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Secondary electron yields of (110) copper surfaces, covered with either carbon,
nitrogen, or their dioxides, have been studied by employing combined first
principles methods for the material properties and Monte Carlo simulations for
electron transport. Furthermore, by studying electron transport inside the Cu
system and modeling the power loss taking account of the inelastic electron
scattering within the material, changes in the thermal energy of the system have
been modeled. The physical reasons behind the increase and decrease of the
yield for each system from an electronic perspective are discussed. In agreement
with results observed in studies of secondary electron emission, it is shown
that the formation of C2 and N2 monolayers reduce the secondary electron
yields, while CO2 and NO2 increase the yield significantly. It is demonstrated
that in the case of C2 and N2 formation, changes in the surface electronic
barrier reduce the probability of electron escape from the Cu surface, resulting
in lower secondary electron emission. Formation of CO2 and NO2, on the other
hand, reduce the electronic barrier effects. In addition, due to weak bonding of
the CO2 layer with the Cu host, the surface provides an additional source of
secondary electrons resulting in higher electronic emission yield. Moreover, the
NO2 adsorbate creates a surface electric field that changes the surface electron
energy and increases the electron escape probability. Additionally, it is verified
that thermal change in the system is negligible and so during secondary electron
emission measurements, negligible (if any) surface adsorption or desorption
could occur.

KEYWORDS

first-principles, Monte Carlo, secondary electron emission, electron transport, C2/Cu,
N2/Cu, CO2/Cu, NO2/Cu

1 Introduction

Secondary electron emission (SEE) is the process in which secondary electrons are
emitted from a surface when it is bombarded by charged particles. SEE can cause a variety
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of effects that are detrimental to both experiments and devices.
For instance in particle accelerators, SEE can be generated by the
walls of the particle accelerator and can create electron clouds and
heat that infringe on the accelerator’s experimental success (Cimino
and Demma, 2014; Schulte et al., 2020). Another issue associated
with the synchronized feedback from electron avalanches arising
from SEE, known as themultipactor effect (Vaughan, 1988; Fil et al.,
2016; Montero et al., 2020; Brown et al., 2022b), can lead to failure
in high energy radio frequency devices and high power microwave
components in space aplications, detuning of resonant cavities,
and generation of excessive noise in communication satellites.
Understanding the variety of factors that affect SEE for different
materials is thus important, and can allow for better designs to
help improve the performance for both experiments and practical
devices.

The ratio of secondary electrons emitted by the bombardment
of a system to the primary (incident) electrons is known as
the secondary electron yield (SEY) (Seiler, 1983). The SEY of
materials depends on both the physical properties such as the
work function, electron mean free path, and stopping power, and
on the surface morphology of the system, such as the surface’s
roughness, defects, and coverage with different adsorbates. The
latter affects the material properties, electronic energy barriers,
permittivity, etc., causing an increase or decrease of the system SEY.
For example, experimental studies of Cu surface covered with O,
(Petit et al., 2019), C (Larciprete et al., 2013), or N (Kuzucan, 2011;
Kuzucan et al., 2012) confirmed that the SEY reduced significantly.
However, adsorption of CO or CO2 (Kuzucan, 2011; Kuzucan et al.,
2012) has the opposite effect and increases the SEY with respect to
the cleanCu surface.Most SEY studies ofmaterials have been carried
out at or above room temperature (Baglin et al., 2000; Hilleret et al.,
2003; Patino et al., 2018) and rarely at cryogenic temperatures
(Kuzucan, 2011; Kuzucan et al., 2012; Fang et al., 2022), which is
the region of interest for the Large Hadron Collider (LHC). More
importantly, there have been no systematic studies of physisorbed
gases that have a significant effect on the SEY of systems. The aim
of this work is to use Monte-Carlo and first-principles calculations
to study the influence of physisorbed gases like N2, NO2, and CO2
on the SEY of Cu systems, which represents a common electrode
material.

In the work presented here it is demonstrated that, in agreement
with experimental observation, formation of C2 (Larciprete et al.,
2013) and N2 (Kuzucan, 2011; Kuzucan et al., 2012) decreases the
SEY of Cu systems. Furthermore, the effect on SEY due to the
presence of CO2 or NO2 is also probed since the adsorption of O2 by
C and N could form carbon dioxide and nitrogen dioxide molecules
covering the Cu surface. For a monolayer (1 ML) surface coverage
for either CO2 or NO2, the SEY is predicted to increase with respect
to the clean surface. Interestingly, in spite of the increase of the work
function of NO2 by about 2.15 eV with respect to clean surface, its
SEY increase turns out to be the highest among all of the systems
studied in this work.

Our study of the charge density of the C2 and N2 pairs on Cu
surface confirms the creation of an excess charge density which
acts as an electronic barrier that can reduce the escape probability
of electrons from the Cu surface as explained later, resulting in
a lower SEY. Calculated adsorption energy and total density of
states of the CO2/Cu system show that the CO2 layer is weakly

TABLE 1 Calculated total energy difference (meV/atom) for Cu (110) system
for different energy cutoffs (eV) and k-point meshes. The calculated total
energy with 600 eV cutoff energy and k-point sampling of 5×5× 1were used
as the reference energy.

Energy cutoff k-point mesh

4 × 4 × 1 5 × 5 × 1 6 × 6 × 1

400 −0.7 −0.3 0.6

500 −0.7 −0.4 0.6

600 −0.4 0.0 0.9

bonded to the surface, creating an additional source for generating
secondary electrons and increasing the SEY of the system. However,
for the NO2/Cu system, the electric dipole (electric field) created by
NO2 is the main reason for the increase in the SEY of the system.
In addition, by calculating the electron penetration depth (range)
and the energy loss of the primary electrons in the system, the
thermal changes in Cu during SEYmeasurements have been studied
here.

This work consists of the following sections: In Section 2 all
computational details including the first-principles andMonte Carlo
simulations are discussed. Details of the effects of the carbon pair,
nitrogen pair, carbon dioxide, and nitrogen dioxide on the SEY of
Cu, as well as the temperature stability of the Cu system are given
in Section 3. Finally, Section 4 summarizes the results of this work
and highlights the important findings.

2 Details of calculations

The first-principles calculations in this work were performed
using VASP (Vienna Ab initio Simulation Package), with the
projector augmented-wave technique (Kresse and Hafner, 1993;
Blöchl, 1994; Kresse and Furthmüller, 1996; Kresse and Joubert,
1999), and the generalized-gradient approximation (GGA) to the
exchange-correlation potential, as parameterized by Perdew, Burke,
and Ernzerhof (Perdew et al., 1996). The X/Cu (110) surfaces
are modeled by a slab made up of ten layers and 40 host Cu
atom periodic supercells with a calculated equilibrium bulk lattice
constant of 3.63 Å comparable to the experimental value of 3.61 Å
(Lihl and Ebel, 1967). For all the systems, the bottom six layers were
held fixed while the remaining top layers were allowed to relax. It
is worth noting that it has been shown that increasing the number
of layers of the slab beyond eight, the calculated value of the work
function of the system converges and does not significantly change
(Wang et al., 2020). After studying several energy cutoffs and k-point
sampling (Table 1) a kinetic energy cutoff of 600 eV and k-point
sampling of 5× 5× 1 Monkhorst Pack mesh (Monkhorst and Pack,
1976) were used for all of the systems studied here.

Using the crystal structure and parameters mentioned, the input
parameters for Monte Carlo simulations such as total densities of
states, thework function, and dielectric functions that are needed for
calculations of mean free paths and stopping power were calculated.

For Monte Carlo simulations of SEY in this study, 100,000
primary electronswith incident energy between 5 and 1,000 eVwere
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used. Treatment of the inelastic scatteringwas based on the approach
introduced by Penn (1987) and also discussed by Ding et al. (2001),
Ding et al. (2008). As the generated secondary electrons travel across
the Cu surface, there is a possibility that they might be reflected by
the potential barrier of the surface.This barrier is thematerial’s work
function. The probability of transmission is given by

T (E,θ) =

{{{{{{{{{{{{
{{{{{{{{{{{{
{

4√1−(
U0

Ecos2θ
)

(1+√1−(
U0

Ecos2θ
))

2 , for Ecos2θ > U0,

0, otherwise,

(1)

where θ is the electron ejection angle measured normal to the
surface. This energy-dependent transmission probability is used in
the Monte Carlo scheme based on the approach by Azzolini et al.
(Azzolini et al., 2019). The inner potential U0 is

U0 = EF +φ (2)

where EF is the Fermi energy. The total density of states of each
system yields that system’s respective EF . The work function φ is the
energy required to remove an electron from amaterial. It is given by

φ = Ev −EF. (3)

Where Ev is the vacuum level energy at a point far enough away
from the surface that the emitted electron would not experience any
electrostatic effects.

The electrons are emitted at the angle θ, defined in terms of the
polar angle of the scattering electron as√E′ sinθ′ = √E sinθ. When
the externally emitted electrons cross the interface between surface
and vacuum, they lose energy. As a result they have the energy
E′ = E−U0.

The stopping power (dE/dR) is one of the essential parameters
which is needed in order to determine the secondary electron yield
within the simulation. This stopping power is the energy loss per
unit length experienced by an electron along its path length, R, and
is given by

dE
dR
= ℏ
πa0E
∫

E
ℏ

0
(ℏω)d (ℏω) Im( −1

ε (ω)
) ln(
√E+√E− ℏω
√E−√E− ℏω

). (4)

Where ℏ, a0 =
4πε0ℏ2

mee2
= 5.29× 10−11 m, and E are, respectively, the

Planck constant, Bohr radius, and electron energy. Calculation of
the stopping power can be simplified bymaking use of a wavevector-
independent form of the dielectric function [i.e., ɛ(q,ω) ≡ ɛ(ω)].

The inelastic mean free path (IMFP) is another critical input
parameter that is used inMonte Carlo simulation of SEY. In order to
determine the IMFP, the extended Mermin method with harmonic
correction was used. The inverse-IMFP (λ−1) is given by

λ−1harm =
1

πa0E
∫
∞

0
d (ℏω) Im[ −1

ε (q,ω)
] ln[[

[

2√E−EF − ℏω

√E−√E− 2ℏω
]]

]

, (5)

The above calculation of inelastic scattering relies on an evaluation
of the dielectric function based on Density Functional Theory. It

was first shown that a model of the SEE in pure normal metals
requiring a description of inelastic collisions with the jellium can be
devised by making use of dielectric theory (Ganachaud and Cailler,
1979). Though the Lindhard function (Lindhard, 1954) has been
used for this purpose to quantify the principal properties of the
delocalized electrons in a normal metal, improvements could be
made to account for the correlation and exchange effects, as well as
the finite lifetime of the elementary excitations. This aspect of the
problem was first studied almost 50 years ago (Ganachaud, 1977).
More recent analysis (Ashley, 1991) has included exchange effect
in the calculations of excitation function. It was shown that the
excitation function is smaller in values, for kinetic energies <100 eV,
when compared with that without including exchange term. Also,
the overall result was smaller stopping powers and larger inelastic
mean free paths for the slow electrons. However, in the present
analysis, these details have been overlooked since such effects play
a role mainly at low energies, while the secondary electron emission
is influenced more by higher energy particles. However, it may be
mentioned for completeness that other modeling studies on SEY
have included some of these aspects (Ding and Shimizu, 1996).

It is well known that the Mermin approach with harmonic
correction to IMFP overestimates the experimental measurements
and that without that correction those results are underestimated.
The overestimation has also been observed in other works (Ritchie
andHowie, 1977). An extendedMerminmethod based on (Da et al.,
2014) was introduced to deal with this effect, where the corrected
IMFP (λe) takes the form

λe = λharm [1− e−E/B] , (6)

Here, E is the electron kinetic energy and B is a material-dependent
parameter which should be determined accordingly. After studying
several values for B and comparing the calculated IMFP with
experimental measurements, it was determined that B = 50 eV gives
the best result. Therefore the harmonic correction with a B = 50 eV
was implemented for the systems in this work. In addition, elastic
scattering was taken into account based on the Mott theory (Mott,
1929), as discussed in our previous reports (Brown et al., 2022a;
Brown et al., 2022c). Elastic scattering is the result of interactions
between electrons and atomic nuclei, in which negligible energy
exchange takes lace due to the large mass difference between the
interacting species and only directional changes are assumed to
occur. Other details of a Monte Carlo implementation of elastic
scattering based on tabulated Mott scattering cross section data
are available in the literature (Browning et al., 1994; Chang et al.,
2018). For completeness, it may be mentioned that elastic scattering
becomes more important for higher atomic number targets, such as
gold, and would not be as significant here.

3 Results and discussion

3.1 Secondary electron emission

In order to study any system, it is essential to find themost stable
(lowest energy) structure. Using first-principles calculations and
investigating the energy of several configurations, it was determined
that a C2 monolayer would be parallel to the surface and theN2 pairs
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FIGURE 1
Surface coverage of Cu (gold spheres) with (A) C2 (dark gray spheres), (B) N2 (light gray spheres), (C) CO2 (dark gray, red spheres), and (D) NO2 (light
gray, red spheres). The C2 pairs are parallel to the Cu surface while the N2 pairs are almost perpendicular to the surface (88.5°). The bond angles
between carbon and oxygen atoms are 180° and between nitrogen and oxygen 117.8°.

would be almost perpendicular to the surface (Figure 1). Also, as
shown in the figure, the C2 and N2 pairs occupy hollow and top
adsorption sites respectively. Furthermore, formation of C2 pairs,
contrary to N2 pairs, creates internal strain that causes surface
reconstruction, driving the surface Cu atoms to new sites different
from the ideal face center cubic (FCC) sites.

As a result of O2 adsorption, the existing surface N or C atoms
can formCO2 andNO2molecules covering theCu surface.Themost
energetic stable structures of 1 monolayer (ML) of CO2 and NO2
were determined and are shown in Figure 1. The CO2 layer is a two-
dimensional structure parallel to the surface, similar to an isolated
CO2 molecule (a linear molecule with 180° bond angle). In contrast,
the NO2 monolayer has a non-linear structure with a bond angle of
117.8°. The neutral NO2 has a bond angle of 134.3°, while for NO2

−,
the O-N-O bond angle is reduced further to 115.4°(Gillespie and
Hargittai, 1991), comparable to the calculated angle for amonolayer.
The reduction of the bond angle is due to the electron gain for O
atoms from the Cu surface atoms.

The stability of each adsorbate was verified by calculating the
cohesive energy of each system. The cohesive energies are given in
Table 2 and were obtained using

ΔHcoh = Esys −Eclean −EML, (7)

where Esys, and Eclean are the energy of the entire system, and energy
of cleanCu (110) surface, respectively. HereEML is the energy of each
adsorbate monolayer.

Calculated work function and total density of states were used
as part of input parameters for SEY simulations. The diagonal
elements of the computed dielectric constant tensor were used
to find the average ɛ(ω) [Figure 2) required for calculating the
stopping power and IMFP (Eqs. 4, 5)] that are also needed as
inputs for SEY simulations. As can be seen from Figure 3, there is
comparable agreement between calculated clean surface, C2/Cu, and
the experimental measurement (Larciprete et al., 2013). However,
for N2/Cu, the agreement between the SEY of calculated and
experimental values (Kuzucan, 2011; Kuzucan et al., 2012) begins to
reduce and gets progressivelyworse beyond 500 eVprimary electron
energy. One can explain this deviation based on the weak bonding
(small cohesive energy) between the N2 layer and the Cu surface
(Table 2). It was shown that when primary electrons with high

TABLE 2 Calculated cohesive energies ΔHcoh (eV/molecule), and calculated
work functionsφ (eV) for clean Cu (110). The experimental work function for
clean Cu (110) is provided in parentheses and is from Reference
(Gartland et al., 1972).

System Cohesive energy Work function

Clean Cu - 4.40 (4.48)

C2/Cu −3.202 4.86

N2/Cu −0.316 5.59

CO2/Cu −0.044 4.57

NO2/Cu −2.694 6.55

energy irradiate the surface, the N2 molecule can desorb (Kuzucan,
2011). Since the N2 binding is much stronger than N2/Cu, after
the desorption process the atoms can bond together and create
layers of N2. For that reason, experimental studies of 1–6 ML of N2
systems (Kuzucan, 2011) produced similar SEY at higher energies
(400–1,000 eV), while at lower energies their maximum energies are
different, as was expected. In any case, our result of SEY lowering
with adsorbed nitrogen is in agreement with experiments where
laser processing in nitrogen-rich environments were reported to
reduce SEY (Calatroni et al., 2020).

From our calculations, adsorption of C2 and N2 reduced the
SEY of clean Cu system by 2% and 11.5%, respectively. In order to
explain the significant reduction of SEY for the N2 layer, one needs
to consider the nature of bonding between adsorbate and Cu surface
atoms. The Cu atom has electronegativity of 1.850 on the Allen
scale (Allen, 1989), which is lower than the N (3.066) and C (2.544)
atoms. Therefore, electrons from the Cu surface atoms are likely to
transfer to C andN atoms based on energetics. Bader charge analysis
(Henkelman et al., 2006; Sanville et al., 2007; Tang et al., 2009; Yu
and Trinkle, 2011) confirms that on the average C and N surface
atoms receive about 0.56 and 2.18 electrons from their surrounding
atoms, respectively. Charge density studies of clean Cu, C2/Cu, and
N2/Cu also confirm that the N2 monolayer has the most surface
changes with respect to the clean Cu surface, resulting in creation of
regions with higher electron density (Figure 4). Formation of these
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FIGURE 2
Calculated real and imaginary part of the averaged dielectric constants
for the clean Cu (110), C2/Cu (110), N2/Cu (110), CO2/Cu (110), and
NO2/Cu (110) surfaces.

FIGURE 3
Calculated secondary electron yield for the clean Cu (110), C2/Cu
(110), and N2/Cu (110) surfaces and their comparison with 1.00 ML
coverages. Experimental measurements for C2/Cu (Larciprete et al.,
2013) and N2/Cu (Kuzucan, 2011; Kuzucan et al., 2012) systems are
provided for comparison.

excess electrons created due to C2 and N2 monolayers repels the
secondary electrons generated in the Cu back into the system. This
repulsive interaction reduces the probability of electrons escaping
from the surface. Therefore, because of the higher charge transfer
and the creation of an electronic barrier, the SEY for the N2/Cu
system is reduced significantly with respect to the C2/Cu monolayer
and clean Cu surface.

Dissociation of Cu-N and Cu-C bonds and formation of CO2
and NO2 weaken the excess electronic barrier created by N2 and
C2 atoms, and so one should then expect the SEY of the CO2 and
NO2 systems to increase. Calculated SEY for both systems and their
comparison with available experimental measurements (Kuzucan,

2011; Kuzucan et al., 2012) are given in Figure 5. Although for
both systems the SEY increases, there are very different physical
reasons behind such changes. In the case of CO2, calculated
cohesive energy (Table 2) suggests that the monolayer is not as
strongly bonded to the surface. Furthermore, a comparison between
calculated total density of states (TDOS) between clean Cu and
CO2/Cu (Figure 6) confirms that CO2, similar to a CO monolayer
(Brown et al., 2022a), is weakly bonded to the surface, and shows no
evidence of strong orbital hybridization between the Cu and CO2
layers. Our TDOS study of the CO2 layer showed that the DOS
contribution in the range from about −9.5 to −9.0 eV is solely due
to the CO2 monolayer. As can be seen from Figure 6, the CO2 layer
increased the TDOS of system and, analogous to CO (Brown et al.,
2022a), acted as an additional source for the generation of
secondary electrons. Additionally, since the work function did not
change significantly with respect to the clean surface, the SEY
increased.

For the NO2/Cu system, on the other hand, Cu surface atoms
are predicted to bond with O instead of the N atoms. As a
result, the excess surface charge is reduced. Additionally, because
of orientational bonding of N with O atoms (as in Figure 1D),
an electric dipole above the Cu surface is created. The normal
component of a dipole with an electric field toward the surface
applies an additional force on secondary generated electrons. This
electric field increases the energy of secondary electrons close to the
surface and in spite of the system work function having increased
significantly, the SEY of the system is effectively enhanced with
respect to the clean surface.

In order to estimate the contribution of the NO2 dipole in
increasing the surface electron energy, the following model was
used (Diaz et al., 2023): As a first approximation, the electric field
due to the normal component of the dipole moment was assumed
to be uniform. The energy increase of an electron corresponding
to such a uniform electric field (E) is calculated by the following
equation

Ue = eE ⋅ d, (8)

where e and d are the charge of the electron and the distance
between the N and O atoms along the crystal axis. The magnitude
of the uniform electric field E was calculated using σ/ɛ0 with the
value of the charge density σ taken from the Bader charge analysis.
Using calculated values of σ = 0.45 C/m2 and d = 6.64 × 10−11 m,
the estimated energy gain by electrons would be about 3.40 eV.
Comparison between the estimated electric energy (3.40 eV) and the
increase of the work function (by 2.15 eV) confirms that the electric
field (created by the normal component of the dipole) is responsible
for increasing the SEY of the NO2 system.

3.2 Electron and heat transport

During SEY measurements, the system of interest gains energy
from the bombardment of primary electrons, which causes an
increase in temperature both on the surface and inside the
material. This temperature increase can lead to changes in the
adsorption and/or desorption kinetics of gases and thus affect
the outcome of SEY measurements. Lowering the intensity and
duration of the primary electron beam would decrease this effect,
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FIGURE 4
Calculated charge density [n(r)] contour plots (Kokalj, 1999) for (A) clean Cu (110), (B) 1.00 ML C2/Cu, and (C) 1.00 ML N2/Cu structures. Gold, dark gray,
and light gray spheres represent the Cu, C, and N atoms, respectively.

FIGURE 5
Calculated secondary electron yield for the 1.00 ML of NO2/Cu (110)
(green squares) and CO2/Cu (110) (blue diamonds). Experimental
measurement for CO2/Cu (110) (red triangles) is provided for
comparison (Kuzucan, 2011; Kuzucan et al., 2012).

but could give unreliable results from a statistical standpoint.
For the above reason, it becomes important to understand how
the intensity and pulse time might affect the temperature of
the system and ascertain whether SEY measurements are reliable
with minimal adsorption and desorption of gases. The SEY
Monte Carlo, as previously discussed, was used to track electron
transport inside the material. In Figure 7 the results of Monte
Carlo simulation of electron range in clean Cu and its comparison
with available data (NIST, 2022) are given. Since there is no

FIGURE 6
Calculated total density of states for CO2/Cu (top) and NO2/Cu
(bottom), and their comparison with clean Cu. The CO2 layer shows a
weaker bonding to Cu surface compared to NO2. The Fermi energy
level is set at zero for all systems.

data available for the low energy region, calculations were carried
out for energies between 500 and 20,000 eV for incident primary
electrons.

The penetration depth is defined as the distance such that
90%–95% of incident electrons are stopped. For the calculated
electron range shown in Figure 7, both the lower 90% and upper
and 95% limits were considered. As it can be seen from Figure 7,
calculated electron range with the lower limit is in better agreement
with available data for the Cu system.
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FIGURE 7
Electron range in clean Cu calculated from Monte Carlo simulations
with lower limit of 90% (solid green diamonds) and upper limit of 95%
(solid orange circles) of stopped electrons are compared with the
ESTAR (blue solid squares) database provided by National Institute of
Standards and Technology (NIST, 2022).

Bymodifying theMonteCarlo simulation to also trackwhere the
electrons lose their energywithin the copper host, the heating profile
for the system was determined. Calculated energy loss of electrons
as a function of depth was converted to a power dissipation density
and used as the source term in a one-dimensional heat transport
equation to model the position-dependent variation of temperature
at the surface and inside the Cu.The governing heat flow equation is
given by

ρ Cp
∂T (z, t)

∂t
− k

∂2T (z, t)
∂z2
= S (z) (9)

where ρ, Cp, k, and S(z) are the mass density, specific heat,
thermal conductivity, and heat source power density of the system,
respectively. The power loss per area (W/A) at the surface layer
due to thermal radiation was accounted for according to the Stefan-
Boltzmann law

W/A = ϵσ(T4 −T4
c) (10)

Where ϵ, σ, Tc, and T are the respective emissivity of the
material, Stefan-Boltzmann constant, surrounding temperature, and
temperature of surface at time t. The bottom layer of the system was
maintained at the ambient temperature.

The calculated heat source density corresponding to power loss
of electrons with 1,000 eV incident energy, 0.1 nC/mm2 electron
flux, and 2 ms beam pulse exposure (Kuzucan et al., 2012) is shown
inFigure 8.The surface temperaturewas chosen as the experimental
value of 4.7 K (Kuzucan et al., 2012). As shown in the Figure 8 inset,
during the beam exposure the changes in the Cu temperature were
negligible. It should be emphasized that because of the small flux of
primary electrons, a small amount of energy was deposited into the
system, causing an insignificant amount of variation of temperature
on the surface and across the Cu crystal axis. However, in the case
of a large flux of electrons as might occur in high power systems or
microwave generators, the temperature could rise to several hundred

FIGURE 8
Calculated electron power loss density, S(z) (solid orange line), and
(top right corner) temperature distribution (solid red line) along crystal
axis.

Kelvin, causing serious possible damage to the system, removing the
surface adsorbates, or driving outgassing from the system.

4 Summary

The effects of C2 pair, N2 pair, CO2 and NO2 layers on the
SEY of the Cu (110) surface were studied by employing the first-
principles method andMonte Carlo simulations.The required input
parameters for Monte Carlo simulations such as the work functions,
total densities of states, and dielectric functions were calculated
using first principles methods. It was shown that, in agreement
with experiments, the C2(Larciprete et al., 2013) and N2(Kuzucan,
2011; Kuzucan et al., 2012) surface coverage reduced the SEY of
Cu system, while adsorption of CO2(Kuzucan, 2011; Kuzucan et al.,
2012) resulted in a higher SEY with respect to the clean Cu surface.
Studying the charge density of C2/Cu and N2/Cu confirmed the
formation of an electronic barrier as a result of bonding (charge
transfer) between the Cu surface and C or N atoms. The electronic
barrier reduced the probability for electrons to escape from the
surface. Since formation of N2 created a higher electron barrier, the
SEY of the Cu was significantly reduced. In contrast, formation of
surface carbon and nitrogen dioxides increased the SEY of the Cu.
It was demonstrated that CO2 weakly bonded to the surface and
acted as an additional source of electrons that contributed to the
generation of secondary electrons. Meanwhile, NO2 was shown to
bond strongly to the surface and created a large work function in
addition to an electric dipole. It was shown that calculated energy
gain due to the electric field of the dipole was higher than the
increased work function, resulting in a higher SEY. The present
method is general and could be used to investigate other emitter
materials and/or surface absorbates as well. Some possible scenarios
might be the formation of graphitic carbon during irradiationmeant
for surface treatment (Larciprete et al., 2013), or the presence of
carbon-free oxidized (Cu2O) copper (Petit et al., 2019), or the role
of surface water vapor. By modeling the heat transfer for the Cu
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system, it was verified that thermal increases under conditions
typically encountered in SEY measurements are negligible, and so
there should be no desorption due to the very minor increase of the
surface temperature. The thermal transport model presented in this
work can be used for optimizing the beam characteristics for SEY
measurements.

It is important to mention that the adsorbates studied in this
work are considered to be uniformly distributed on the surface,
which is an ideal case. Furthermore, first principles calculations
are done at 0 Kelvin, different from finite temperature. Even with
these limitations, first principles calculations can give us insight
into the electronic perspective of the system which is difficult for
experimental measurements of such systems. In addition, most
previous reports on SEY (Browning et al., 1994; Chang et al., 2018)
have focused on bulk materials. Here we specifically look at the
role of surface adsorbates. This opens up a new direction and could
be used to model realistic electrode surfaces containing graphitic
carbon produced during irradiation or device operation, or the
presence of oxidized copper (Cu2O), or the role of surface water
vapor. The information could even be used to select parameters for
surface cleaning treatments (e.g., laser wavelengths) to selectively
target cleaning of certain undesirable adsorbates andmolecules from
the surface.
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