Omicron. Vibrational energy loss spectra
were measured at room temperature, in the specular geometry (6i = 6r = 55° with
respect to the normal to the sample surface), and with an incident probing current of
30 pA. The probing energy was set at ExreeLs = 6 eV, with a resolution of ~6-8 meV
taken as the full width at half maximum (FWHM) of the elastic peak. The well-isolated
CH stretching band is a good indicator for quality of the prepared TPT SAMs. The band

is_intense, well isolated, located at 378 meV, and results from the overlapping

contributions of the unresolved stretching modes v(sp2-CH) (see Fig. 4). The shoulder

visible at 364 meV can be attributed to partial carbon rehybridization, associated with
a reduced number of flat-lying molecules [66], although a combination of losses from

lower energy modes and partial solvent pollution cannot be completely excluded.

Low energy electron irradiations of the TPT SAMs and the main characterizations were
performed using an Elmitec LEEM Il [19] equipped with an energy analyzer. The SAM
samples were located in the main ultrahigh vacuum (UHV) chamber with a base
pressure of 3x1019 mbar during the experiments. The e-beam for imaging and
irradiation was produced through a Schottky field electron gun in LEEM, then was
aligned and focused by a series of illumination optics before reaching the sample. The
imaging and irradiation of the samples were carried out at room temperature using the
same illumination system, only changing the electron energy. An aperture with a
diameter of 100 um was used to give an incident beam spot of about 5 um diameter in
slightly elliptical shape on the sample surface. Unfortunately, we are not able to carry
out precise current measurement of the irradiating e-beam in our LEEM apparatus. An
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estimation of the irradiation dose is done here in light of a recent work using the same
apparatus [67]. A gun emission current of 20 nA provides a 90 um e-beam collimated
to 5 um by a diaphragm. Therefore, the irradiation dose for a 1 min exposure is about
19 mC.cm2. Two series of irradiations were performed at different sample positions,
one is with incremental incident energy from 10 to 50 eV for fixed exposure time of
5 min and the other is with incremental exposure time from 1 to 30 min at fixed incident
energies of 10 eV and 50 eV. Between irradiations the beam shutter was closed while
moving the sample to a fresh area. All the irradiations were performed in the same
40 um field view, i.e. the same magnification and the same incident electron flux
density.

The WF is obtained by measuring the transition from mirror electron microscopy (MEM)
mode to LEEM imaging mode [36,37] immediately after each irradiation. The transition
from MEM to LEEM is identifiable by a sharp fall of electron reflectivity as the incident
electron energy, also called the start voltage, is increased. The image series include
all the irradiated area. By extracting the MEM to LEEM transition intensity curves for
areas with different irradiating conditions and fitting with error function [38], we
determine the positions of the MEM-LEEM transition, i.e. the WF of the irradiated

regions.

After LEEM measurements, the irradiated sample was stored in the UHV chamber of
LEEM for seven days at 10-1° mbar and exposed to air for two hours during transfer
into the energy-filtered PEEM (ScientaOmicron) for imaging with highly focused He-I
(21.2 eV) source. With a pass energy of 50 eV and an energy slit width of 1.0 mm, an
energy resolution of about 0.2 eV is achieved in our spectromicroscope. The WF
values of TPT film with different irradiation energies from 10 eV to 50 eV are measured
with local threshold spectra extracted from image sequence taken with an energy step
of 0.025 eV. The HOMO of the TPT film with different irradiation conditions were
studied in the PEEM spectra at higher kinetic energy near the valence band maximum
(VBM).
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