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Secondary electron yield (SEY) curves in the 0-1000 eV range were measured on
polycrystalline Ag, Au and Cu samples. The metals were examined as introduced in the
ultra-high vacuum chamber and after having been cleaned by Ar+ ion sputtering. The
comparison between the curves measured on the clean samples and in the presence of
contaminants, due to the permanence in atmosphere, confirmed that the SEY behavior
is strongly influenced by the chemical state of the metal surface. We show that when
using very slow primary electrons the sample work function can be determined with
high accuracy from the SEY curves. Moreover we prove that SEY is highly sensitive to
the presence of adsorbates even at submonolayer coverage. Results showing the effect
of small quantities of CO adsorbed on copper are presented. 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. © 2017 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5000118

I. INTRODUCTION

The accurate determination of the secondary electron yield (SEY) of the materials exposed to
radiation is a key issue in the technical design of new particle accelerators.1–6 The prevision and the
minimization of SEY is a strict requirement to limit electron cloud phenomena and favor the stability
of machine performances.7–9 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.10 The urgency of these questions has led to diffuse investigations and now
the importance of the factors related to intrinsic material properties,11,12 morphology (roughness,
structural disorder),13,14 chemical state (reactivity, passivation, contamination)15 and temperature
(gas adsorption)16,17 in determining the actual SEY behavior of materials hit by electron fluxes has
been well assessed.

Usually for a sample exposed to an electron beam the SEY curve is evaluated in terms of the
standard parameters that describe the overall response of the material to external excitation, δmax,
Emax and E0, 1,6 i. e. the maximum of the SEY curve, the corresponding primary electron energy and
the first crossover energy at which the SEY crosses unit. In this approach the very low energy part
of the SEY curve is currently neglected essentially because its contribution to the total SEY is not
quantitatively relevant.

In this study we measured SEY and LE-SEY curves of metal samples introduced in UHV
from the atmosphere that mimic the real surfaces of machine or device components and compare
the results with the curves measured on the corresponding surface cleaned in UHV. Whereas the
behavior observed at high primary electron energy confirm the trend already well documented in
the literature, the additional information provided in the LE-SEY region qualifies this technique as
a fast and effective tool to characterize the cleanliness of the sample. Moreover we investigated
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the modification induced in the LE-SEY and SEY curves by controlled low temperature (∼10 K)
adsorption of the residual gases and of carbon monoxide (CO), highlighting the effects due to surface
adsorbates even at submonolayer coverage.

II. EXPERIMENTAL

The experiment was performed at the Material Science INFN-LNF laboratory, in a µ-metal
chamber with less than 5 mGauss residual magnetic field at the sample position, under ultra high
vacuum (UHV) conditions, with a background pressure below 2× 10�10 mbar.13,18 Polycrystalline Cu,
Au and Ag samples, were introduced in the UHV chamber from atmosphere and without any chemical
cleaning. We characterized such “as received” technical surfaces by XPS and SEY measurements.
Afterwards, sample cleaning was carried out by repeated Ar+ sputtering cycles at 1.5 KeV in Ar
pressure of 5 × 10�6 until no signal of C and O was observed in the XPS spectrum. In the following
we name “clean” the metal surfaces that were Ar+ ion sputtered in UHV and “as received” the
surfaces of the samples just introduced from atmosphere that were examined without any in situ
cleaning procedure. XPS measurements were performed by using an Omicron EA125 analyzer to
reveal the photoelectrons excited by the non monochromatic radiation of an Mg Kα (hν=1253.6 eV)
source). The SEY is defined as the ratio of the number of electrons leaving the sample surface Iout to
the number of incident electrons Ip per unit area. Since Iout= Ip - Is, where Is is the sample current
to ground, then:

SEY = δ =
Iout

Ip
=

Ip − Is

Ip
= 1 −

Is

Ip
(1)

To obtain the SEY, Ip(some tens of nA) was measured by means of a Faraday cup posi-
tively biased in order to prevent backscattered reemission to vacuum, whereas negative a bias
voltage of V s = �75V was applied to the sample to determine Is. SEY was measured as a func-
tion of the primary electron energy. The energy scan was performed with a variable step size from
0.1 to 10 eV. For this study we used an ELG-2 Kimball Physics e-gun, which uses a standard Ta
disc cathode. Electrons are emitted from the cathode by means of thermionic emission and irra-
diate the sample with a <1mm diameter spot. The energetic distribution of the beam electron
beam can be assumed to have a Gaussian shape with an energy width FWHMg of about 0.85 eV,
depending on the cathode temperature. During the measurement of an entire SEY curve, a total
dose of 10�6 C/mm2 is applied onto the surface, which is known to have a negligible effect in
terms of electron conditioning.8,15 The geometry of the experimental set-up as well as the elec-
tron gun working conditions (cathode temperature and Vbias) were kept constant during the whole
experiment.

III. RESULTS AND DISCUSSION

The SEY curves measured on “as received” Au, Ag and Cu samples are shown by the red lines in
Fig.1. The curves exhibit the typical line shape measured for metal surfaces examined before being
cleaned in UHV. In fact, for all metals the SEY rapidly rises with increasing Ep up to ∼ 200 eV and
decreases for higher primary energies. The δmax values measured for Ag, Au and Cu are 2.7, 2.0 and
2.1, respectively. In all cases the XPS spectra exhibit very intense O1s and C 1s core level peaks
(see below), which are determined by the presence of surface contamination due to the permanence
of the samples in atmosphere.

After surface cleaning by Ar+ sputtering the level of contamination is brought below the
XPS detection limit and correspondingly the SEY decreases for all three metals. The resulting
curves show values close to zero at very low Ep and remain well below 1.7 in the whole primary
energy 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.19,20

More interesting results are observed in the very low Ep range. Fig.2 shows the SEY curves of
the “as received” and clean Ag, Au and Cu surfaces. For Ep ≤ 18 eV a 0.1 eV step size was used to
measure all details within the experimental resolution, while at higher energies a bigger energy step
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FIG. 1. Comparisons between the SEY curves measured for clean (black line) and as received (red line) surfaces of a) Ag
b) Au c) Cu polycrystalline samples. In all cases the primary energy is referred to the Fermi level.

FIG. 2. Comparisons between the LE-SEY curves measured for clean (black line) and as received (red line) surfaces of a) Ag
b) Au c) Cu polycrystalline samples. In all cases the primary energy is referred to the Fermi Level.

was used to minimize sample electron doses. All clean metals show a sharp drop from 1 to values
close to zero within an energy region smaller than 1 eV. This behavior indicates the transition from
the regime where the incident electron beam is totally backscattered (Is = 0) to the regime where
part of it is transmitted through the sample. (Is ≥ 0) The sharp transition then gives the vacuum
level position for each sample. The experimental energy width of the transition is determined by
the energy width of the primary electron beam. By analyzing the SEY curves we could estimate
that the transition widths are ∼ 0.85 eV, in agreement with the thermally broadened beam emitted
by the thermoionic cathode. During each SEY measurement particular care was dedicated to the
calibration of the sample bias voltage. Then, the energy separations found between the Ag and Au
and Cu vacuum levels provide the differences between the corresponding metal work functions,
being the Fermi level a common reference for the system. Once 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.21

In the 6-8 eV wide regions above the transition energy, the SEY values remain quite low for all
clean metals. These nearly flat curves are similar to the typical reflectivity curves measured for single
crystal22 and polycrystalline metals23 in agreement with the fact that for Ep a few eV higher than
the vacuum level, the efficiency of generating secondary electrons that escape from the solid is very
low.3,24

When moving to the “as received” samples, Fig.2 shows that for Ep above the transition region,
the SEY remains higher than 0.5 for all metals. 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. In these cases, due to the complexity
of the electron-surface interaction, it is not straightforward to disentangle the different processes
and elucidate the origin of the observed modification. Even the features due to electron reflectiv-
ity which appear in the LE-SEY curves in general are barely assigned, since subtle differences
in the support and/or adsorbate properties might significantly change the observed trend.23,25–28

Nevertheless, a qualitative analysis of the results may lead to reasonable conclusions. The similar
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FIG. 3. XPS spectra measured on “as received” (red lines) and Ar+ sputtered (black lines) a) Ag, b) Au and c) Cu polycrystalline
samples. The inset in Fig.3c compares the high resolution spectra measured in the Cu2p3/2 spectral region.

curves measured for Ag and Au, which show a minimum in proximity of the transition region fol-
lowed by a ∼ 6 eV wide maximum and by a second minimum, suggest the presence of a similar
contaminating layer which dominates the overall sample behavior. Differently, in the case of Cu
a continuous SEY decrease together with a net increase of the work function suggests a different
chemical environment. The XPS spectra measured on the “as received” metals and compared in
Fig.3 sustain this hypothesis. In fact, the O1s/C1s intensity ratio, that is of the order of 0.6-0-8 for
Au and Ag, rises to 1.4 in the case of Cu, suggesting the occurrence of metal oxidation. This is
confirmed by the Cu2p3/2 line shape showing a dominating oxide phase (see inset in Fig.3c). Such
a profound modification of the metal chemical state is not observed for the less reactive Au and
Ag surfaces whose Au4d and Ag3d spectra measured on the “as received” surfaces show a lower
intensity but a similar line shape with respect to the clean metals. The formation of a oxidized near
surface layer in the Cu sample is likely responsible for the work function increase29 observed in
Fig.2c.

The important effect that surface contaminants have on the measured SEY, even in the absence
of surface oxidation, is well exemplified in Figs.4a and 4b which shows the SEY curves measured
at 10 K in the 0-35 eV and 0-900 eV ranges respectively, on the Cu sample clean and in the pres-
ence of controlled adsorbate layers. The corresponding curves measured at RT are also shown for

FIG. 4. a) LE-SEY and b) SEY curves measured at 10 K on a polycrystalline Cu sample clean (red) and in the presence of
0.3 ML of adsorbed residual gases (purple) and of 0.5 ML (blue) and 1 ML (green) of adsorbed CO. The LE-SEY and SEY
curves measured on the clean sample at RT are shown for comparison (black). In all cases the primary energy is referred to
the Fermi level.
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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 significant SEY variation. Keeping
the sample at low temperature for some time determines the progressive adsorption of residual
gas molecules (mainly H2O, CO, CO2 and CH4). The presence of such contaminants at a cover-
age estimated of the order of 0.3 ML modifies only the LE-SEY region which slightly increases
with respect to the clean surface. 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, whereas an inverse behavior is observed in the
LE-SEY region. The opposite high- and low-energy trends can be reconciled by assuming that the
presence of the adsorbed molecules reduces the number of low energy electron penetrating into
the sample30 due to enhanced surface scattering and decreases the yield of the emitted secondary
electrons.

The fine structures which appear in the LE-SEY curve measured at CO coverage of 1 ML31

will be the subject or a future investigation. 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 Our data clearly show that, in addition to the
possibility of investigating very low energies SEY, this type of measurements enables to determine the
work function of materials34 (once a reference work function has been measured) with an estimated
resolution of about 100 meV. Such resolution essentially depends on the bias and on the primary
electron voltage stability and reproducibility.

IV. CONCLUSIONS

In summary we have shown that the surface chemical state is a key factor in determining the
metal SEY and LE-SEY curves. Whereas clean metals exhibit SEY values that do not exceed 1.6
and are even lower in the case of copper, the presence of a contaminating layer can rise δmax well
above 2 while shifting the maximum of the SEY curves below 400 eV. More interestingly, the LE-
SEY curves show heavy changes in the presence of adsorbates even at submonolayer coverage.
Our results demonstrate that for very slow electrons the LE-SEY curve allows an easy measure-
ment of the sample work function. Then SEY and LE-SEY are valid spectroscopic 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 also as flexible and sensitive diag-
nostics to state surface cleanliness and to follow surface reactions, desorption and ultrathin layer
growth.
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