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A B S T R A C T

The study of Secondary Electron Yield (SEY) is widely performed to address important properties of materials to be used in a very wide spectrum of applications. It is,
therefore, extremely important to understand the SEY dependence on material type, surface contaminants, structural quality and surface damage. We review here our
recent studies of such items performed by looking at some representative conductive materials as noble metals and carbon based surfaces. Polycrystalline Ag, Au and
Cu samples have been studied as introduced in the ultra-high vacuum chamber (therefore with an signiﬁcant surface contamination) and after having been cleaned
by ion sputtering. The comparison between the curves conﬁrms that the SEY behavior is strongly inﬂuenced by the chemical state of the metal surfaces. We
demonstrate the ability of SEY to determine work function values with high accuracy if the experimental system allows using very slow primary electrons. We also
investigated, for the Cu sample, the eﬀect on SEY of minimal amount of contaminants in the sub-monolayer regime showing that SEY is highly sensitive to the
presence of adsorbates even at such very low coverages, specially for low energy primary electrons. In the case of C surfaces we summarize here the eﬀect that the
structural ordering of the C lattice has on the macroscopic SEY properties of ultrathin C layers. In particular we followed the SEY evolution during the thermal
graphitization of thin amorphous carbon layers and during the amorphization of highly oriented pyrolytic graphite by means of Ar+ bombardment. In the ﬁrst case
the SEY decrease observed with the progressive conversion of sp3 hybrids into six-fold aromatic domains was related to the electronic structure of the C-ﬁlms close to
the Fermi level. We found that a moderate structural quality of the C layer, corresponding to aromatic clusters of limited size, is suﬃcient to obtain a SEY as low as
∼1. For the bombarded graphite, the strong lattice damage remains limited to the near surface layer, where the high density of defects reduces the transport of
incoming and secondary electrons. Then, the SEY curves resulted diﬀerently modiﬁed in the low and high primary energy regions, but their maximal values remained
favorably low. Our ﬁndings demonstrate that SEY, besides being an indispensable mean to qualify technical materials in many technological ﬁelds, can be also used
as a ﬂexible and advantageous diagnostics to probe surfaces and interfaces.

1. Introduction
Secondary Electron Yield (SEY) is an ubiquitous property of matter
determining the actual behavior of a surface in a device and/or in a
technologically relevant application. For instance, the use of low SEY
surfaces is crucial for mitigating the multipacting eﬀect, that is the
uncontrolled multiplication of the secondary electrons emitted by
technical materials hit by energetic electrons [1]. In accelerators, the
prevision and the minimization of SEY are strict requirements to limit
electron cloud phenomena and favor the stability of machine performances [2–5]. Analogous criticality concerns microwave and RF components for space applications, that ﬁnd one of their most important
functional limitations in the multipactor and corona breakdown discharges [6]. The urgency of these questions has led to diﬀuse investigations and now the importance of factors related to intrinsic
material properties [7,8], morphology (roughness, structural disorder)
[9,10], chemical state (reactivity, passivation, contamination) [11] and
temperature (gas adsorption) [12,13] in determining the macroscopic
SEY of materials hit by electron ﬂuxes has been well assessed.
Usually, for a sample exposed to an electron beam the overall

⁎

response of the material to external excitation is evaluated in terms of
the standard quantities that characterize the SEY curve, namely its
maximum δmax and the corresponding primary electron energy Emax [5].
In this approach the very low energy (LE) part of the SEY curve is
currently neglected. However, as it will be shown in the following, even
if its contribution to the total SEY is not quantitatively relevant, it
provides information on the ability of a surface to reﬂect primary
electrons with kinetic energy close to zero. In some applications, such
LE primary electrons are extremely signiﬁcant and that their eﬀect on
SEY could eﬀectively inﬂuence material performances. We show that
LE-SEY is very sensitive to surface composition and its study provides
direct and straightforward information on the chemical state of the
surface and on the presence of minimal quantities of adsorbates. These
aspects might become of primary importance for machine operating at
low temperature.
In general, an eﬃcient SEY reduction for materials exposed to high
radiation doses could rely on the use of speciﬁc low emitting coatings,
especially based on C, as it has been recently proposed for the base line
design of parts of the high luminosity large hadron collider (HL-LHC)
[14] and, potentially, for future circular colliders (FCC-hh) [4].The

Corresponding author.
E-mail address: roberto.cimino@lnf.infn.it (R. Cimino).

https://doi.org/10.1016/j.elspec.2019.06.008
Received 17 July 2018; Received in revised form 3 April 2019; Accepted 20 June 2019
Available online 21 June 2019
0368-2048/ © 2019 Elsevier B.V. All rights reserved.

Journal of Electron Spectroscopy and Related Phenomena 241 (2020) 146876

R. Cimino, et al.

functions.
The SEY(δ) is deﬁned as SEY=δ=Iout/Ip=(Ip-Is)/Ip, where Ip is the
current of the primary electron beam hitting the sample, Iout is the
current of the electrons emerging from the sample and Is is the sample
current to ground, as measured by a precision amperometer. SEY is
measured as described in detail in Refs. [5,11]. In brief Ip (some tens of
nA) was measured by means of a Faraday cup positively biased,
whereas Is was determined by biasing the sample at −75 V. SEY curves
as a function of the primary energy Ep (referred to the Fermi level) are
characterized by a maximum value (δmax) reached in correspondence of
a certain energy (Emax). As already discussed, [21] we can correctly
measure SEY starting from few hundreds of meV above the sample work
function. For all the experimental SEY data here shown, the measured
curve drops from 1 to ∼0 within an Ep region whose width (∼0.85 eV)
is determined by the thermally broadened electron beam emitted by a
standard Ta disc cathode. SEY measurements are only valid after this
drop, which occurs at an energy related to the surface vacuum level.

beneﬁcial eﬀect of C coatings is usually related to the moderate SEY of
the sp2 hybridization, lower with respect to other hybridization states
[15], as it has been ascertained for several nanographitic materials as
fullerene [16], nanotubes [17], graphene [18,19] and graphene nanoplatelets [20]. The relevance of this issue makes the knowledge of the
relation between microstructural and electronic properties of C materials and their macroscopic SEY highly desirable. On the other hand, C
layers deposited on large areas, with techniques compatible with the
geometry of accelerator components, may lack of high structural
quality. Furthermore, even good graphitic layers, once exposed to
electron, photon and ion ﬂuxes during machine operation, might result
severely damaged. It is therefore important to validate the SEY properties of graphitic ﬁlms while their structural quality is altered by external factors.
In order to shed light on these points, in the last years we investigated the eﬀect that the structural ordering of the C lattice has on
the macroscopic SEY properties of ultrathin C layers. To this aim in a
ﬁrst study [8] we deposited amorphous C ﬁlms on copper substrates
and used X-ray (XPS) and ultraviolet (UPS) photoelectron spectroscopy,
together with Raman spectroscopy, to follow in situ the sp3 → sp2
structural reorganization and the coalescence of the sp2 clusters into
nanocrystalline graphite induced by thermal annealing, while probing
in parallel the SEY properties of the samples. Moreover, in order to
explore the opposite process, in a second study [9] we introduced
controlled densities of crystal defects in a highly oriented pyrolytic
graphite (HOPG) sample by subsequent cycles of Ar+ ion bombardment
at low kinetic energy (500 eV). Also in this case the eﬀects of the lattice
defects on the electronic, structural and secondary emission properties
were monitored by measuring in situ UPS and XPS spectra together with
SEY curves. Special attention was paid not only to the variation of the
maximal SEY value, but also to more subtle changes on the entire curve,
with a particular attention to the LE-SEY at low (< 40 eV) primary
electron energy [21]. In the following we summarize the results and
elucidate the discordant behavior observed for the two systems.

3. Results and discussion
3.1. Modiﬁcation of the low-energy SEY of noble metals by surface
adsorbates
For any material the yield of secondary electrons is inﬂuenced by
the presence of a contaminating layer or even of submonolayer quantities of adsorbates [22]. Fig. 1 clearly summarizes how for noble metals
the state of the surface aﬀects their SEY curves. The grey curves in
Fig. 1a–f shows the SEY and LE-SEY curves measured on “as received”
polycrystalline Ag, Au and Cu samples. The curves exhibit the line
shapes typical for metal surfaces examined before being cleaned in
UHV, with the SEY rapidly rising up to Ep ∼200 eV and decreasing for
higher primary energies. δmax values are 2.7, 2.0 and 2.1 for Ag, Au and
Cu, respectively. In all cases the XPS spectra (Fig. 1g–i) shows intense
O1s and C1s peaks determined by the presence of surface contamination due to the permanence of the samples in atmosphere.
Surface cleaning by Ar+ (1.5 KeV) sputtering lowers the level of
contamination below the XPS detection limit (red curves in Fig. 1g–i).
Correspondingly, for all three metals, the SEY curves measured on the
clean surfaces show values close to zero at very low Ep and remain well
below 1.7 in the whole Ep range. In particular Cu shows the lowest δmax
(1.3), whereas moderately higher values are measured for Ag
(δmax = 1.65) and Au (δmax = 1.70), in good agreement with previously
published results [23,24].
As said, the transition from the regime where the incident electron
beam is totally backscattered (Is = 0, SEY = 1) to the regime where part
of it is transmitted (Is ≥ 0, SEY < 1) corresponds to the vacuum level
position. Therefore the energy separations measured among the vacuum levels of the three metals provide the diﬀerences between the
corresponding work functions, being the Fermi level a common reference for the system. The data contain quantitative information on the
surface work function: once we set the Cu work function to 4.6 eV the
values derived for Au and Ag result 5.3 and 4.4 eV, respectively, in good
agreement with the literature [25] In the 6-8 eV wide ranges above the
transition region the SEY curves for all clean metals appear quite ﬂat
and reproduce the typical reﬂectivity curves measured for single crystal
[26] and polycrystalline metals [27]. In fact, when Ep is only a few eV
higher than the vacuum level, the eﬃciency of generating secondary
electrons that escape from the solid is very low [28,29]. This implies
that, for all the clean surfaces studied in this work, the reﬂection of very
low energy electrons is extremely unfavorable, since they are mostly
absorbed within the material. On the contrary, Fig. 1a, c and e show
that all “as received” metals exhibit SEY higher than 0.5 for Ep above
the transition region. Clearly, the presence of chemisorbed compounds,
which modify the chemical bonds at the metal surface and, most importantly, interact directly with the impinging electrons, strongly affects the LE-SEY curves. Of course, the “as received” surfaces are not in

2. Experimental
The experiments were performed in the ‘Material Science
Laboratory’ of the INFN-LNF at Frascati (Rome, Italy), in an ultra-high
vacuum (UHV) system consisting of a preparation chamber and an
analysis chamber, both having a base pressure of 2–5×10−8 Pa.
Polycrystalline Cu, Ag and Au substrates were cleaned by cycles of Ar+
sputtering at 1.5 kV and prolonged thermal annealing at temperatures
of ∼1000 K. Carbon ﬁlms were grown on polycrystalline Cu substrates
at room temperature (RT) by radiofrequency magnetron sputtering
using a power of 50 W and Ar pressure of 6 Pa. The thickness of the
ﬁlms used for this experiment was estimated to be of the order of
20 nm. Thermal annealing was performed in steps, by heating for
30 min the sample at a ﬁxed temperature up to 1070 K. The temperature was measured by a calibrated pyrometer.
The HOPG sample was cleaved with adhesive tape before being
loaded into the UHV system. Prolonged thermal annealing at temperatures of ∼1000 K was carried out to desorb contaminants whose
absence was crosschecked by XPS. The HOPG was Ar+ ion bombarded
at 500 eV and Ar pressure of 5×10−4 Pa for increasing doses up to
4.5×1014 ± 0.1 Ar+/cm2. After each ion dose, UPS and XPS analysis
of the surface, as well as SEY measurements were carried out.
XPS and UPS measurements were performed by using an Omicron
EA125 analyzer to reveal the photoelectrons excited by the non
monochromatic radiation of Al Kα (hν = 1486.7 eV) or Mg Kα
(hν = 1254.6 eV) and He II (hν = 40.8 eV) sources, respectively. The
Raman spectra were measured using a Horiba XploRA Raman microscope system with a 100× objective at λ = 532 nm. Laser power was
kept at 1 mW to avoid heat induced sample damage or graphitization.
After the subtraction of the background due to the copper substrate the
Raman spectra were best-ﬁtted by using Gaussian and Lorentzian
2
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Fig. 1. (a, c, e) LE-SEY, (b, d, f) and SEY curves and (g, h, i) XPS spectra measured for clean and “as received” Ag, Au and Cu polycrystalline samples. In all cases the
primary energy is referred to the Fermi Level. The inset in Fig.1i compares the high resolution spectra measured in the Cu2p3/2 spectral region.

molecules (mainly H2O, CO, CO2 and CH4, estimated total coverage
∼0.3 ML) that modify mainly the LE-SEY curves. A stronger eﬀect is
observed when the clean metal is dosed with CO. In this case δmax decreases with increasing coverage, becoming 1.3 and 1.2 after the adsorption of 0.5 and 1 ML of CO, respectively. An inverse behavior is
observed in the LE-SEY region. The opposite trends in the low and high
Ep regions can be reconciled by assuming that, at low Ep the presence of
the adsorbed molecules reduces the number of impinging electrons
penetrating the sample [31], due to enhanced surface scattering, and
therefore increases the resulting δ value. On the other hand, the electrons impinging at high Ep massively penetrate the near surface layer,
but the scattering due to the surface adsorbates damps the number of
the secondary electrons emerging from the sample. The comparison
between the curves taken with and without adsorbed CO indicates that
a coverage of 1 ML is suﬃcient to deeply modify the LE-SEY curve
proving the high surface sensitivity of this technique. Further studies in
this direction could contribute to the understanding of the behavior of
the inelastic mean free path for very slow electrons as discussed in
recent experimental investigations [32,33].

a well characterized chemical state and results can only be considered
indicative of a trend. From a qualitative analysis, it turns out that Ag
and Au both show a minimum in proximity of the transition region
followed by a ∼6 eV wide maximum and by a second minimum. This
similarity suggests the presence of comparable contaminating layers
that dominate the overall sample behavior. Diﬀerently, in the case of
the “as received” Cu surface a continuous SEY decrease together with a
net work function increase indicates a diﬀerent chemical environment.
In fact, in the XPS spectra measured on the “as received” metals
(Fig. 1g–i) the O1s/C1s intensity ratio, that is less than 1 for Au and Ag,
rises to 1.4 in the case of Cu, revealing the occurrence of metal oxidation. This is conﬁrmed by the Cu2p3/2 line shape showing a dominating oxide phase (see inset in Fig. 1i). Such a profound modiﬁcation
of the metal chemical state is not observed for the less reactive Au and
Ag surfaces. The formation of an oxidized near surface layer in the Cu
sample is likely responsible for the work function increase [30] observed in Fig. 1e.
The important eﬀect that surface contaminants have on the secondary emission properties even in the absence of surface oxidation is
well exempliﬁed in Fig. 2a and b, which show the LE-SEY and SEY
curves, respectively, measured at 10 K on the Cu sample clean and in
the presence of controlled adsorbate layers [22]. The corresponding
curves measured at RT on the clean Cu are also shown for comparison.
The similarity between the curves measured on the clean metal at RT
and at 10 K proves that cooling down the sample does not determine
any strong SEY variation. However, keeping the sample at 10 K for
some time determines the progressive adsorption of residual gas

3.2. The eﬀect of the structural properties on the SEY of C materials
The relevance that thin C ﬁlms have among low SEY materials is
related to the optimal properties of graphitic carbon. These properties,
however, tend to deteriorate when the C lattice becomes amorphous,
that is when a certain percentage of C–C bonds loses the aromatic
character and assume the tetragonal geometry of the sp3 network. The
3
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consistent fraction of sp3 hybridized atoms. Accordingly, the valence
band measured on the as-deposited layer (top curve in Fig. 3c) shows
only a broad unstructured peak centered at 7.7 eV related to the σ
bonds, consistent with the presence of sp2 chains and limited aromatic
domains coexisting with the sp3 phase. In the Fermi level region the VB
spectrum reveals the presence of an energy gap of ∼0.4 eV (see
Fig. 3d). With thermal annealing, the main σ peak progressively narrows and the feature related to the π band in graphite appears at ∼3 eV
indicating a rising concentration of the six-fold coordinated rings
[35–37]. Fig. 3d shows that, in parallel, the density of states in the
region close to the Fermi level increases and in the sample annealed at
1070 K resembles the quasi metallic character typical of the graphitic
structures. Also the C1s peak manifests the occurrence of graphitization. It shifts to lower BE due to the progressive decrease of the sp3
component, and after the annealing at 1070 K is peaked at 284.3 eV.
Although this change indicates a substantial sp3 → sp2 conversion, the
wide spectral FWHM of the C1s peak (1.5 eV) reveals a low structural
quality of the sp2 network. Note that the C1s peak measured in the same
experimental condition on HOPG exhibits a FWHM of 0.8 eV. Fig. 3e
shows that with increasing annealing temperature the O1s intensity
decreases while the peak down-shifts, likely indicating a modiﬁcation
of the chemical species forming the oxidized phase. The presence of a
low percentage of oxidized C atoms, that photoemit between 285 and
288 eV [39], might contribute to the broadening of the C1s at the high
BE side.
The evolution of the SEY and LE-SEY curves with thermal annealing
is summarized in Fig. 3f and g. The slight δmax decrease from 1.25 to
1.16 induced by the annealing to 710 K is followed by a more substantial reduction to 1.03 for the ﬁlm annealed at 900 K, whereas after
the last annealing step δmax decreases to 0.99 and Emax shifts to 250 eV.
The same trend indicating the SEY reduction is evident in the low energy region (Fig. 3g). By combining the information on the structural
properties of the annealed ﬁlm with the SEY curves, it comes out that
the decrease in the SEY is directly related to the extent of graphitization.
Among the factors that might be at the origin of the observed behavior we can disregards the variation of the work function that for
nanographitic C has been shown to decrease with graphitization [40],
and would then correspond to an increase of SEY. Instead the behavior
in the vicinity of the Fermi level can play a role. In a–C the presence of a
gap at the Fermi level, setting a prohibited energy interval, reduces the
probability for secondary electrons to lose energy through electronelectron collisions [16,41]. With the expansion of the graphitic domains
induced by thermal annealing, the disappearance of the energy gap and
the increasing number of electronic states close to the Fermi level likely
rise the energy dissipation channels and reduce the diﬀusion length,
thus eﬀectively contributing to lower the yield of the secondary electrons emerging from the sample surface.
The level of microcrystalline disorder was quantiﬁed by considering
the Raman spectra measured on the as-deposited and on the fully annealed layers (Fig. 3d) [8]. Spectral deconvolution shows the presence
of broad D and G bands, together with two minor bands appearing at
1520 cm−1 (D3) and around 1200 cm−1 (D4). The G band arises from
the vibrations of all sp2 sites both in chain and ring conﬁgurations,
whereas the D band originates only in clusters of sp2 sites in six-fold
aromatic rings [42]. D3 and D4 are both related to the presence of bond
disorder in the material [43]. The main changes observed after thermal
annealing at 1070 K are the higher D/G ratio and the narrower width of
the G band, which also shifts from 1587 to 1603 cm−1, conﬁrming that
the annealed material has reached the stage of nanocrystalline graphite
[42].
Therefore during the graphitization a rise of the I(D)/I(G) ratio indicates the conversion of the carbon structures into aromatic rings,
whereas at later stages, its decay is indicative of the expansion of the
graphitic in-plane crystallite size Lα with the simultaneous drop of the
edge defects concentration. It has been well established [42,44] that in

Fig. 2. (a) LE-SEY and (b) SEY curves measured at 10 K on a polycrystalline Cu
sample clean (blue), covered by 0.3 ML of adsorbed residual gases (yellow) and
covered by 0.5 ML (light grey) and 1 ML (dark grey) of CO. The LE-SEY and SEY
curves measured on the clean sample at RT are shown for comparison (red\). In
all cases the primary energy is referred to the Fermi level.

electronic and structural properties of the C lattice can be linked to its
macroscopic secondary emission properties by inducing a controlled
transition from a prevalent sp3 to a prevalent sp2 hybridization, and vice
versa, while monitoring the evolution of the SEY curve [8]. To this aim
we followed, in UHV, the thermal graphitization of ultrathin a–C layers
and the amorphization of graphite HOPG by combining in situ the
measurement of SEY curves with UPS and XPS spectroscopy. The investigation was then complemented by ex-situ Raman spectroscopy.
In Ref. [8] we deposited amorphous C ﬁlms on copper substrates
and followed in situ the sp3 → sp2 structural reorganization and the
coalescence of the sp2 clusters into nanocrystalline graphite induced by
thermal annealing [34–37], while acquiring at each step the SEY curve.
Fig. 3a shows the survey XPS spectrum measured on the as-prepared
a–C layer, whereas the evolution of the C1s, valence band and O1s
spectra during thermal annealing is illustrated in Fig. 3b–e. The XPS
spectrum in Fig. 1a shows the intense C1s peak at 284.5 eV and the
weaker O1s peak at 532.5 eV. The latter is a typical feature observed in
a–C ﬁlms deposited by magnetron sputtering and is indicative of a
5–6% content of oxygen. The binding energy (BE) of C1s photoelectrons
in C materials is related to the hybridization state of the emitting atoms
and is a useful mean to estimate the sp3/sp2 ratio, since typically the sp3
and sp2 ﬁngerprint components are found with a separation of
0.8–0.9 eV [35,38]. The upper curve in Fig. 3b shows the C1s spectrum
measured on the as-deposited ﬁlm which is peaked at 284.65 eV and
exhibits a FWHM of 1.8 eV. The shift of 0.35 eV with respect to the
position of the graphitic carbon (284.3 eV) indicates the presence a
4
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Fig. 3. (a) XPS spectrum measured on the as-prepared a–C layer. (b) C1s, (c) valence band spectra, (d) Fermi level region and (e) O1s spectra and (f) SEY and (g) LESEY curves measured on the C ﬁlms as a function of the annealing temperature. (h) Raman spectra measured on the as-deposited C ﬁlm (top) and after thermal
annealing at 1070 K (bottom).
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(Fig. 4b). The curve measured on pristine HOPG shows features structures related to the elastic and inelastic electron-solid interactions, that
provide direct information on the unoccupied band structure [49,50].
Such structured line shape is progressively smeared out as the ion dose
increases, due to the loss of crystalline ordering after the nucleation of
lattice defects. At dose of 1.5 × 1014 Ar+/cm2 the smooth curve proﬁle
is clearly indicative for the presence of strong disorder in the probed
sample depth. As reporter previously [21], the absence of a signiﬁcant
reﬂected component for Ep ≤ 10 eV in any LE-SEY curve shown in
Fig. 4b is a signature of clean conducting surface, independent of the
degree of crystallinity.
Complementary information is provided by the extended SEY curves
shown in Fig. 4c. The intact HOPG exhibits a maximum value of 1.0
[3,16,51] for Ep in the 220-400 eV range. With rising ion dose, for in the
high Ep region the SEY progressively decreases up to the ultimate value
of 0.6. On the other hand in the low Ep region, δmax rises to 1.1 for doses
of the order of 15 × 1013 Ar+/cm2. We can then conclude that graphite
maintains favorable secondary emission properties even when signiﬁcantly defected. However the contrasting SEY behavior, that with
increasing lattice defectivity rises at low Ep and decreases at high Ep,
deserves a clariﬁcation.
It is interesting to compare this trend to the behavior observed in
the previous paragraph during the graphitization of the a–C ﬁlms.
Whereas in that case thermal annealing determines a nearly constant
SEY reduction for the whole Ep region, ion bombardment modiﬁes selectively the SEY of HOPG. The discordant behavior is made more
evident by plotting in Fig. 5a the δmax values vs. annealing temperature
measured for the ﬁrst experiment, that show a trend consistent with the
homogeneous graphitization of the whole layer, and in Fig. 5b the SEY
values measured at Ep = 175 and 800 eV in the second experiment,
showing at high Ep, but not at low Ep, the SEY drop with increasing
sputtering dose.
Before going further it is important to point out that for the observed SEY evolution we can exclude any role due to modiﬁcations of
the HOPG surface roughness [5], since atomic force microscopy showed
only a minimal increase from 0.5 nm measured on the intact sample to
0.7 nm observed after the highest Ar+ dose. Analogously, a possible
role of a change in the work function can be also ruled out. Even if a

nanographitic materials with a large number of defects (typically in the
transition stage from amorphous C to nanocrystalline graphite) the I
(D)/I(G) ratio and Lα are linked by the relation I (D)/ I (G ) = C′ (λ ) Lα2
with C′ (514 nm) ∼0.55 nm−2, whereas the Tuinstra and Koenig relation [45] I(D)/I(G) = C(λ)/Lα, where C(514 nm) ∼4.4 nm, is valid
when the number of ordered rings rises and the crystallites reach dimensions of a few nanometers. The two relations used for pristine and
annealed ﬁlms, respectively, provide in turn Lα∼ 1.3 and 3.8 nm,
conﬁrming the moderate crystalline quality of the annealed ﬁlm indicated by the width of the C1s peak.
It turns then out that the presence or aromatic clusters of a few
nanometers in size is suﬃcient to lower the macroscopic SEY to the
level of graphitic carbon with much higher structural ordering [8]. It is
likely that in materials with small graphitic grains the enhanced scattering at the grain boundaries provides an additional contribution to
reduce the number of secondary electrons emerging from the surface.
In Ref. [9] we started with a HOPG sample and introduced controlled amounts of defects in the crystalline lattice by subsequent cycles
of Ar+ ion bombardment at low kinetic energy (500 eV). Low energy
ion bombardment can produce interstitial defects created by trapping
incident ions underneath the carbon planes [46,47] and generate vacancies in the graphitic network. The structural defects are expected to
change the electronic and structural properties of HOPG and consequently to aﬀect its secondary emission properties. In Ref. [9] special
attention was paid not only to the variation of δmax, but also to the more
subtle changes on the entire SEY curve, with a particular attention to
the LE-SEY region.
The extent of Ar+ induced HOPG amorphization was monitored by
UPS spectroscopy of the valence band spectra measured at normal
emission. Fig. 4a shows the spectrum of the intact HOPG exhibiting
sharp features at 4.3 eV (σ band) and 7.5 eV (π band) [48]. The peak
just above the Fermi Level is related to photoelectron emission excited
by the He II satellite (hv = 48.4 eV). Both σ and π bands decrease in
intensity already at 1.2 × 1013 Ar+/cm2. The presence of broad unstructured features observed for doses higher than 5.0 × 1013 Ar+/cm2
indicates a total amorphization of the crystalline structure. The indications provided by the valence band spectra are paralleled by the
evolution of the LE-SEY curves measured as a function of the ion dose

Fig. 4. (a) Valence band spectra (b) LE-SEY and (c) SEY curves measured on the pristine HOPG sample and after the exposure to increasing doses of Ar+ ions with
kinetic energy of 500 eV.
6
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Fig. 5. left) δmax values vs. annealing temperature measured during the graphitization of the a–C ﬁlms (cfr. Fig. 3f) and right) δ values measured at Ep = 175 and
800 eV vs. the Ar+ dose during the amorphization of HOPG (cfr. Fig 4 c).

work function increase of ∼0.2 eV could be expected for graphite exposed to the Ar+ ion doses used in this study [52], such a variation
would have resulted in a SEY decrease in the whole Ep range, being
higher the barrier that secondary electrons had to overcome to escape
from the sample. In order to explain the observed results one must
consider that the localized states that appear near the defect sites act as
scattering centers for electron waves [53–56], which aﬀect the transport properties of the damaged HOPG surface layer, decreasing the
electron mean free path with respect to defect-free lattice. According to
the estimation obtained by using the TRIM [57] software, the penetration depth of the 500 eV Ar ions impinging on HOPG is
1.9 ± 0.4 nm, in good agreement with previously published experimental data [58]. Then, ion bombardment produces a “bi-layered”
structure, with the l∼2 nm thick damaged layer on top of the pristine
HOPG bulk, and the transport properties of primary and secondary
electrons depending on whether they move through the defected or
through the intact graphitic lattice [9]. The primary electron penetration depth λ directly depends on the kinetic energy [59,60]. For
40 eV ≥Ep≥ 200 eV, the typical λ < 1 nm [61] decreases in the presence of defects, which means that primary electrons penetrate less
than in the case of crystalline HOPG and that secondary electrons are
produced in regions closer to the surface with a higher probability to
escape to vacuum. On the other hand, defects damp the mean free path
also for secondary electrons, limiting in principle their emergence from
the sample. The SEY increase observed at Ep = 200 eV after very high
Ar+ doses is then the results of a ﬁne play between diﬀerent eﬀects,
likely including factors related to the shape and the size of the interaction volume and to the dependence of the scattering cross sections (at
the defects) on the electron kinetic energy.
At Ep = 800 eV the kinetic energy of the primary electrons is suﬃciently high that they will cross the damaged surface barrier. In that
case the secondary electrons generated within the undamaged underlying HOPG, when traveling towards the surface with kinetic energies
below 50 eV, suﬀer a signiﬁcant mobility reduction [62] that hampers
their escape into vacuum. This eﬀect becomes more signiﬁcant with
increasing defect density at high ion doses. We believe that our data
could trigger speciﬁc calculations and help to reach a more quantitative
understanding of the eﬀect of disorder and induced defects on transport
and inelastic mean free path for carbon based materials.

adsorbates even at submonolayer coverage. Our results demonstrate
that for very slow electrons the LE-SEY curve allows an easy measurement of the sample work function. For C materials our studies demonstrate that the SEY behavior and the structural properties are closely related. For amorphous C thin ﬁlms the secondary emission
decreases with the conversion of sp3 hybrids to six-fold aromatic domains and the reason of that has been identiﬁed in the strong correlation between the electronic structure close to the Fermi level and the
yield of secondary electrons. What is relevant is that a moderate
structural quality of the C layer is suﬃcient for a considerable SEY
decrease as aromatic clusters of limited size approach the secondary
emission properties of graphite. This evidence might be exploited for
the design and the optimization of ultrathin coating aimed at mitigating
multipacting processes.
Amorphization of HOPG has been proved to modify the SEY curve,
whose δmax, however, remained stable and low (≤1.1) even in the
presence of a high defect density. The LE-SEY results have shown that
the absence of a signiﬁcant reﬂected component, which is typical of
clean conductors, is actually independent of the graphite crystalline
quality. Moreover, the LE-SEY spectra resulted strongly dependent on
the lattice ordering, which may have signiﬁcant implications for simulations where SEY and LE-SEY curves are parametrized.
In conclusion we can remark that SEY and LE-SEY are valid tools,
that, with a limited experimental requirement, can be used both to
determine the response of materials to external excitation in terms of
secondary electrons emission and as ﬂexible and sensitive diagnostics to
state surface cleanliness and to follow physical processes and chemical
reactions occurring at surfaces.
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