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Secondary electron yield (SEY) of air-exposed metals tends to be increased because of air-formed oxide, hydrocarbon,
and other contaminants. This enhances the possibility of secondary electron multipacting in high-power microwave systems,
resulting in undesirable occurrence of discharge damage. Al,O3 coatings have been utilized as passive and protective layers
on device packages to provide good environmental stability. We employed atomic layer deposition (ALD) to produce a
series of uniform Al, O3 coatings with appropriate thickness on Ag-plated aluminum alloy. The secondary electron emission
characteristics and their variations during air exposure were observed. The escape depth of secondary electron needs to
exceed the coating thickness to some extent in order to demonstrate SEY of metallic substrates. Based on experimental
and calculated results, the maximum SEY of Ag-plated aluminum alloy had been maintained at 2.45 over 90 days of
exposure without obvious degradation by applying 1 nm Al,O3 coatings. In comparison, the peak SEY of untreated
Ag-plated aluminum alloy grew from an initial 2.33 to 2.53, exceeding that of the 1 nm Al,O3 sample. The ultra-thin ALD-
Al,Oj3 coating substantially enhanced the SEY stability of metal materials, with good implications for the environmental

dependability of spacecraft microwave components.

Keywords: secondary electron yield (SEY), atomic layer deposition, air exposure, multipactor
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1. Introduction

When primary electrons with a certain kinetic energy col-
lide with the solid, a number of electrons are emitted from
material surface, creating a variety of electronic signals, such
as secondary electrons, backscattered electrons, photoelec-
trons, Auger electrons, and x-rays.!!>! The phenomenon of
secondary electron emission after electron bombardment has
been extensively explored in the fields of microscopic anal-
ysis, photomultiplier tubes, microchannel plates, and multi-
pacting effect.[*8] For particle accelerators and high-power
microwave components applications, the secondary electron
yield (SEY) of interior surfaces plays a key role in the per-
formance of electronic devices.”! Under high radio frequency
electromagnetic fields, it can even result in permanent surface
damage and destruction due to electron-cloud effect, low pres-
sure discharge, and multipacting effect.!!1%-1?1 Given that the
penetration and escape depth of electron are both on the or-
der of ten nanometers, SEY is particularly sensitive to primary
electron incidence condition as well as material surface char-
acteristics involving morphology, components, roughness, and

13,141 One highly practical and effi-

atmospheric absorption. !
cient approach to resolving multipactor breakdown is to mod-
ulate SEY by applying specific film coatings on internal sur-
face of devices.!!3-17]

Ag-plated aluminum alloy is commonly utilized as a sub-

strate material in space microwave components to lower elec-
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tromagnetic loss during signal transmission. However, due
to inevitable gas absorption and contamination from water
vapor, dust, fluoride, sulfide, and other chemical substances
that are adhered to or penetrated to metal surface during
air exposure,!'8211 Ag plating properties will be negatively
affected over several-months manufacturing and assembling
phases of spacecrafts. The maximum SEY value (8ax) for Ag
plating ranges from 1.97 to 2.50.12%! After being exposed to air
environment for five years, 6max ascends to 2.61,120 indicating
a decline in multipactor performance. Therefore, it is critical
to understand how to preserve SEY performance of Ag plating
while minimizing surface adsorption, oxidation, and contami-
nation effect.

The atomic layer deposition (ALD) process is an inno-
vative technology based on sequential, self-limiting surface
reactions that allows for accurate fabrication of nanometer
and sub-nanometer films by regulating the number of reaction
cycles.?3] In contrast to physical vapor deposition and other
chemical vapor deposition, ALD produces films that are less
contaminated with carbon, oxygen, chlorine, and have good
conformity in ultrahigh aspect ratio. In particular, ALD-Al,O3
coatings have been utilized as passive and protective layers on
device packages to provide good environmental stability.>*]
Al>O3 thin films demonstrate a stable environmental perfor-
mance with SEY ranging from 2.9 to 4.08.13! Xie et al.[>!
reported that Al;O3 nanofilm stabilized SEY by inhibiting
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aluminum alloy oxidation. After a year of storage, Omax Of
3 nm ALD-AI,O3 coating on aluminum alloy remained at
2.9. Wang et al.?®) and Lian et al.,[*") respectively, proposed
to grow 1 nm Al,O3 protective layer on MgO film to pre-
vent MgO from deliquescing into Mg>(OH),CO3; and MgCO3,
which would impair SEY performance. Good SEY environ-
mental stability is exhibited by Al,O3 protective layer that can
sustain SEY levels over time without obvious deliquescence.

In consideration of the stable environmental property of
Al O3, it is worth studying an appropriate thickness of pro-
tective Al,O3 layer to minimize air-exposure induced damage
of metals without bringing obvious changes in SEY. We ap-
plied thermal ALD technology to fabricate different coating
thickness of Al;O3 on Ag-plated aluminum alloy and the SEY
values under air-exposure storage were investigated. The cur-
rent study revealed that ALD-Al,O3 coatings in the nanoscale
range can inhibit SEY deterioration of Ag plating, suggesting
a potential approach to preventing multipactor effect by sup-
pression ascending of SEY.

2. Materials and methods

The deposition of Al,O3 coatings was carried out by ther-
mal ALD method on phosphor-doped conductive polished Si
wafers (n-type Si, crystal direction (100)) for microstructure
characterization and on Ag-plated aluminum for SEY mea-
surements.

2.1. Preparation of ALD-Al,O3 coatings

ALD-Al, O3 coatings were deposited from thermal ALD
process. The chemical reaction is described by

Al-OH* + Al(CH3)3 — Al-O-AI(CH3)} 4 CHy, (1)
Al-O-Al(CH3)} 4 2H,0 — Al-O-AI(OH); +2CHy,  (2)

and the total reaction is given by
2A1(CH;)5+3H,0 — Al,O3+6CHy. 3)

Al(CH3)3 (trimethylaluminum or TMA) and H,O were
utilized as precursors for APt and 02, respectively, and Nj
was employed as both carrier gas and purge gas. The chemical
reactant sources and N, purge gas were maintained at 22 °C.
Each gas was introduced into the reaction chamber in the se-
quence of TMA pulse for 0.1 s, N purge for 10 s, H,O pulse
for 0.3 s, and another N, purge for 10 s. Prior to the deposi-
tion, Si wafers and Ag substrates were ultrasonically cleaned
in acetone and alcohol for 20 min, respectively. Subsequently,
substrates were placed in the reaction chamber at 300 °C and
heated for a duration of 30 min prior to the reaction. Table 1
lists deposition parameters used in this study. The count of
ALD cycles is specified as 5, 10, 25, 50, 100, 200, and 300,
accordingly.

Table 1. Deposition settings for ALD-Al,O3 process.

Substrate Si (100) and Ag-plated aluminum
Ny pressure (MPa) 0.3
Flow rate (sccm) TMA (40); H,O (40)
Reactant temperature (°C) 22
Pulse time (s) TMA (0.1)/N;, (10)/ HyO (0.3)/N; (10)
Deposition temperature (°C) 300
Deposition rate (A/cycle) 1

2.2. Microstructure characterization of ALD-Al,O3 coat-

ings

A spectroscopic ellipsometer (M-2000, J. A. Woollam,
USA) was used to analyze film thickness and uniformity
of ALD-Al,O3 coatings. Atomic force microscopy (AFM,
Bruker Dimension ICON, Germany) and scanning electron
microscopy (SEM, Zeiss Gemini 300, Germany) were car-
ried out to examine the surface morphology. The investigation
of element distribution and impurity content was conducted
in energy dispersive spectroscopy (EDS, Bruker XFlash,
Germany) and x-ray photoelectron spectroscopy (XPS, PSP
CTX400, UK) tests. The penetration depth measured by EDS
analysis is generally above 1 um, while that of XPS is gen-
erally within 10 nm. Consequently, in order to exclude the
impact of substrate signals, the EDS test is primarily used to
define the element distribution over the surface, and XPS anal-
ysis is utilized to characterize the chemical composition of the
film.

2.3. SEY measurements of ALD-Al,O3 coatings

SEY measurements for Al,O3 coatings have been per-
formed by the pulse-beam method specialized for dielectrics
to avoid surface charging. The measurement facility depicted
in Fig. 1(a) was built by our research group, relying on a hemi-
spherical collector system and electron gun (STAIB Instru-
ments, Germany) in the range of 30 eV-30 keV conducting in
ultrahigh vacuum at 6x 10~8 Pa. To improve secondary elec-
tron yield accuracy, electron collector modules are equipped
with a three-layer grid and a single collector. The signal gen-
erator (HAMEG HMS8150, Germany) delivers square pulses
of 6 us duration with total incident charges of 1.9x107!2 C
at primary electron energy of 300 eV, and the electron beam

density is approximately 2.4x 1072 C/mm?

. The pulse sig-
nal is amplified into a fast current amplifier (DHPCA-100,
FEMTO, Germany) at 10 V/A, and then received and dis-
played by the oscilloscope (RIGOL DS1054, China). SEY (J)

of ALD-Al,O3 coatings can be delivered by

Iﬂrst grid + Isecond grid + Ithird grid + Icollccter

6 =
I sample stage + Iﬁrst grid +1 second grid + Ithird grid + Icollecter
ISE ot
=== “
P

SEY measurements do not make a distinction of elastic
back-scattering current, inelastic backscattering current and

113701-2



Chin. Phys. B 33, 113701 (2024)

true secondary electron current having kinetic energies below
50 eV. We define the total secondary electron emission cur-
rent from the surface as Isg ot Which is the sum of g grids
Lsecond grids Tihird grid» and Ieofiector- Ip TEpresents the vertical in-
cident primary electron current obtained by connecting sample
stage (Isample stage)a gridS (Iﬁrst grid +Isecond grid +Ithird grid)’ and
collector (Zeoliector) together.

(a) Pulse generator Oscilloscope

O (O

— Electron gun

T -
(b) R
0 5 B
= Ch
—100 ' Z
("] !
Z —200 8 =
o '8 &
< —300 g EX
E E I |
& —400
—500 D
[ =N
~600 i, H
1
—700'| 1 1 :| 1 | 1 1 1
-4 -2 0 2 4 6 8 10 12
Time (us)

Fig. 1. (a) Schematic overview of SEY measurement, (b) total sec-
ondary electron current at primary electron energy of 300 eV from
0.5 nm ALD-AI, O3 coating on Ag-plated substrate. The vertical dashed
lines indicated the pulse window where the baseline was measured.

In our experimental conditions, the trapped positive
charges within the dielectric film are unable to create a suffi-
cient electric field or surface potential that would induce vari-
ations in secondary electron trajectory by taking into account
the following steps:

(1) To reduce the surface charging occurred in per pulse,
the irradiation pulse time was set as 6 ps with small electron
beam density of 2.4x 101> C/mm?.

(i) The secondary electron would pass through three-
layer grid before reaching the collector, which decreases the
number of the electrons. To overcome ternary electron emis-
sion and grid transmission loss, the total secondary electron
current Isg or Was measured at +38 V biased collector con-
nected with three-layer grids. The metallic sample stage is
grounded to discharge and to prevent the primary electron en-
ergy from being varied by charging effect for each of primary

energy points.

(iii) The deposited substrate is Ag-plated aluminum alloy,
while sample holder and sample stage are made of molybde-
num and 304 stainless steel, respectively. The surface charging
effect could be compensated during the pulse duration, ensur-
ing the sample potential was set to 0 V.

Figure 1(b) shows the secondary electron current signal.
The signal baseline that is estimated to be constant corre-
sponds with Isg . As indicated by the stable current, the
magnitude of secondary electron emission has not been im-

pacted by electrostatic field.

3. Results and discussion

3.1. Surface microstructure characterization of ALD-

AL O3 coatings

The ALD method is self-limiting, successive surface re-
actions wherein a single atomic layer thickness is deposited
per cycle.?8391 Surface saturation of precursors results in a
constant thin-film growth rate, and the number of deposition
cycles determines the film thickness. Therefore, coating thick-
ness and the number of reaction cycles are supposed to be pro-
portional. Spectroscopic ellipsometry was employed to an-
alyze 50, 100, 200, and 300 cycles films on Si substrate to
determine whether the deposition behaved as a typical ALD
growth mode. As shown in Fig. 2, the growth thickness has a
linear ratio to deposition cycles of roughly 1 A/cycle, and the
coating thickness is around 5 nm, 10 nm, 20 nm, 30 nm. The
film uniformity (u) was estimated using

H= (Tmax mm)/(2 X Taverage) X 100%3 (5)

where Thax is the maximum value of the coating thickness,
Tinin is the minimum value of the coating thickness and Tyyerage
is the average value of the coating thickness. The results are
presented in Table 2. The homogeneous layer indicates that
the chemical reaction between precursors and substrate grad-
ually reaches saturation. The less uniformity of 50 cycles film
as compared to other samples might be attributed to that ox-
ide films on Si wafers affect refractive index of materials. It is
also possible that the formation of small island nucleation on
substrate during the pre-film growth period has a large impact
on optical parameters, resulting in a deviation from the fitted
data.

Table 2. ALD-Al,O3 coatings thickness and uniformity at different de-
position cycles.

Deposition cycles Thickness (nm) Uniformity (%)

50 4.61 7.48
100 9.42 4.14
200 19.57 3.40
300 29.84 4.27

The average surface roughness of 5 nm, 10 nm, 20 nm,
and 30 nm samples determined by AFM analysis is 0.18 nm,
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0.17 nm, 0.15 nm, and 0.18 nm, respectively, as shown in
Fig. 3. It is observed that as the film was initially formed par-
allel to the substrate, surface roughness exhibits a decreased
trend with the increase of coating thickness. The minimal
roughness of 0.15 nm is obtained in 20 nm sample. When
the thickness reaches 30 nm stacked with more Al,O3 mono-
layers, Al,O3 islands emerge following a transition from 2D
planar growth to 3D island growth, and the surface roughness
increases to 0.18 nm. The good density, homogeneity, and
compactness of ALD-Al,O3 coatings are confirmed by AFM
measurements.

30 m Measured

Fitted

Thickness (nm)
= oW
o S &

—_
=]
T

50 100 150 200 250 300
Cycles

Fig. 2. The relationship between growth thickness and deposition cycle.

Fig. 3. AFM three-dimensional maps of ALD-Al,O3 coatings on Si.

X-ray photoelectron is an effective way to detect the
chemical composition of thin films while excluding the sub-
strate signal. XPS tests were performed on 0 nm, 0.5 nm,
1 nm, 2.5 nm, and 5 nm ALD-Al,O3 coatings on Ag plating, as
illustrated in Fig. 4(a). There is an Al 2p characteristic peak in-
dicating the presence of Al element. EDS mappings obtained
from 30 nm ALD-Al,Oj3 coating further confirm the homoge-
neous distribution of Al element over the surface (Fig. 5). As
the film thickness grows, the typical peak of the matrix Ag pro-
gressively diminishes, and 5 nm film sample is primarily made
up of Al and O components. The characteristic peak strength
is used to estimate the photoelectron counts of Al 2p and O
Is, and the atomic ratio of O to Al element (Bo.4;) is shown in
Fig. 4(b). It could be inferred from gradually stabilized Bo.a;

that the density and compactness of ALD-Al,O3 coatings is
supposed to be stabilized with the deposition thickness.

(a) ,0 1s —0 nm
—0.5 nm
Ag 3d — 1 nm
r / C 1s
/ — 2.5 nm
] —5 nm

oty

CPS

600 500 400 300 200 100
Binding energey (eV)

3.2f(b),
2.8F

241

Atomic (%)

1 1 1
0 10 20 30 40
Thickness (nm)

1.2

Fig. 4. (a) XPS spectra and (b) the atomic ratio fo.a; of ALD-Al,03
coatings.

(@

3 um 3 um

Fig. 5. (a) SEM image and (b)-(d) EDS maps of 30 nm ALD-Al,03
coating.

3.2. SEY characterization of ALD-Al,O3 coatings

A series of 0 nm, 0.5 nm, 1 nm, 2.5 nm, and 5 nm thick
ALD-Al,O3 coatings on Ag-plated substrate are subjected to
SEY measurements after air exposure, as seen in Fig. 6. SEY
characteristics of ALD-Al,O3 coatings deposited on Ag plat-
ing are correlated with both the bottom substrate and the top
coating. The peak value of SEY coefficients gradually rises
from 2.25 to 3.82 as the ALD-Al,O3 coating thickness in-
creases from 0.5 nm to 5 nm, as shown in Fig. 6(a). SEY
curves of the composite layered structure are comparable to
those of the as-received Ag-plated substrate. The emission
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yield is determined by the electron penetration depth R and
escape depth X, which are associated with the primary elec-
tron energy Ep.3!! When the SEY reaches its maximum value,
at the energy of E = Epy,, the largest primary electron pene-
tration depth R, and secondary electron escape depth X are
calculated through

R=1.15x10°xEy; ¥ /o, (6)
X, =504 xE}F /o, (7

where E, is primary electron incident energy, Eppy, is the pri-
mary electron energy at Omax and o is the density of the mate-
rials (3.96 g/cm? for Al,O3). The results are listed in Table 3.

Table 3. The electron penetration depth R and escape depth X, at
E, = Epm of Al,O3.

Thickness (nm) Rpm (nm) X (nm)
0.5 3.76 1.64
1 471 2.06
2.5 6.76 2.96
5 7.86 3.44

The Al,O3 coatings play a major effect on SEY charac-
terization in the ALD-Al,O3 composite layered structure. At
relatively low E,, where R < Xj, internal secondary electrons
only emit from the top coating. Incident electrons of E, =
0.1 keV have a penetration depth of approximately 1.3 nm.
There is no discernible difference in SEY between 2.5 nm and
5 nm samples because secondary electron emission is exclu-
sively provided by the top AlO3 layer. If E, rises, more
primary electrons collide with materials, increasing the pos-
sibility of internal electron emission, resulting in an ascend-
ing phase of the SEY curve. At E, = E,, where 0 = Onmax,
primary electron penetrates through the top ALD-Al,O3 coat-
ing and interact with the bottom Ag plating substrate. SEY
is co-excited by both ALD-Al,O3 coating and Ag plating. At
E, > Epm, more internal secondary electrons are created along
the incident range, but it is hard for most of the electrons to
overcome energy loss during collisions as well as vacuum-—
solid interface because of large penetration depth, causing a
decline in SEY curve with higher incident energy.

In addition, the first crossover energy E.; at 6 = 1 is an
important parameter for multipactor threshold as well as sur-
face potential, which could either result in negative or pos-
itive states depending on whether SEY is lower or greater
than 1. If the material being irradiated is electrically isolated
from ground, then negative charges would be accumulated due
to more electrons injected into materials than those emitted,
when 6 is lower than 1 at E, < E| in the region of a few
tens of eV. Unfortunately, this point cannot be studied through
SEY measurements because of the poor visibility of the pri-
mary electron beam and the difficulty in focusing the electron
beam when the required primary energies are below 100 eV.
For 8ax > 1, the E¢| could be analytically expressed as (32]

Ect = 0.51Epm a2 (®)

max

Since the 8pax of ALD-Al, O3 coating is 3.7—4.08,133-36]
the thicker Al,O3 coatings, the more secondary electrons are
ejected from the surface layer, leading to an increased SEY
of the composited structure. By applying a passivation layer
to reduce metal oxidation and contamination, the thickness of
oxide coating is designed to be less than primary electron pen-
etration depth to avoid an increasing multipactor risk. As pre-
viously stated, if the coating thickness exceeds R = 1.3 nm,
electrons cannot penetrate through the top layer and reach the
bottom substrate at low energy levels (E, = 0.1 keV). The
2.5 nm coated sample has larger SEY data than 0.5 nm and
1 nm coated samples, which happens because all of the sec-
ondary electrons of the 2.5 nm sample are emitted from Al,O3
layer at Ep, = 0.1 keV. In addition, it is observed from Fig. 6(a)
that SEY of 0.5 nm Al,O3 coating is a little lower than that of
the Ag-plated substrate (0 nm sample). This may be attributed
to a reduction in impurities on the sample surfaces.>”! Prior to
ALD deposition, substrates were cleaned in an ultrasonic bath
with acetone, alcohol, and DI water in sequence for 20 min
each, which permits surface contaminants and chemicals to be
partially removed under organic cleaning. In addition, sub-
strates were pre-heated at 300 °C for 30 min before the start
of the coating procedure. The reduction in hydrocarbon con-
tamination and the thermal desorption of HO may have con-
tributed to a decrease in SEY under the action of heat energy.

The effect of air exposure on SEY of ALD-Al,O3 coat-
ings was studied, and SEY characterization was re-performed
after air exposure for 30 days and 90 days stored in the drying
cabinet, respectively. The results are presented in Figs. 6(b)—
6(d). The shift of higher SEY is typical for contaminated sur-
faces. Both the bare Ag plating and the 0.5 nm ALD-Al,O3
coating exhibit a comparable SEY pattern as incident energy
increases. Over a 90-day exposure period, Omax of the Ag
plating sample (0 nm sample) gradually climbed from 2.33 to
2.53, while yax of the 0.5 nm ALD-Al,O3 coating grew from
2.351t02.46 (Table 4). Due to partial oxidation and poor homo-
geneity, the sub-nanometer oxide film has a minor inhibitory
influence on SEY deterioration. According to Table 4, when
the coating thickness exceeds 1 nm, 8y« essentially stabilizes
at its initial value during the exposure period. Considering that
the secondary electron emission coefficient mainly contributes
to top Al,O3 coatings for 2.5 nm and 5 nm samples, SEY is
higher than that of uncoated metal, which is undesirable in
high-frequency RF devices. Although 1 nm ALD-Al,;O3 coat-
ing initially increases SEY of Ag plating, 0ma.x of Ag plating
grew to a similar level as 1 nm coated sample under 30 days
of exposure. After 90 days exposure, dyax Of the Ag plating
exceeds that of 1 nm coated sample. It is proposed that the
nanometer-scale, compact, and uniform ALD-Al,O3 coatings
significantly improve the stability of SEY by preventing ox-
idation and atmospheric pollution. An ALD-Al,O3 coating
of 1 nm was the optimum protective layer thickness for pre-
venting SEY deterioration and enhancing SEY environmental
stability of metal materials exposed to long-term duration.
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Fig. 6. (a)—(c) SEY curve as a function of primary electron energy of ALD-Al,O3 coatings air-exposed for 90 days, (d) the variation of dyax Of

ALD-Al,O3 coatings.

Table 4. The Opax and Epy of ALD coated samples in air-exposure
duration time.

Thickness (nm) 0 day 90 days
Omax Epm (keV) Smax Epm (keV)
0 2.33 0.30 2.53 0.26
0.5 2.25 0.28 2.46 0.26
1 2.43 0.30 2.45 0.28
2.5 2.99 0.34 2.95 0.34
5 3.82 0.38 3.81 0.38

4. Conclusion

In this work, the ALD technique has been utilized to fab-
ricate a series thickness of Al,O3 coating on Ag-plated alu-
minum alloy. The impact of oxide film and air exposure on
SEY characteristics was investigated. The results show that
SEY of uncoated sample increased from 2.33 to 2.53 after
90 days of storage in dry air. A compact and homogeneous
film with good environmental stability of SEY is obtained
when the thickness of Al,O3 coating on Ag plating surface
is more than 1 nm, maintaining the original condition of .
However, growing the amount of Al,O3 coating monolayers
decreases the Ag substrate’s participation in the secondary
electron emission process, leading to an increase in SEY. For
the purpose of minimizing SEY variations of Ag-plated alu-
minum alloy on the exposure duration and preserving metal
SEY properties to a large extent, the optimum thickness of
Al,O3 coating is supposed to be 1 nm, which is less than the
primary electron penetration depth and the secondary electron
escape depth. This controllable, ultra-thin ALD-Al,O3 coat-

ing provides an effective method to suppress the secondary
electron emission deterioration of active metals and nitride
materials, which is critical for resolving multipactor problem
in space microwave components.
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