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Abstract: Gas electron multipliers (GEMs) have been widely used for particle collection and signal
amplification. Because of the advantages of glass, such as high hardness, aging resistance, and
dielectric strength, research into its application as a substrate material in GEM design and process has
attracted extensive attention in recent years. This paper compares two commonly used glass GEM
structural designs and shows that the optical transparency of the hexagonal symmetric structure
is superior to that of the rectangle structure. An electric field model is developed to characterize
the negative correlation between the hole diameter and the electric field strength. The structure of
glass GEM is designed according to the feasibility of the process. A new process method of surface
metal patterning using hole filling to form a mask is proposed, which can meet the high alignment
and shaping requirements of the perfect match between the opening of metal layer and the aperture
shape of the substrate. Combined with the advanced laser hole modification process, a glass GEM
sample with a hole diameter of 70 um, a spacing of 140 pum, a substrate thickness of 240 pm, and a
metal thickness of 13 um is obtained. Finally, particle trajectories, avalanche region coverage, and
electron energy are discussed based on the prototype structure.

Keywords: gas electron multiplier (GEM); glass; transparency; process; hexagonally symmetrical
structure; electric field

1. Introduction

Since the invention of the first GEM [1] by Fabio Sauli at CERN in 1997, the structure
consisting of two layers of metal, a supporting dielectric (used to be a Kapton foil), and
through-holes has been widely used in X-ray [2-5], charge particle detection [6-8], and
imaging [9]. By loading a voltage difference between the upper and lower surfaces, the
GEM is able to generate strong electric fields. Electrons or other particles enter the holes
from the drift region above the GEM, gaining enough energy and then colliding with the
gas molecules. When the bias voltage is large enough, an avalanche occurs. Then, the
particles are collected by the receiver at the bottom or they enter the next stage of the gas
electron amplifier for another multiplication reaction.

Early GEM detectors were fabricated by the photolithographic process using 5 pm
copper on both surfaces of a 50 pm thick Kapton foil with double conical hole arrays.
This structure can achieve a significant gain (typically up to around 100 [10]), but the gain
decreases over time, because particles tend to accumulate on the surface and the insulating
wall. In addition, this structure is difficult to apply in a large area due to the limitation
of stiffness and the thickness of the foil. In 2004, Chechik [11] proposed the concept of
thick GEM with structural parameters 5-20 times larger (can be larger than 600 x 600 mm?)
and a higher gain (can be more than 10°) than those of conventional GEM, which not
only requires much less technology, accuracy, and equipment, but is also stronger and
more durable than conventional GEM, while the cost of fabrication and the environmental
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requirements are greatly reduced. Glass is a preferred choice for thick GEMs compared
with PCBs for stiffness in large scale fabrication, ageing resistance in long-term operation,
and high dielectric strength in high-voltage applications. In addition, in applications such
as the detection of high-energy particles (such as neutrinos and dark matter) and space
flight, GEM detectors are strictly required to have low background levels of radioactivity
and low outgassing rates. As was measured in [12-15], compared with other GEM substrate
materials such as polyimides, epoxies, and polyimide films, fused silica glass (may also be
called “quartz” in some papers) contains a very small amount of radioactive substances,
represented by 232Th, 238U, and 40K.

Over the past few decades, researchers have performed extensive numerical calcula-
tions and simulations on how to increase the gains of GEMs. The relationship among volt-
age, thickness, gas composition, and gain was analyzed [11,16-19]. The discharge was stud-
ied [19-23] and the cascade method was proposed to achieve maximum efficiency [24-27].
However, most studies focus on how to increase the absolute gain (G,ps) of GEM or the
effective gain (Ge¢r) of the cascaded GEM. The structural improvement scheme for the
effective gain of a single GEM (G = € X G,ps, Where ¢ is collection efficiency) needs to be
further studied.

Meanwhile, the methods of fabricating GEMs are mainly divided into two forms. One
is micro-hole processing by photolithography and etching. The other is to drill holes on an
all-metal surface substrate. The former has the problem of displacement of the openings
between the dielectric structure and the metal layer due to the alignment accuracy, while
the latter makes it easy to form metal burrs at the opening during drilling, resulting in tip
discharge. Representatively, the University of Tokyo and HOYA corporation [28-30] have
conducted long-term and in-depth research on the process and performance evaluation of
glass GEM. Their processes are all based on specific doped photosensitive etchings glass
(such as PEG and PEG3C), and a process similar to the lift-off method is used in the metal
deposition step. The via drilling process that relies entirely on photolithography faces
two major challenges: First, uneven doping leads to rough hole walls, which manifest
as tip structures in the holes, especially at the hole orifices, and there is a greater risk
of introducing tip discharges. Second, etching processes that rely on the photosensitive
properties of special doped materials (such as Ag) cannot be applied to other glass materials
(such as low-background, high-dielectric-strength quartz). In addition, processes such as
lift-off will also bring curling that is difficult to eliminate, which is another important factor
that increases the risk of tip discharge. Therefore, how to avoid the above problems and
form a GEM witha high collection efficiency and tip-less structure is the focus of this paper.

This paper presents an optimized thick GEM (which is collectively referred to as
GEM below) structure design model based on the glass processing capability and simu-
lations of the relationship between different hole types, diameters, and the electric field
strength. A novel GEM processing method is proposed to solve the technical problem of
complete coincidence of the tip-less structural metal opening and hole for double-sided
metallization of flat panels with high-density through-hole arrays. A glass GEM with a
size of 10 cm X 10 cm was obtained. The electron trajectory over the GEM was constructed
and the electrical transparency was obtained according to the statistical distribution of
electron locations. Avalanche probabilities were discussed based on region coverage and
electron energy.

2. Structure Design and Simulation

The main characterization indicators for GEM are collection efficiency and gain. Previ-
ous studies [1-11,16-30] have done a lot of work on how to increase the gain of the detector,
and conducted a relatively comprehensive discussion from the aspects of simulation meth-
ods, structural design, and loading methods. Therefore, this research focuses on improving
the optical transparency and electrical transparency of a single GEM, and conducts ex-
ploratory work on the collection efficiency, structural design, and process research.
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Optical transparency is the ratio of the area of the GEM surface not covered by metal
to the total surface area. This index is positively correlated with the detection position
resolution ability. A higher positional resolution can be achieved by increasing the hole
density of the micro-holes. As shown in Figure 1, the optical transparency of the two most
common types of hole arrangements can be expressed as follows:

o = — 2R )
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where the R is the radius of the hole and D is the pitch.

(@) (b)

Figure 1. Basic periodic elements for two conventional hole array arrangements in GEMs. The shaded
area is the effective optical transparency area in a basic element. (a) A hexagonal element. (b) A
rectangle element.

It can be inferred that the hexagonal symmetry has a higher proportion of hole density
than the rectangle symmetry if the size of the opening and pitch are the same, which means
that it has a higher optical transparency than the rectangle. Therefore, we chose a hexagonal
symmetrical hole array arrangement in our design.

The electrical transparency evaluates the ratio of the electric field lines passing through
the holes to those that terminate at the GEM surface electrodes and hole sides, which is
determined by the hole types and the antitype area (the surface area where the field lines
fall on). For the antitype area, it can be improved by adjusting the bias voltage after the
overall structure is determined. For hole types, sidewalls intersecting the charge path lead
to charge accumulation, affecting the collection rate of the total charge consisting of directly
collected and induced charges.

The hole formed in processing can be classified into three types: straight, conical, and
double conical holes (as shown in Figure 2a—c). These three types were modeled and the
same bias voltage is loaded on both of the GEM surfaces for the electric field simulation.
Figure 2d—f shows the distribution of field lines under different hole types. The results
show that for the same voltage, some of the electric field lines of the latter two hole types
terminate on the hole wall. That is to say, electrons entering those two hole structures are
more likely to be adsorbed by hitting the hole walls than electrons entering a straight hole.
Therefore, it can be considered that the higher the steepness of the hole, the higher the
electrical transparency.
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Figure 2. Electric field simulations for different hole structures. Different colors represent different
electric potentials. (a—c) Three different hole structures: (a) straight hole, (b) conical hole, and (c) dou-
ble conical hole. (d,e) The corresponding electric field distributions in holes of different shapes under
the same initial loading conditions. Both (e,f) have electric field lines that terminate at the hole walls,
which may cause electron attachment, while in straight holes (d), the electric field lines all pass
through the TGV, extending from above to below the GEM.

i

When the thickness of the supporting medium is greater than 300 um, high-frequency
laser drilling can effectively form holes with a high steepness and high straightness. Under
this thickness condition, we chose the structure formed by the mature laser drilling process
(aperture: 70-100 pm, pitch = 2:1, substrate thickness: 100-500 pum) for the electric field
strength analysis. Figure 3 shows the distribution of the electric field strength inside the
hole simulated by finite element software. The strength reaches a maximum value at the
center of the hole and remains constant, and then along the direction perpendicular to
the central axis of the hole the field strength decreases linearly with the decrease in the
distance from the hole wall, and the closer to the hole wall, the field strength decreases
faster. At the orifice, there is a sharp increase close to the metal —insulator interface with an
inflection point. This is considered to be a spontaneous field emission phenomenon due to
high-voltage-induced breakdown [31].

In addition, for the same average strength of the applied electric field (Eaye, equals
the electrode voltage/substrate thickness), as the diameter decreases, the maximum field
strength increases, and the distribution range of the constant area remains basically un-
changed (as shown in Figure 4). However, when the thickness of the substrate increases,
the space where the maximum field strength can be maintained as the hole becomes larger,
and the maximum field strength also shows an increasing trend. When the average electric
field strength is 10* V/cm, after the substrate thickness exceeds 300 um, as the thickness
increases, the maximum field strength value basically remains unchanged.
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Figure 4. Field strength along the line perpendicular to the electrodes passing through the central
axis of the hole.

In summary, the parameter settings of the GEM structure in this study are shown in
Table 1. The partial model diagram is shown in Figure 2a.
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Table 1. Parameter setting of GEM.

Parameter Description
Size 100 mm x 100 mm
Thickness of Glass (Hg) 300 pm
Thickness of Metal (Hy) 13 um
Hole diameter (D) 70 um
Pitch (P) 140 pm
Hole Taper (T) >89.5°

3. Fabrication Process

There are two main difficulties in GEM manufacturing. On the one hand, the hole
shape and position offset would bring more challenges to the alignment capability of the
subsequent processes, especially when the number exceeds 100,000 and the area exceeds
100 mm?. On the other hand, a large area of metal coverage on both surfaces is required
while ensuring the insulation of the wall in the holes. Photolithographic processes are
applied to pattern the surface metal to align the holes. However, due to conventional
lithography alignment requirements, the window of metal opening should be larger than
the hole diameter. In addition, the photolithography process is limited by equipment, and a
compromise needs to be made between large-format manufacturing requirements and high-
precision alignment technology. In this study, a prototype with zero deviation between the
hole diameter and metal opening was achieved using advanced laser-induced technology
and a novel plugging electroplating technique, without the need for photolithography and
machining. The process flow is shown in Figure 5.

a. Laser modification

b. Selective etching

c. Seed layer evaporation

d. Lamination

.
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Figure 5. Process flow of the glass GEM.

f. Electroplating

g. Develop

h. Flash etching
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Firstly, laser modification technology is used to form modified regions arranged in
arrays on the glass (as shown in Figure 5a). Secondly, holes are formed in the fluoride
acid-based etchant at a rate of about 1 um/s. Thirdly, the PVD (physical vapor deposition)
process forms an adhesion layer and a seed layer on the glass substrate. This is followed
by lamination and development, as shown in Figure 5d,e. After the photosensitive film is
melted and pressed onto the glass substrate, a finely controlled development makes the
holes and glass flush on both surfaces. The electroplating of a thicker metal layer on the
glass surface is shown in Figure 5f. Finally, after complete development, the thin layer of
metal on the hole walls is removed to obtain the GEM structure (as shown in Figure 5h).

3.1. Hole Drilling

A method combining femtosecond laser modification and fluoride acid-based etching
was selected for hole formation in order to achieve high perpendicularity and high support
substrate thickness. Laser modification is a method that uses ultra-short (<100 fs) laser
pulses focused into glass to produce ultra-high localized intensity (>1 kW /cm?) in a very
small space for an ultra-short period of time, resulting in a permanent modification of the
material (broken silicon—oxygen bond) [31-33]. By changing the bonding state between
the microscopic atoms in the glass, it creates micro-channels with anisotropic high etch
selectivity. Hot alkali or fluorine-based solutions are two etchants commonly used in glass
etching [34]. A 10% fluorine-based acidic solution was used in our process. Etching can be
divided into two main stages. (1) Microvias with a high aspect ratio (size of opening <5 pum)
are etched in the local modification area with a selectivity ratio of about 1000. (2) Isotropic
porosity expansion under high solution exchange rate conditions. The glass substrate
would lose a thickness slightly smaller than the hole diameter during this step.

Figure 6 shows the sample formed after etching. The steepness of the hole is greater
than 89.6°, and the positioning accuracy is +2.5 um and the orifice is smooth and tip-less.
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Figure 6. Hole array sample picture. (a) A highly consistent hole array taken by the second element
equipment. (b) An enlarged view of a basic element of the hole array by optical microscope. (c) A
cross-section of the hole captured by SEM (scanning electron microscope).

3.2. Metal Layer Formation

Because of the characteristics of the hole-forming laser, vertical holes can only be pro-
cessed on bare glass substrates (also known as via-first). Wafers with a large hole diameter
through holes cannot be effectively adsorbed on the spinner plate. In addition, photoresist
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may pass through the holes and contaminate the pump. Therefore, a spin-coating process
cannot be used. If roll lamination is used, when the hole density is high, the phenomenon of
film falling caused by the expansion of air bubbles around the holes will occur.

Therefore, vacuum-laminated polyimide film (PI) was used for hole plugging.
Figure 4c—f shows the process of the surface metal patterning. Taking advantage of the
coverage of PI material on the metal inside the hole, the surface metal thickness was in-
creased by electroplating. Then, the PI and the seed layer inside the hole were removed by
development and flash etching. In this way, a GEM structure with full metal coverage on
the surface and insulation inside the holes was formed.

Figure 7 shows the sample formed during the process. Evaporation was selected
during the deposition of the seed layer to reduce the coverage of the seed layer on the
inside wall of the holes. A seed layer (Ti/Cu) with a surface thickness of approximately
100 nm and a sidewall thickness of less than 50 nm was achieved (as shown in Figure 7a).
After vacuum lamination (Figure 7b), a horizontal line of Na,CO3 was used to develop the
polyimide (as shown in Figure 7c). This process was finely controlled, and the organic film
on the surface was completely removed while ensuring that the filling in the holes was still
there. Then, after electroplating for 90 min, development and flash etching were performed.

; 4'00'an§

Figure 7. GEM fabrication process. (a) SEM picture of the seed layer after sputtering. (b) Picture of
the sample after vacuum lamination. (c) Photographs taken after controlled development. (d) Picture
observed after plating.
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4. Results and Discussion

A glass gas electron multiplier prototype was achieved, which is shown in Figure 8.
The effective functional area size was 10 cm x 10 cm. The hole size was about 70 um. The
thickness of the glass substrate was reduced from 310 um to 240 um due to thickness loss
during hole formation. There was no offset between the position of the glass hole and the
metal opening, and the ends of the metals were rounded (as shown in Figure 8b), which is
an expected structure for a low probability of discharge.

3G

Figure 8. GEM prototype (a) Photograph of the GEM sample, where 10 cm x 10 cm is the effec-
tive functional area. (b) Cross-sectional view of the sample by an optical microscope. (c) In-hole
composition detection by EDS (energy dispersive spectroscopy).

The ability to finely control the process is key to producing high-quality samples.
In addition to fine control during the development of the photosensitive material, the
final step used a wet etch on the walls of the holes. Different from the ion exchange
rate as the main influencing factor in the small-aperture hole etching process, the key
influencing factor of this structure was the reaction rate. Therefore, the control of the
particle concentration and time parameters can affect the etching effect in the hole. Over-
etching will cause the chemical solution to penetrate into the gap between the surface metal
and the glass, resulting in poor reliability or even peeling off of the large-area metal-clad
structure, while under-etching will cause metal residues in the holes, resulting in a decline
in the performance of the glass GEM. Therefore, the material composition was analyzed at
the hole wall near the selected orifice, with no metal residues (as shown in Figure 8c). It
can be seen from the cross-sectional view that the metal on the bottom surface protruded
about 6 um from the aperture. This was caused by inconsistency in the development rate
of the front and back sides during the first development, and it was necessary to optimize
the parameters of the horizontal line device for a better batch.

GEM, as a solid and high-modulus structure, is proposed to replace the multi-wires in
TPC (time projection chambers) as an important part of the readout module. This scheme
has been widely proposed and studied in a large number of physical simulations [6-8,21,35].
Because of the long period of TPC experimental environment construction, signal and
model extraction and analysis, and strong discipline specialization, simulation has been
proposed as a means of technical evaluation. In terms of assessing electrical transparency,
previous studies [11,35] have used electric field lines to describe the position of electrons.
The distribution and counting statistics of electrons on a specified plane is not intuitive
enough. If the electrons drifts and lands on the top surface, the signal it was supposed
to trigger is lost. Therefore, for the prototype morphology, we simulated the trajectories
of electrons above the GEM in a 3D model by loading an electrostatic field-based particle
tracking module.

As the TPC size (both diameter and height > 1000 mm) is designed to be much larger
than the GEM size (10 cm x 10 cm), the electric field distribution is almost uniform, except
for the region near the wall, and the attenuation positions appear randomly; the application
of GEM in a TPC is simulated by ignoring the edge effect of the detection environment
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and extracting part of a simplified structure area for modular simulation. According to
the principle of simplification of the central symmetric structure model, the smallest unit
could be selected as a hexagonal structure composed of seven holes. The height and the
hole configuration were exactly the same as our prototype.

In this study, for the convenience of observation and modeling, the model was defined
as a cuboid structure larger than the minimal simplified model, while the size was much
smaller than the TPC. The size of the model was 0.84 mm x 0.84 mm x 0.24 mm, and
the drift field and induction field strength were 50 V/cm. The top of the model was the
cathode, and the bottom was the collection unit at zero potential (as shown in Figure 9a).
The GEM bias voltage was 300 V [35-37]. By uniformly releasing 1000 electrons on top
of the cavity, the particle distribution results on the surface of the GEM and the top of
the collector were obtained, as shown in Figure 9b. The red dots are where the initially
released particles are, the blue dots are the distribution of the particles as they reach the
upper surface of the GEM. They drifted along the electric field lines into the holes with
100% electrical transparency.
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Figure 9. Electron trajectory tracking in a time projection chamber. (a) A simplified cavity structure
model extracted from a TPC experimental setup. (b) A poincaré map of the particle trajectory. The
red dots are the positions where the initially released particles are, the blue dots are the distribution
states of the particles when they reach the upper surface of the GEM.

Once an electron collides with molecules with enough energy, an avalanche will be
triggered. At normal gas densities, the mean free path between two collisions is about
1073 to 10~ c¢m, and the dissociative ionization when an avalanche occurs is about 30 to
35 eV [36,38]. So, it can be inferred that the avalanche threshold in a GEM is at least
3 x 10* V/em [39].

Taking the formed GEM structure parameters as the input conditions, the kinetic
energy of electrons without avalanche caused by collision was evaluated, and the motion
state analysis was performed with the avalanche threshold as the boundary. In the drift field,
the electric field strength is low, and the position and initial velocity of electrons are random,
so this paper did not discuss the calculation model of the particle trajectory reconstruction.
Decoupling from the above model, the electron velocity in a certain region was related to
the electric field strength. Therefore, at a normal xenon gas density (1 Torr), the electron
velocity in our model could be ideally set as the product of 2 x 10° cm?/s-V [40] and the
electric field strength. The energy of the electrons in z direction is shown in Figure 10.

It can be seen from the figure that the change trend in charge energy and electric
field strength is basically the same. In the edge region, due to the unequal electric field
force and gas resistance, the kinetic energy of electrons is in a state of rapid change. When
the field strength in the hole is stable, the electric force equals the gas resistance, and the
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Electron Energy (eV)

electron velocity reaches the maximum and is maintained. When the voltage is greater
than 50 V, the kinetic energy of the electrons in the holes can be higher than 30 eV, which
has the conditions to cause an avalanche effect. The avalanche region is located in the hole
approximately 25 pm from the opening. When the voltage reaches 100 V or even higher,
an avalanche occurs within a certain distance outside the hole. The higher the voltage,
the farther the avalanche start and end interfaces are from the orifice. According to this
condition, the optimal placement position of the induction pads can be judged.

Voltage 50V
¢ Via Voltage 100V
Voltage 150V
Induction Drift
- Field Avalanche Field

[ —

valanche Threshold
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Figure 10. Electron energy in holes.

5. Conclusions

This paper describes the formation of thick glass GEMs from both design and process
aspects. From the perspective of transparency, it analyzes and discusses the design method
of GEM. The prototype was fabricated by combining an advanced glass hole formation
process with an innovative selective metallization process method. This process changes
the traditional processing method that requires photolithography, improves precision, and
reduces the cost of patterning processing of high-density hole array samples.

The detailed fabrication process is described. A large number of holes are formed at
one time, with a high consistency and smooth morphology, which is the structure required
for high resolution and low discharge probability applications. It is proposed to completely
fill the hole with a photosensitive film. It solves the problem of the limitation that laser
modification can only be used for raw glass without pretreatment.

Furthermore, the new process proposed in this paper is highly compatible with hetero
structures (e.g., simultaneous metallization of multi-structured holes). It can also be applied
to the processing of MEMS and semiconductor microstructures, especially those with large
diameter holes.



Processes 2023, 11,1215 12 of 13

Finally, this paper attempts to propose a compromise approach to shorten the iterative
optimization cycle between the semiconductor domain and the high-energy detection
domain. The prototype-based particle trajectory tracking and statistical simulation of state
provide new ideas for evaluating GEMs.
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