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Abstract: A charge detector is a vital component in neutrino and dark matter detection. The inte-
gration of a charge collector in the form of flat pads and readout modules has been proposed as
an optimization method as it can reduce noise and installation complexity. As a substrate, fused
silica glass has attracted considerable attention due to its low radioactive background properties. In
this research, based on the application requirements of a high charge collection rate and low noise,
the structure of the charge detector was designed using calculation and simulation methods. The
entire manufacturing process is described. In addition, a novel through glass via (TGV) structure
composed of a conformal metal layer and a photosensitive material that is easy to fabricate and
has high morphological compatibility with via filling is proposed. The curing property of the new
material was characterized. A fully integrated solid-state charge detector with 32 groups of TGVs
was realized. Additionally, the electrical properties of key structures were tested and analyzed.

Keywords: charge detection; low radioactive background; through glass via (TGV); fully filled;
photosensitive material; electrical property

1. Introduction

In the field of particle physics, neutrino [1,2] and dark matter [3,4] detection usually
uses the behavior of detected particles such as electrons and photons to infer the correctness
of theories or hypotheses. The implementation of particle trajectory reconstruction in a
TPC (time projection chamber) [2,5,6] is an advanced detection method.

Experiments in this field are characterized by difficult installation, high cost, and long
working time and require high integration, stability, and detection accuracy from the collec-
tion components. For example, in neutrino detection experiments [1], crossed wires have
been used to inductively count drift electrons. The span of this structure in the TPC was
so large that the deflecting of the wires under gravity and an electric field affects the mea-
surement accuracy, and a reinforcement method to solve this problem introduces a larger
radioactivity burden [7]. Additionally, the individually independent nature of the wires in-
creases both the difficulty of position reconstruction and environmental noise [8]. Moreover,
in the cross-wire structure, a high voltage was loaded between the upper wires (sensing
layer) and lower wires (collection layer) to increase the collection efficiency. This voltage
generated a high field, which may cause discharges and electrical noise [9]. Therefore, an
alternative structure for charge inductivity and collection was required.

Flat pads that can be deposited on a substrate have been proposed for their lower noise
and signal loss. Furthermore, it is possible to integrate the collection layer, transport wires,
and readout into three dimensions. Additionally, the integrated pads can be grounded
simultaneously, eliminating calculation difficulties due to high fields. Owing to the large-
scale thickness difference between the pads (can be at an nm scale) and substrate (usually
at an mm scale), the introduction of large amounts of substrate material has become a
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major concern for low background control efforts. In TPC, and especially in neutrinoless
double-beta decay experiments, 22Th, 238U, and °K were the three primary radionuclides
contained in materials that contributed to the background. As was measured in [6,10,11],
Heraeus’ fused silica (referred to as “quartz” in the paper) contained less than 0.23 ppt
of 2%2Th, well below the levels found in epoxy-based substrate (23-540 ppt, limited at the
90% confidence level), which is the main component in organic substrates, and less than
1.5 ppt of 228U, much lower than the levels found in epoxy-based substrates (44-360 ppt,
limited at the 90% confidence level). The “°K contributed by fused silica was about 0.55 ppt,
well below the level measured in epoxy-based substrates (930 ppb, limited at the 90%
confidence level). Although the background performance of high-purity silicon is close to
that of fused silica, as a semiconductor material, its insulating performance and dielectric
strength are much lower than those of the latter. This will pose challenges for substrates
to reduce noise and resist electrical breakdown in TPC structures characterized by strong
electric fields. Therefore, fused silica is a preferred material used in particle physical
detection experiments. Additionally, as a type of glass, the compatibility of fused silica
with semiconductor processes makes it possible to integrate components modularly, such
as detection parts and computing chips.

A prototype charge collector was fabricated on a 6-inch fused silica wafer and was
tested in a TPC containing 9 kg of liquid Xenon (LXe) [7,12]. This was achieved by forming
a double layer of metallic patterns on fused silica. The isolation of the bidirectional
channels was accomplished by interlayer dielectric layer deposition [13]. However, the
structure was only established on one side of the silica glass for the collection units. The
interconnection with the readout application-specific integrated circuit (ASIC) relied on a
range of surrounding auxiliary structures, such as the ceramic substrate, a large number
of bonding wires, and mechanical assembly structures. It increased noise and assembly
complexity on the one hand and reduced the particle collection efficiency due to the
surrounding structures for the connection on the other.

To address the above problems, we introduced the TGV structure. This structure
enabled electrical interconnection between the collection pads and the backside readout
unit in a vertical direction.

In this article, the design and optimization of a charge detector with a high collection
efficiency are presented. A novel method for filling large-diameter, high-steepness through-
vias with metal and photosensitive insulating materials is described. The basic properties
of the new material introduced to the TGV are characterized. A fully integrated solid-state
charge detector was fabricated with TGVs on a 6-inch wafer. The resistances and capacities
were tested and compared.

2. Structure Design and Simulation

In TPC, the design of the detector takes into account three aspects: (1) Spatial resolution.
This requires that the two-dimensional (X-axis and Y-axis) decomposition of the graph be
as equivalent as possible to reduce the statistical complexity of the signal. (2) Collection
efficiency. It requires high coverage at an effective ratio. (3) Low crosstalk. The resistances
of each strip and capacitances between channels are basic parameters that may have effects
on the background discrimination of the detector. For the first factor, the smallest repeating
cell selected to form the detector pattern (as shown in Figure 1) of our design should have
a symmetry of 90 degrees of rotation, with adjacent graphs being equally spaced on the x
and y axes when the central lines of the cells are used as axial coordinates. The effect area
ratio can be expressed by the equations:
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where 2 and r represent half the length of the square and the radius of the circle, respectively,
d and s are the minimum spacing of the two pads. The ratio of the square model is 1.3 times
that of the circular model if “a ” equals the radius of the circle “r” and “d ” equals “s ”. This
indicates that the square structure in Figure 1a has a higher collection efficiency.

Figure 1. Highly symmetrical structural design for detector pads. (a) is a symmetric structure
composed of square cells. (b) is a symmetric structure composed of circle cells.

Next, the gap size was taken into consideration. To recover lost collection efficiency,
the concept of a charge deflector was equipped on this detector (as is shown in Figure 2a,b).
The deflector could be located in the gap between the pads. A tradeoff in gap size was
made by the simulations.
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Figure 2. Design and simulation for cells of the detector. (a) is a part of a deflector. (b) is a square
cell with a deflector. (c) is the electric field distribution after loading bias voltage on the gold plate of
the deflector. The particles at the top are expected to be deflected by the electric field and eventually
fall onto the detector pads. (d,e) are the particle distribution maps at 24 ns and 24.6 ns after the
release, respectively. In (f,g), the blue dots are the particle locations where the particles follow the
electric field lines and drift to the surface of the bottom detector pads and the red dots are the particle
locations of the initial release at the top. In (f), it can be seen that the electrons at the top are collected
at the edge of the detector pads due to the deflected electric field generated by the shielding plate.
(g) shows the collection effect after the optimization of the structure and electric field.
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At a distance of 50 mm from the collector, 10,000 electrons were released uniformly.
The electron mobility of the liquid xenon was set to 400 cm?/(V-s), the saturation drift
rate was 2 x 10° cm/s, and the bias voltage of the deflector was —100 V. The size of the
collection pad was set to 2 mm, the gap width was 110 pm, and the deflector width was
70 um, which was located in the middle of the gap. The electric field line distribution and
particle drift trajectory in the TPC cavity were obtained (as shown in Figure 2), respectively.
The number of electrons left on the surfaces of each structure was counted. It was 9807
on the pads, 169 on the gold plate (GP), and 5 on the gap. The collection efficiency after
increasing the deflector was calculated as 98.07%, which was much higher than the 89.8%
without a deflector. Therefore, in this design, the deflector assembly space was reserved,
and the gap size was set to 120 um, considering the assembly tolerance.

When balancing the contradiction between assembly and process yield, this detector
set the basic unit area to 10 cm x 10 cm. Additionally, the pads were cross-linked, forming
16 X strips and 16 Y strips, to connect with a 32-channel readout chip, where the diagonal
of the square in the strips was 6 mm and the gap between the two pads was 120 um. The
32-channel digital chip was used as the readout ASIC. TGVs were arranged at the end of
the strips to realize the vertical interconnection between the front-side collection strips and
the back-side readout module/chip (as shown in Figure 3).

Y strip Through fused silica glass Via Readout ASIC
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Figure 3. Schematic drawing of the prototype charge detector.

3. Fabrication Process and Tests

Besides the mature build-up process on the glass substrate, new challenges exist with
this method. Fused silica glass, a high-purity glass, is difficult to drill and polish compared
to other glass types, especially those that can be selectively doped. When the thickness of
the fused silica glass substrate needs to be greater than 300 um to achieve high roundness
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and consistent interconnection vias, laser drilling and wet etching are generally used to
form through vias with a diameter of >70 um [14-16]. The morphology of a via with
a large diameter (>70 um) and high depth (300-500 um) directly affects the feasibility
of the metallization process. Additionally, compatibility with the subsequent process of
multi-layer surface patterning has also become one of the key issues to be considered in the
TGV process design [17,18].

3.1. TGV Process

In this paper, a fully filled TGV-independent structure is proposed (as shown in
Figure 3). The fused silica glass substrate was drilled as the initial structure first, and the
inner layer was covered with conformal metal to form the conductive path. In the middle
of the via was a support structure formed with a cured photosensitive material, which
was rich in silica glass particles. The chemical mechanical polishing (CMP) process was
excluded to avoid the problem of tilting after double-sided via plating. Therefore, wet
etching was used to remove surface metal. A pad was added at both ends of the via with a
size between the via diameter and the size of detector elements to ensure full coverage of
the organic material and to compensate for the pattern shifts due to alignment inaccuracies.
The process flow is shown in Figure 4aj.

TGV Process
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Figure 4. Process flow of charge detector fully integrated with silica glass via.

The focus of this process was on via formation and via plugging technology, and the
difficulty lay in the precision control in the key steps.

In terms of via formation technology, picosecond laser hole formation technology
was selected to form a through-via with a diameter of about 80 pm. Under the action of a
picosecond pulse, the glass produced local melting and Coulomb explosion effects. The
former generated particles aggregated around the via perimeter, and the latter formed
micro-cracks and small areas of chipping (as shown in Figure 5a). It affected the continuity
and high adhesion of the seed layer. Therefore, ultrasonic cleaning and wet treatment were
added to form a proper morphology as shown in Figure 5c. Due to the poor adhesion of
copper to fused silica glass, it was necessary to increase Ti or Cr to excess.



Electronics 2023, 12, 1045

6 of 13

N

D10.1x25k 30 um

EHT = 500KV Signal A= SE2
WO = 67mm Mag= S00KX

Figure 5. Processes of via formation. (a) is the morphology after picosecond laser drilling. (b) is the
observed picture after ultrasonic cleaning and wet etching. (c) is a topographic picture after complete
wet etching. It can be observed that after seed layer sputtering, the metal fits well with the sidewall
and there is a strong continuity of the metal.

In terms of via plugging technology, a certain thickness of the metal layer inside the
via was deposited to ensure electrical interconnectivity. The application in this paper was
for a small signal transmission, thus an electrical path with a sidewall thickness of about
5 pm was formed in a vertical line. Pulse current was selected, the current density was
0.1 A/dm?, and the plating time was 40 min. Then, a photosensitive material was vacuum
laminated at 80 °C in a vacuum and a 0.5 MPa mechanical pressure. Then, it was heated to
100 °C to achieve the complete filling of a deep via. A roughly 30 pm-thick film was left
on the surface of the substrate. Then, a horizontal line of Na,CO3 at 1 m/min was used to
develop the photosensitive material. This process should be under fine control to ensure
that the surface organic film is completely removed while ensuring that the filling in of
the via does not develop. Subsequently, the metal on the surface was etched to expose the
substrate and part of the photosensitive material.

Then, we repeated step e in Figure 4 and made sure the photosensitive material in
the via was flush with or slightly below the surface. The precise control of this step of
the process was particularly important. If too much of the photosensitive material was
removed, a deep dimple would be created at the aperture (as shown in Figure 6a), and
re-plating was required to ensure the flatness of the surface so as not to affect the multilayer
patterning process. However, re-plating would increase the thickness of the metal pad on
the surface, leading to the problem of poor mask coverage due to height differences in
the subsequent process. However, if the photosensitive material was not removed cleanly,
it would lead to insufficient adhesion of the surface metal, resulting in problems such as
delamination or even peeling (as shown in Figure 6¢). Next, after the formation of the
internal support structure, Cr and Cu were deposited again (as shown in Figure 4h,i).
Finally, a fully filled via structure without polymer exposure was obtained.
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Figure 6. Fine-controlled via plugging process. (a) is a deep dimple on the surface after filling the
via caused by excessive development. (b) is a near-flat orifice stat, which formed due to a finely
controlled via plugging process. (c) is an example of an unclean development process that led to
peeling. There are residual particles of the photosensitive material on the fused silica glass surface,
resulting in poor interfacial bonding. (d) shows good bonding on the interface between the fused
silica glass and metal after a finely controlled via plugging process.

In this structure, except for the extremely thin Ti adhesion layer, there were mainly
three materials: fused silica glass, copper, and photosensitive material. Inconsistent defor-
mation, stress, sidewall spalling, surface peeling, and other reliability issues exist between
the copper and fused silica glass due to the coefficient of thermal expansion (CTE) mis-
matches in the structure when it is processed at high temperatures or used at ultra-low
temperatures. Therefore, TAIYO INK SR3 with an intermediate CTE and a relatively low
Poisson’s ratio (shown in Table 1) was selected as the support structure in this model. SR3
can play a role in reconciling the reliability problems caused by the thermal mismatch
between fused silica glass and copper.

Table 1. Specifications of the materials.

Properties SR3 Fused Silica Glass Copper
Coefficient of thermal expansion (ppm) 15 0.55 17.7
Elastic modulus (GPa) 14.3 73 117
Elongation (%) 3 2 31
Poisson ratio 0.37 0.17 0.36
Dielectric constant Er @ 1 GHz 35 3.8 -
Specific heat (k] /kg K) 0.93 0.74 0.39

There are two kinds of sensitizers in the uncured SR3 material, one of which needs to
be processed by exposure to form a cross-linking polymer, and the other of which needs to
be heated to form a bonding polymer with an aromatic solvent to achieve curing (as shown
in Figure 7).

e} o}

I Cured product

Figure 7. Reaction of fully cured SR3.
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The properties of SR3 depend on its degree of cure. Both the unsaturated bonds and
processed products lead to changes in material properties due to their instability, thereby
affecting structural reliability. Thus, in this paper, a thermo-gravimetric analysis was
performed to determine the effect of different conditions on its degree of cure.

3.2. Charge Detector Integration Process

Figure 4k—s shows the whole process flow of the detector integration. TGV was
fabricated at one end of each strip. Ti was sputtered on as an adhesion layer. Then, a
500 nm-thick gold layer was sputtered on with physical vapor deposition (PVD). SiO; was
deposited between two metal layers as a bridge for insulating two strips with low-pressure
chemical vapor deposition (LPCVD) [7,12]. The thickness of this dielectric layer was 1 pm.
Additionally, SiO, on the first pattern layer was etched with inductively coupled plasma
(ICP) until the other processes were completed on the front side. Finally, a fan-in pattern
was fabricated on the backside while bonding the front side to a holder.

3.3. Tests
3.3.1. Material Characterization

SR3 is a new material that has never before been used in vias. Its physical and
mechanical properties are greatly dependent on the degree of cure, and this is extremely
important for the later process while the thermal cycle and the temperature shock load
onto this structure, which might cause failure. Differential scanning calorimetry (DSC)
is one of the most important techniques for the analysis of the curing degree. It has a
procedure that allows for an accurate determination of the melting enthalpy (or the degree
of crystallinity) of polymer materials. An obvious peak with transitions in materials as a
function of temperature or time in a controlled atmosphere can be observed if the detected
substance has physical or chemical changes. According to the principle of polymerization,
three steps may affect the curing degree of SR3; the steps are exposure, ultraviolet (UV)
irradiation, and heating. In this research, group experiments were designed to elucidate
the effect of different conditions on curing.

3.3.2. Electrical Properties Tests

This structure is based on the potential difference generated after the electrons are
detected on the surface and transmitted to the back ASIC to realize the identification of
particles after signal extraction and processing. Therefore, in a small-signal transmission
system with a limited number of particles, the structure requires the minimization of the
channel resistance, the adjacent-channel capacitance, and the cross-channel insulation. The
four-probe test method was chosen to demonstrate an accurate resistance value, especially
of the TGV. An ATG S2-8CF with a Kelvin A3A101821KS probe was used as the test
equipment. It can realize a test of 0.25 mohm to 1 kohm, and the accuracy is 0.025 mohm.
Meanwhile, the embedded capacitance test was designed for capacitance testing. The
capacitance test coverage ranges from 0.1 pF to 100 mF, and the accuracy is 0.03 pE. Two
charge detectors with TGV were selected for electrical performance tests. Among them, the
1st piece was a sample that was completed in the first batch, and the second was achieved
in the second batch.

4. Results and Discussion
4.1. Charge Detector with TGV

A good charge detector prototype with TGV was achieved, which is shown in Figure 8.
The bright colors on the edge of the pattern are the TGVs covered by a small pad (shown in
Figure 9b). A total of 32 small pads were connected to each strip. A fan-in structure was
designed to introduce the outer large pads covered on the TGV to the inner small pads,
which were prepared for wire bonding with the test board.
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Figure 8. Detector prototype with TGVs.

EHT = 1000 KV Mag= 400KX  FIBImaging= SEM
H Signal A= SE2 WD = 8.7mm FIB Lock Mags = No

2um EHT = 10.00 kV Mag= 200X FIB Imaging = SEM (a)
Signal A= SE2 WD= 83mm FIB Lock Mags = No

Figure 9. TGV details. (a) is a cross-section of the via TGV structure filled with metal and SR3. (b) is
a group of TGVs for one strip covered by a small pad.

The TGV structure shown in Figure 9 was formed. The thickness of the conformal
metal layer was about 6 um, the metal continuity in the via was good, the thickness of
the surface pad metal was about 11 pm, and the height of the dish was less than 6 pm.
Figure 9b shows a top view of the small pad after the whole process.

It can be observed that the edge of the pad had good continuity, and the metal in the
non-pad area had no climbing structure. Thus, we can infer that the thickness of the surface
pad did not affect the climbing ability during the polymer coating process or the cleaning
ability of the photoresist on the edge during development. In addition, there was neither
polymer residue nor subsequent metal deposition in the dish area of the via. Therefore, it
can be concluded that the removal effect of the photoresist was good under the condition of
the dish depth. This dimensional difference can be used as a limiting condition, and thus,
in the future, we should explore the influence of the ratio of conformal metal thickness to
SR3 volume on the structural performance and reliability.

4.2. SR3 Characterization

The peak of every curve in Figure 10 represents an exothermic state, which can be
used to measure the reaction ratio by comparison with the heat flow value of the uncured
sample. It can be seen from the second and fourth samples that the exposure and UV
methods had the same effect on the reaction ratio. Heat had the greatest effect among the
three conditions. Unlike the others, the heat flow curve of the fifth sample does not show
any obvious fluctuation.
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Figure 10. Heating value by different curing conditions measured by DSC on SR3.

Whether in the pre-cured or fully cured state, it can be observed from the figure
that the heat flow curve began to show a trough after 250 °C, indicating that SR3 grad-
ually entered a molten state. Therefore, the downstream process should be controlled
under low-temperature conditions to match the tolerance of this structure. For the silicon
nitride deposition process in particular, we chose the low-pressure chemical vapor deposi-
tion (LPCVD) process with a temperature of about 200 °C to ensure the reliability of the
TGV structure.

4.3. Electrical Properties of the Charge Detector

The resistances of strips, vias, wires on the backside, and channels were measured,
respectively (shown in Figure 11a—e). As can be seen, the processing consistency of the
second prototype is significantly higher than that of the first prototype. This is because
the second prototype was achieved through an optimization process after the first batch
of the first prototype. In the second batch of the optimization process, a cleaning process
was added to ensure cleanliness. The operation time of each process and the interval time
between processes were tightly controlled in the second batch. In addition, the first sample
was reprocessed during the X-strips layer processing due to staining, thus the resistance
value is significantly higher. Other strip resistances were stably controlled from 14 to
26 ohms. All TGVs were at the milliohm scale, which had little effect on the total resistance
value, but it can be inferred that there are invalid ones among the five vias in the channel
with a larger resistance value. The main reason for the difference was that the length of
the lines on the back were different. The resistance range of the back-side wires was 1 to
5 ohms.
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Figure 11. Electrical properties of charge detectors. (a,b) are the resistance of strips from one end
to the other of the detector structure on the front side. (c) is the resistance of TGV with conformal
copper. (d) is the resistance value of the back-side wires. (e) is the total resistance of each channel.
(f) is the capacity of adjacent strips shown in pink and the capacity of pads on two cross strips shown
in blue. (g) is a photograph taken during the electrical test.

Additionally, probes touched one end of each of the two adjacent strips, respectively.
A fixed frequency of 1 MHz and a small voltage were loaded by voltage sweep to measure
the capacitance. Groups of adjacent capacitance values were selected on each of the two
tiles for statistics, and the numerical distribution diagrams are shown in Figure 11f. The
capacity range of the adjacent strips on the detector was 5.8 to 10.6 pF. Additionally, two
pads on cross strips were randomly selected for their cross capacitance values. The values
were distributed between 0.1 and 0.2 pE. This means that the capacity of each cross was
0.1-0.2 pE. Therefore, it can be inferred that the capacitance value of each strip relative to
another layer of metal was about 1.6 to 3.2 pF.

5. Conclusions

In this work, a solid-state charge detector was designed to give a high collection
ratio of particles and low noise in signal acquisition. Silica glass was proposed as a
substrate, and the whole process of detector fabrication was described. A novel filling
method of through fused silica glass via was realized. The method utilized a photosensitive
material to fill in the via and solved the filling requirement on a substrate with a large
diameter and high-aspect-ratio vias. It provided a solution for realizing simultaneous
filling on the same substrate with different diameters. In addition, the method exposed the
substrate and formed full metal coverage at the opening without subsequent CMP, which
retained the high flatness and low roughness of the substrate. Meanwhile, the surface
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of the formed structure had no organic residue and could be used in fields with special
requirements for a low background or bare materials, such as high-energy particle detection
or medical treatment.

The main conclusions are described below:

(1) A10cm x 10 cm collector was designed consisting of a square flat pad with a diagonal
length of 6 mm and a gap of 120 um, which was integrated on a silica glass substrate
with vias connected vertically to the readout module.

(2) Novel TGVs at the wafer level were fabricated with conformal copper and SR3 for
full filling. This structure had a restriction during the subsequent processing by
which the maximum temperature was required to be lower than 250 °C to achieve
good reliability.

(3) SR3, a material introduced for structural support, was characterized for its curing
properties. It could be fully cured after exposure to LDI, UV, and heat baking.

(4) Detectors with TGVs were fabricated on a 6-inch wafer. There were 32 channels
with square cells. The resistance of each channel was about 15 to 31 ohm, while the
resistance of the TGVs was less than 30 mohm. The capacities of the adjacent and
cross channels were less than 11 pF and 4 pF, respectively.

(5) The noise introduced by certain structural and electrical characteristics has been
analyzed in [13]. Additionally, as reported in [5], the background contributions of
our prototype (which was called “charge tile backing”) was below 1% single-site
counts/(FWHM-2000 kg). The prototype will be installed in an experimental TPC
for further testing. Although SR3 is covered and present in very small amounts,
the radioactivity it introduces is also being evaluated. In addition, work on the
optimization of the TGV all-copper filling process and charge deflector fabrication are
in progress.
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