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Effects of O2 adsorption on secondary electron emission properties
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The surface adsorption of gas molecules is a key factor limiting the secondary electron yield (SEY) of a material in
many areas of applied physics. The influence of O2 adsorption on the SEY of metallic Ag is investigated in this work. To
account for the particle distribution, we propose a BET theory based on multilayer O2 physisorption model. Furthermore,
based on the phenomenological model of secondary electron (SE) emission and by taking into account the different scatter-
ing processes between electrons and particles in the adsorbed layer, we develop a numerical model of SEY in the adsorbed
state using Monte Carlo simulations. The relationships among O2 adsorption, adsorption layer thickness, and SEY variation
characteristics are then examined through a series of experiments. After 12-h exposure to O2, the clean samples increases
12%–19% of the maximum value of SEY and 2.3 nm in thickness of the adsorbed layer. Experimental results are also
compared with the results from the MC model to determine whether the model is accurate.
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1. Introduction

Secondary electron (SE) emission (SEE) refers to the
emission of electrons from a solid surface when it is irradi-
ated by a particle with a specific energy. The secondary elec-
tron yield (SEY), which is defined as the ratio of the num-
ber of emitted electrons to the number of primary electrons
(PE), is a crucial parameter describing the capability of SE
emission. Current researches focus on the phenomenon of
SE emission by using scanning electron microscopy (SEM),
Auger electron spectroscopy (AES), and surface microanaly-
sis. Various devices, including electron multiplier tubes, pho-
tomultiplier tubes, and microchannel plates, utilize the SEE to
detect weak photoelectronic signals.[1] Nevertheless, it is also
a major element governing the performances of electron accel-
erators, high-power microwave sources, and space microwave
devices.[2] The electron cloud and multiplicator effect result-
ing from SE multiplication will significantly degrade perfor-
mance and even cause irreparable harm.[3,4] With the oper-
ating power of spacecraft microwave systems increasing, the
degradation of component performance resulting from multi-
pactor is becoming a more serious problem.[5] Clearly, reduc-
ing the SEY is an effective method for minimizing electron
cloud or multipactor effects.[6] To minimize the electron cloud
effects in accelerators or to increase the multiple compressor
threshold of microwave components, numerous efforts have
been made to reduce the SEY of materials by constructing spe-
cial surfaces with a variety of microstructures or coatings.[7]

The SE typically escapes from the surface at a depth of ap-
proximately one free path. Consequently, in addition to the
material types and morphology, surface properties such as ad-
sorption, contamination, and oxidation have significant influ-
ences on SEY.

This topic has been a focus of numerous studies. The
changes in SEY of TiN and DLC samples exposed to oxy-
gen and water vapour were discussed in Ref. [8]. The SEY
for gas physisorption on Al and Cu substrates were presented
in Ref. [9], where it was discovered that on these substrates,
the SEY values from the large area coverage depend solely on
the physisorbed species but not on the substrate. By study-
ing the SEY effects of rare gas condensation layers, several
hypotheses were proposed in Ref. [10] to explain this effect,
including an increase in grain size, charging mechanism ef-
fects, and SE reflection effects at the film/solid interface. The
changes of work function caused by surface contamination and
oxidation were calculated in Ref. [11] by using a theoretical
analysis. The effect of atmospheric exposure on the SEY of
Au was studied in Ref. [12]. A surface adsorption layer com-
posed of carbon and oxygen elements was discovered to be
the source of the increase in SEY. By using the Monte Carlo
method, a three-dimensional numerical model was established
in Ref. [13] to simulate how electrons and molecules adhere to
a surface scatter against each other.

The SEY properties of various contaminants in different
substrates have been extensively investigated. At the macro-
scopic level, some specific experiments have revealed that
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SEY properties can be influenced by factors such as surface
topography, ambient pressure, and adsorption types. At the
microscopic level, studies have attempted to explain those phe-
nomena from different perspectives, such as changes in sur-
face barrier potential, and reflection at the film/solid interface.
However, most of current studies have clarified the proper-
ties in the adsorbed state, but the description of the process
is still insufficient. Fewer studies have combined adsorption
processes with SE emission theory, but the studies of the ad-
sorption volumes are still lacking, therefore, the research on
them is very necessary, which not only assists in identifying
the factors influencing the SEE characteristics, but also is use-
ful in evaluating the space microwave device applications.

In this work, the effect of gas exposure on the SEY of
an inert metal is investigated, and a corresponding SEY sim-
ulation model is established; O2 and metal Ag are selected
as our research objects. First, a multilayer adsorption model
is created by using the BET theory to determine the distribu-
tion of O2 molecules on the Ag substrate surface. Next, using
the Monte Carlo method, a numerical model is developed to
investigate the scattering processes of electrons and adsorbed
molecules, and SEY properties in the adsorbed state can be
obtained through simulations. The effect of O2 adsorption on
SEY and gas desorption are tested in the laboratory to confirm
that the relevant theoretical model is accurate.

2. Simulation modules
The simulation consists of a multilayer gas adsorption

analysis and an electron collision section, which will be de-
scribed in the following.

2.1. Multilayer adsorption model

The BET equations are appropriate for describing mul-
tilayer physical adsorption surfaces. In this equation, it is as-
sumed that the molecules in the same layer do not interact with
one another and that the heat of adsorption in the first layer is
a constant based on the interaction between the gas and the
surface, whereas the adsorption heat is different in the sec-
ond and third layers, and other layers based on the interaction
forces between each gas molecule.[14]

Assuming that the surface fraction covering only one
molecular layer accounts for the total number of molecules
on the surface and is denoted by θ1, the fraction covering
two molecular layers is marked as θ2, the fraction covering
i molecular layers and the fraction not covering any molecular
layers are, respectively, represented by θi and θ . They satisfy
the following requirement:

θ0+θ1+θ2+ · · ·+θi = θ0 +
∞

∑
i=1

θi = 1. (1)

In equilibrium, each θi is a constant. σ0 is the number of
molecules per unit area at which the monomolecular layer is

completely covered. The total number of molecules adsorbed
in the multilayer is

σ = σ0θ1 +2σ0θ2 + · · ·+ iσ0θi = σ0

∞

∑
i=1

iθi. (2)

As the equilibrium between adsorption and desorption is
achieved, the number of gas molecules in each layer remains
constant. A given net increase in θi must correspond to its net
decrease. For θi it is specified that

vθ(i−1)+

(
σ0

τa(i−1)

)
θ(i+1) = vθi +

(
σ0

τali

)
θi. (3)

For molecular coverings of more than two layers, the con-
dition τa2 = τa3 = · · ·= τali can be used to derive the total num-
ber in unit area:

σa =
τa1σ0x

(1+ x)(1− x+ τa1x)
, (4)

x =
pτa2

σ0(2πµkT )1/2 =
p
q
. (5)

The symbols p, µ , k, and T denote surface pressure,
adsorption relative molecular mass, Boltzmann constant
(1.38×10−23 J/K), and absolute temperature, respectively.
The value τa2 represents the enthalpy of evaporation of the
adsorbent, and τa1 is the heat of adsorption of the adsorbent
to the substrate, which can be calculated by determining the
residence time of the particles on the surface.

τa1 = 4.58T · lg
(

7.6×10−4 V0
√

µT
τ0S0 p

)
. (6)

In Eq. (6), V0 is the adsorption capacity, and S0 is the specific
surface area and can be expressed as S0 = Vm ·NA ·σ , where
Vm, NA, and σ are saturated adsorption capacity of one molec-
ular layer, Avogadro’s constant, and molecular cross-sectional
area of adsorbent, respectively. The σ relates to the molecu-
lar characteristics of the adsorbent, and density ρ , and is ex-
pressed as σ = 1.091(µ/NAρ)2/3. In Eq. (6), τ0 is the period
of vibration of the adsorbed molecule, perpendicular to the
surface, and it is approximately equal to 10−13 s. According
to the above analyses, the final equation for multilayer adsorp-
tion is

θ =
σa

σ0
=

τa1 p/q
(1− p/q)(1− p/q+ τa1 p/q)

. (7)

When p approaches to q, the denominator will be close
to 0 and the adsorption coverage approaches to infinity. For
physical adsorption, it is observed that as p approaches to the
saturation vapour pressure P0, the amount of adsorption ap-
proaches to infinity. So, commonly, q is considered to be equal
to P0. In the adsorption process, the more active molecules are
always adsorbed first, and the less active molecules are always
adsorbed last. As a result, the heat of adsorption decreases as
the amount of adsorption increases across the entire surface
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and less active adsorption sites remain unchanged. In addi-
tion, the interactions between adsorbed molecules occur as the
amount of adsorption increases, which also affects the adsorp-
tion process.

Considering the characteristics of gas adsorption on the
metal surface, the gas molecule density exhibits an exponen-
tially decreasing distribution, from which the thickness of the
adsorbed layer, h, can be deduced as shown below:∫ h

0
(C1 exp(−C2 · z)+ p/kT )dz

≈
∫ h

0
C1 exp(−C2 · z)dz = σa, (8)

where σa is the coverage per unit area under a given pressure
p, z is the surface normal height, and C1 and C2 are both con-
stants.

We use O2 as an adsorbent and Ag as a substrate in this
study. The calculated value of σ at standard atmospheric pres-
sure is 7.4×1014. The coverage is calculated to be about 0.90,
indicating that 6.7×1014 O2 molecules have been adsorbed.

2.2. Electron collision model

The electron scattering process could take place in both
the adsorbed layer and the Ag substrate. When PEs enter into
the adsorbed layer from the outside, they collide with the ad-
sorbed molecules and produce SEs within the layer. Several
electrons, including inner SEs and PEs, return to the exterior
after multiple collisions to form final SEs. Some electrons en-
ter into the interior of the substrate, while others are depleted
in the adsorbed layer as a result of multiple collisions that de-
plete their energy. The electrons that enter into the substrate
continue to scatter with the Ag atoms, where a series of elas-
tic and inelastic collisions will generate SEs. Some SEs pass

through the surface barrier and return to the adsorbed layer,
where they continue scattering with the adsorbed molecules.
Owing to energy loss, others are depleted within the substrate.

Elastic or inelastic backscattered electrons result from
collisions between electrons and substrate. Both types of col-
lisions generate a single electron emission. In the initial in-
stance, PEs are perfectly reflected. In the second case, elec-
trons penetrate the substrate, change trajectories, and lose en-
ergy in internal scattering multiple times before escaping from
the substrate surface. In the case of real secondary emission,
the electrons interact with the substrate with a certain proba-
bility in a much more complicated way, and a random number
of electrons are produced. There have been multiple probabil-
ity, statistical, and phenomenological models for simulating
the scattering of SEs from metal.[15,16] In this subsection, a
phenomenological model and Monte Carlo (MC) simulation
method are used to simulate the SE emission process.[17] This
method has the benefit of producing results that are as close as
possible to the actual ones. Fitting the simulations to experi-
mental results on a cleaned surface and using them as a starting
point can provide a more accurate analysis of the influence on
the SEY adsorption layer.

The simulation of the adsorption layer portion is de-
scribed in Ref. [13], which describes a three-dimensional nu-
merical model, with which the scattering processes between
electrons and adsorbed molecules is simulated. The type of
scattering, energy loss, and scattering angle can be determined
by the differential scattering cross section for a given incident
energy and angle, which is obtained by cubic spline interpola-
tion. Electrons with specific energy will scatter with material
atoms or adsorbed molecules; therefore, each electron must be
tracked to its final state, either depleted in the adsorbed layer
or emitted to the exterior and never returning.

Table 1. Scattering types in model.

S/N Scattering type Scattering process Electron motion state

1 elastic scattering e+O2→O2+e direction change

2 electron excitation e+O2→O(∗)
2 +e energy loss and direction change

3 dissociation e+O2→O(∗)+O+e

4 ionization
e+O2→O+

2 +2e ionization electron generation,
e+O2→O+O++2e energy loss and direction change

5 dissociative attachment e+O2→O+O−

In this model, we account for five types of scatterings be-
tween an electron and an O2 molecule i.e., elastic scattering,
electron excitation, dissociation, ionization, and dissociative
attachment as shown in Table 1. In MC simulation, elastic
scattering between an electron and a neutral molecule only
modifies the electron’s direction. Because the mass of the O2

molecule is much greater than that of the electron, the electron
energy remains nearly unchanged. The process of excitation

and dissociation will result in a loss of electron energy and a
modification of the scattering angle. When the energy of the
electron exceeds the ionization threshold of an O2 molecule,
new ionization electrons and corresponding ions (O+

2 , O+) can
be produced upon collision of the electron with the adsorbed
molecules. The ionization and dissociative attachment pro-
cesses affect not only the energy and scattering angle of inci-
dent electrons, but also their incident number.
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The collision procedure can be described roughly as fol-
lows. The collision cross-section is used to generate a se-
quence of intervals, and random numbers are then used to de-
termine the scattering type. The scattering type, energy loss,
and scattering angle are then calculated based on the differ-
ential scattering cross section obtained by cubic spline inter-
polation for a given incident energy and angle. Data on the
collision cross-section at various energy values can be found
in Ref. [18]. For elastic scattering, the scattering angle is
anisotropic and can be defined as

RND =

∫
θ

0 (σ(E0,ϑ)sinϑ dϑ)dz∫
π

0 (σ(E0,ϑ)sinϑ dϑ)dz
, (9)

where σ(E,θ) is the elastic differential scattering cross sec-
tion of the corresponding energy E. The data in Ref. [19]
provide the angular distribution of electrons elastically scat-
tered from O2 as a function of energy. The inelastic scat-
tering angle is isotropic and complies to cosine distribution
cosθ = 1− 2(RND). The free path length of the electron
can be calculated from the Sn = − ln(RND)/ρσT, where ρ

is the adsorbed molecular density and σT is total scattering
cross section. If Sn < h, the electron collides with the adsorbed
molecule. otherwise, the electron is ejected directly as an SE.
The path of each electron is simulated by using MC method
in order to record all final information about SEs. The main
flowchart of the MC simulation is shown in Fig. 1.
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Fig. 1. Flowchart of MC simulation.

Figure 2 illustrates how the SEY varies with the ad-
sorption thickness and primary electron energy. The change
of SEY with incident electron energy ranging from 0 eV to
1500 eV is calculated by assuming a starting number of 5×104

electrons at each energy point. We cannot exactly determine
the value of the adsorption thickness in calculations, so some
assumptions need to be made. Using SEY in the clean state as
an initial value, and assuming that the number of adsorption
densities is in equilibrium, the numbers of SEs of the layers
with thickness values of 1 nm, 3 nm, 5 nm, and 10 nm are
calculated, respectively. For varying O2 adsorption thickness,
the maximum value of SEY increases, separately, by 5%, 9%,
10%, and 16%.
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Fig. 2. MC simulation results of SEY at different adsorption thicknesses.

3. Experimental modules
The test stand consists of a vacuum system, an exam-

ination system, and a sample-handling system as shown in
Fig. 3.[20] The vacuum system includes a load-lock chamber
and a main chamber, both of which are sealed by a valve.
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stage
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Fig. 3. Schematic diagram of the test stand.

3.1. Desorption experiments

The samples studied were all 0.5-mm thick. These sam-
ples were cut into rectangles each with an area of about 1 cm2

and then they were washed with isopropyl alcohol. Surface
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cleaning is the first step, which must be done. A prepared sam-
ple was inserted into the main chamber and cleaned for 10 min
with Ar-ion at 1 keV under the appropriate conditions.[21] The
ion-cleaned sample was then heated with a variable-current
resistive heater for 2 h. After completing all of these proce-
dures, the sample surface was relatively clean. The samples
were then placed in a load-lock chamber with an oxygen at-
mosphere at a pressure of 1×105 Pa for 12 h for implementing
adsorption of oxygen.

The sample was then placed in the main chamber. Ow-
ing to the small amount of O2 adsorbed on the sample, a high
vacuum is required for observing subtle changes. The main
chamber must be quickly evacuated, as quickly as possible, to
a lower pressure state. Next, we closed all valves, forming a
main chamber, which became a sealed space. After all prepa-
rations were completed, samples were treated by heating and
monitoring the change in the pressure of the main chamber.

To ensure that the gas desorption originates primarily
from the sample but not the experimental system, two mea-
surements were necessary. In the first measurement, the sam-
ple and the holder were heated together, the desorption of
the sample and the holder, as well as leakage and gassing of
the system would lead to pressure fluctuations. Mo is a low-
absorbent metal, which can serve as the holder material. In
the second measurement, the same state and operation were
maintained as in the first measurement, but only the holder
without sample was heated, and the whole pressure change
was caused only by the system and the holder. So, the differ-
ence in pressure between the two measurements represented
the desorption of the sample.
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Fig. 4. Measured variations of chamber pressure with temperature and time
of heating samples. The unit 1 Torr = 1.33322×102 Pa.

As can be seen in Fig. 4, the heating temperature rises
from 300 K to 450 K, and as time goes by, the ∆P first in-
creases, then tends to stabilize. The gas equation of state
PV = MRT/µ was used, where V is the volume of the cham-
ber and M is the mass of the desorbed gas, R is a constant
that keeps constant regardless of the gas type. We are able to
estimate the amount of gas desorbed, which is equivalent to
adsorption.

The number of oxygen molecules desorbed was approx-
imately 1.5×1015, which differs by approximately 55% from
the above multilayer adsorption model’s predictions. The fol-
lowing explains the difference between results. First, the sur-
face of the actual specimen is not flat. The calculation model,
however, is based on an ideally flat surface. Moreover, both
calculation and experimental procedures are susceptible to er-
ror. The data obtained for electron-induced desorption were
utilized in the cited source.[22] It has been demonstrated that
the number of individual species molecules removed from a
Cu surface during processing is less than 1016 molecules per
square centimeter, which can be used to determine whether the
results are plausible.

3.2. XPS analysis

The spectrum was obtained using the DESA 150 electron
spectrometer.[23] First, the sample cleaning and O2 adsorp-
tion procedures described previously were repeated. The sam-
ples were then loaded into an ultra-high vacuum main vacuum
chamber for x-ray photo-electron spectroscopy (XPS) charac-
terization.
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Fig. 5. XPS spectrum of cleaned sample and adsorbed sample.

Figure 5 shows the XPS results for an Ag sample that has
been cleaned and adsorbed, respectively. The characteristic
peaks of spectra include the photoelectron lines Ag 3d, Ag 3p,
C 1s, and O 1s. C 1s and O 1s characteristic peaks, which indi-
cates the presence of carbon and oxygen elements on the sur-
face of Ag. The disappearance of the O 1s peak in the cleaned
spectra implies that the adsorbed and contaminated layer on
the surface can be eliminated by argon ion sputtering and heat-
ing. For the Ag sample exposed to O2 for 12 h, the quantitative
analysis of atomic concentrations reveals an O to Ag ratio of
0.16:1. In addition, the thickness of the adsorption layer can
be estimated by using quantitative XPS spectrum analysis and
the equation is[24]

IO2

IAg
=

NO2

NAg

FO2

FAg

1− exp(−h/λ )

exp(−h/λ )
, (10)

where I is the intensity of the corresponding characteristic
peak, N is the atomic density, F is the sensitivity factor, λ
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is the inelastic mean free path of the photoelectron, and h is
the thickness. The thickness of the adsorption layer for an
Ag sample with an exposure time of 12 h was obtained to be
2.32 nm.

3.3. SEY experiments

Figure 3 illustrates the entire experimental setup. The
SEY was determined by using the standard sample-current
method. Initially, a 500-V bias is applied to the sample, and
the sample current is then measured as electrons bombard the
metal sample. The majority of SEs excited by electron irradia-
tion have energy values less than 500 eV; therefore, the major-
ity of SEs will return to the metal sample under the action of
positive bias, and the sample current at this point is regarded
as the incident electron current IPE. To obtain the SE current, a
negative bias voltage of−20 V could be applied to the sample,
causing the SEs excited by the incident electrons to be repelled
by the metal sample. Under action of a negative bias, the sam-
ple current was measured to be IR = IPE− ISE, so the SEY is
δ = 1− IR/ISE. In the main chamber, Ag samples from their
initial state were cleaned and adsorbed O2 then tested. In ad-
dition, the calculated results of the SE emission MC model for
the O2 adsorption layer above were presented and compared
with the experimental results to verify the model accuracy.
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Fig. 6. (a) SEY experimental curves of original, cleaned, and adsorbed sam-
ples. (b) Comparison between simulation results and experimental results in
clean and adsorbed state comparison.

To reduce testing errors, three samples were evaluated in
their original, cleaned, and O2 adsorbed state, respectively. As

depicted in Fig. 6(a), the SEY of the sample in its original
state was significantly reduced after the cleaning treatment,
indicating that ion bombardment and heating can effectively
reduce the SEY of the surface of the sample.[25] The maxi-
mum value of SEY for Ag samples in their cleaned state is
1.35–1.43 when PE is between 300 eV and 350 eV. However,
the SEY curves in the adsorption state have maximum val-
ues varying between 1.56 and 1.63, representing an increase
of 14% in SEY. In addition, the test results are compared with
the simulations as depicted in Fig. 6(b), where the dashed lines
represent the results from the adsorption model for the MC
simulation, where the results for the clean state and the ad-
sorption thickness h = 2.3 nm are compared, demonstrating
the validity of this strategy.

4. Conclusions
The state of adsorption on the material surface and the

problem of gas release are taken into account when analyz-
ing the influence of environmental factors on the SE emission
characteristics of microwave components during production,
transport, and testing, which is also crucial for the study of
space microwave components.

In this paper, the effect of O2 adsorption on the SE emis-
sion of Ag is investigated. Initially, a BET theory-based multi-
layer adsorption model is created to determine the adsorption
properties. With a coverage of about 0.90, the calculated num-
ber of O2 adsorbing particles per cm2 is 6.7×1014. Using the
desorption during heating in an experiment, the gas change is
determined to be 1.5×1015, which differs by 55% from the re-
sults from the multilayer adsorption model. This result can be
explained by the fact that the metal surface is not perfectly flat
and has slight depressions, resulting in a larger measurement
result.

Using the Monte Carlo method, a numerical model is
developed to investigate the electron and molecule scattering
process. Combining the theory of metal and electron SE emis-
sion and the theory of collision between electrons and gas par-
ticles yields the variation of SEY in the adsorbed state. With
appropriate modifications to the parameters, the model can be
used to study the adsorption of different particles on different
substrates.

A series of experiments is conducted in which the sam-
ples are subjected to ion bombardment and cleaning by heat-
ing, followed by exposure to an O2 atmosphere. The total SEY
increases after 12-h exposure, with the lower energy regions
changing more greatly, where the increase in SEY maximum
value ranges from 12% to 19%. In addition, XPS results in-
dicate the presence of O elements caused by exposure, from
which it can be deduced that the thickness of the adsorbed
layer is increased by about 2.3 nm. Finally, the validity of the
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multilayer adsorption model is determined by comparing per-
tinent experimental results with the reults from the MC model.
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