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Abstract

The Design of the Emission Layer for Electron Multipliers pub-
lished NanoscaleReseach Letters 16, 151 (2021) https://doi.
org/10.1186/s11671-021-03606-y. The main corresponding author
is Shulin Liu (liusl@ihep.ac.cn), the first author is Yuman Wang.
This paper comprehensively introduces the preparation method and
design principle, test instrument, test method, analysis method and
other aspects of the design of the emission layer for electron multipli-
er. This short review reviews the innovations in these aspects, such
as the design principle of sandwich structure, thepreparation method
of atomic layer deposition, the structure of spherical SEE test equip-
ment, the method of low-energy secondary electron neutralization,
the alternative use of XPS and etching to study high SEE materials,
etc.

Keywords: Al,Os; Electron multipliers; MgO; Secondary electron
emission coefficient.

Introduction

The gain of the electron multiplier is closely related to the Sec-
ondary Electron Emission coefficient (SEE) and the thickness of the
emitter layer, so it is very important to study their related properties.
According to the working principle and the idea of limit, this paper
proposes three design targets for the preparation of excellent emis-
sion layer: 1. Thinner film; 2. Higher SEE; 3. more stable working
performance. The SEE value is closely related to the thickness of the
emission layer. According to the idea of limit, as shown in Figure
1(a),1(b), if the emission layer is too thick, the gain of the electron
multiplier will be saturated in advance due to the reason that the con-
ductive layer cannot immediately supplement the electrons lost by
the emission layer when the secondary electron avalanche occurs. As
shown in Figure 1(c), if the emission layer is very thin, a lower SEE
value will result in a lower gain of the electron multiplier.

According to the SEE of related materials, although the SEE of
MgO is higher than that of AL,O,[1,2], AL O, is usually selected as the
emission layer in the electron multiplier rather than MgO in practical
processes. The main reasons are as follows: Firstly, MgO is easily
deliquescent into Mg(OH),, Mgz(OH)ﬁDMgCos, which will cause
the SEE of the emission layer to be reduced to the level of ALO,.
Secondly, the film is very thick (35 nm) when saturated SEE is ob-
tained by MgO, so that the conductivity layer cannot replenish charge
to the surface of the emission layer in time. Third, the properties of
AlO, can maintain long-term stability in the atmosphere; Fourthly,
the preparation process of Al,O; is simpler than MgO.
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Figure 1: Includes the emission layer and the conductive layer, showing the working
process of the electron multiplier. (a):Schematic diagram of electron beam and current
when the emission layer thickness is suitable.(b):Schematic diagram of electron beam
and current when the emission layer is too thick.(c): Schematic diagram of electron
beam and current when the emission layer is too thin.

In order to measure the SEE level of materials, many laboratories
around the world have established their own special measurement
equipment, including Argonne Laboratory [2], Stanford Linear Ac-
celerator Center [3], University of Utah [4], Princeton University [5],
ONERA/DESP [6], University of Science and Technology of China,
Xi ‘an Jiaotong University and University of Electronic Science and

Technology of China. SEE measurement equipment built for emis-
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sion layer materials is dominated by Argonne Laboratory, which un-
dertook the development of emission layer in LAPPD project, and
adopts a hemispherical structure to collect secondary electrons. The
maximum energy of incident electrons configured with electron gun
is 1000 eV, but sample charging limits the ability to measure MgO
samples [2].At present, the main SEE physical model is Dionne mod-
el [7,8]. However, the bilayer model [9,10].

Proposed in the existing literature is not applicable to the experi-
mental results of multilayer films, although it has been further modi-
fied. In order to better evaluate the SEE value of thin films, a classifi-
cation method is adopted in the field of micro-discharge suppression
[3], but it is not applicable to films with high SEE value.

This paper solves the following problems: how to build an equip-
ment to measure SEE of emission layer material, improve the accu-
racy of the test and solve the measurement problem of MgO; How to
prevent deliquescence of MgO; How to prepare the emission layer
film material with suitable thickness for electron multiplier, and what
are the design principles? How to better explain multi-layer exper-
imental phenomena under the condition that the current theoretical
model is not applicable; How to better evaluate the films with high
SEE values when the current SEE classification is not applicable?
what tools to use for characterization analysis of high SEE materials.

The Innovation and Development of This Paper

It is well known that secondary electron emission occurs between
a few nanometers and tens of nanometers deep in the material. Atomic
Layer Deposition (ALD) can control the thickness and composition
of atomic film to prepare high quality films [11,12]. Therefore, ALD
is selected as an important preparation method to study the emission
layer thickness in this paper [9,13-15] Figure 2.

AlO, and MgO films are usually selected as emission layers for
electron multipliers because of the higher SEE of these two materi-
als. MgO deliquesce easily into MgCO, and Mg, (OH), CO,, which
resulted in the decrease of SEE. SEE of Al O, is lower than that of
MgO, but the performance of Al,Q,is stable. Research shows that the
final products of deliquescent MgO are mainly Mg, (OH),CO,and
MgCO,[16]. Therefore, the deliquescent depth of MgO can be re-
flected by detecting C atomic concentration at different depths of
materials. In this paper, Ar ion beam was used to etch the surface of
the material and X-ray Photoelectron Spectroscopy (XPS) was used
to analyze it. In the alternating process, time was controlled to con-
trol the etch depth, and the relative atomic concentration percentage
changes of C and Mg elements could be obtained with XPS. When
XPS cannot provide the relative concentration percentage of C ele-
ment, the ion etching depth is the deliquescence depth of MgO. This
paper show that the deliquescence depth of MgO is about 3.8 nm. The
computational reasoning is as follow Figure 3.

It can be seen from Figure 2 that the Si element was measured
at 180 s, which means that most of the grown MgO has been etched
away, and the remaining MgO is mixed with Si, and the rate of etch-
ing MgO can be roughly calculated.

Etching rate

(o Lhickness,, /Btching time, =11.58 nm/180
s=0.643 A/s

M;

Here, we approximate the etching rate of deliquescence materials
such as Mg (OH),CO,to that of MgO, and no C element is contained
at 60 s, so it can be considered that this etching depth is the deliques-
cence depth.

Etching ThicknessMgz(OH)2CO3ZEtching ThicknessMgO=Etching
rateMgO*Etching timeMgO:0.643 A/s*60 s=~3.85 nm

Figure 2: The 11nm MgO etching time and the measured relative content of Mg and
Si elements.

Figure 3: The 11nm MgO etching time and the measured relative content of Mg and
C elements.

In this paper, a spherical system is designed to test the SEE of ma-
terials to ensure adequate collection of secondary electrons and thus
help improve the accuracy of SEE measurements. A low energy sec-
ondary electron beam is proposed to replace the low energy electron
beam to neutralize the positive charge generated on the surface of the
measured material, so as to obtain the real SEE value of the measured
material (such as MgO and Al,O,), thus avoiding the disadvantages of
adding additional neutralization dose and neutralization time [6,17].
This method is convenient and cost saving. And successfully solved
the problem of surface electrified and inaccurate measurement in
MgO testing process.

In this paper, the incident electron energy is divided into low en-
ergy region, medium energy region and high energy region by com-
paring SEE under the nearest incident electron energy as a standard.
Studies have found that the incident electron in the intermediate en-
ergy region can obtain the optimal SEE value, which is different from
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the classification standard in the field of inhibiting micro-discharge
[3]. Based on this standard, this paper conducts in-depth research and
obtains empirical formulas of SEE value related to emission layer
film thickness for four different materials such as AL,O,, MgO, MgO/
AlO,, AL,O,/MgOunder optimal conditions.

This paper found that the composite film growing AL O, film first
and then MgO film has a better effect. When the composite film is
very thin, the saturated SEE level of MgO can be reached. This solves
the problem that the conductivity layer cannot fully replenish the
charge due to the thickness of the MgO film. At the same time, it is
found that growing Al O, film after growing MgO film can prevent
deliquescence of MgO film and keep high SEE level of MgO film
for a long time. This paper found that the preparation of 1 nm ALO,
film can resist the external environment of MgO erosion damage; The
preparation of 0.3 nm Al O,can further improve the saturation SEE
level of MgO.

In view of the experimental phenomenon that the thickness of the
same top layer material is different when it reaches the saturation SEE
level in different bottom layers of the bilayer material structure, this
paper puts forward the concept of “transition layer” to better explain
the material characteristics of the design. XPS and ion etching were
used to analyze the element content of multilayer materials, and the
relative content of element C was used as the standard element of
deliquescence depth and moisture-proof solution thickness. Here we
only analyze the relative content of the two elements by scanning the
broad spectrum of XPS, and do not scan the narrow spectrum of each
element. For the detailed analysis, see this paper Figure 4.

Figure 4: New emission layer structure. (a): A1203/MgO/AI203 Schematic diagram
of each functional layer structure. (b): AI203/MgO/AI203 structure diagram ex-
plained by XPS and “transition layer”.

With the help of transition layer thought and experiment and aux-
iliary calculation, this paper puts forward the technological design
idea of preparing new emission layer. The emission layer of sandwich
structure is designed by using the design principle of materials with
thin transition layer as buffer layer, high SEE material as main layer
and non-deliquescent material as protective layer, as shown in Figure
4. In other words, a 5~9 nm MgO main layer is grown on 2~3 nm
AL O buffer layer, and then 1 nmALO, protective layer is grown, so
as to solve the above problems related to the preparation of emission
layer in electron multiplier tube by MgO. Experimental results show
that the emission layer films with this structure can maintain a high
SEE value for a long time. This new structure can also be used in oth-
er devices such as Channel Electron Multiplier (CEM) and separate
puller, which has a wide application space.The explored R & D route
can help us develop more excellent emission layer films faster and
more purposefully, as shown in Figure 5.

Conclusion

This paper proposes that the idea of choosing athinner “transition
layer” as the buffer layer can provide some inspiration for preparing

thinner and higher SEE emission layers. The sandwich structure pro-
vides an effective way to prepare a more stable emission layer, and the
optimal SEE and thickness formula can be obtained by dividing the
incident electron energy by the “nearest neighbor” SEE primary elec-
tron energy ratio to design the thickness of various materials. We hope
to develop emission layers with more stable material structure, higher
SEE and better film thickness through the path explored as shown in
figure 5, and strive to promote the application in many aspects of elec-
tron multiplication field, such as photomultiplier tubes, time of flight
mass spectrometry, night vision instrument and other instruments.

Figure 5: Emission layer R&D Roadmap.
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