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ABsTRACT: The reliability of bump connection structures has become a critical aspect of future silicon
detectors for particle physics. The High Granularity Timing Detector (HGTD) for the ATLAS
experiment at the High-Luminosity Large Hadron Collider will require 8032 hybrid pixel sensor
modules, composed of two Low Gain Avalanche Diode sensors bump-bonded to two readout ASICs
and glued to a passive PCB. The detector will operate at low temperature (—30 °C) to mitigate the
impact of irradiation. The thermomechanical reliability of flip-chip bump connections in HGTD
modules is a critical concern, particularly due to their characteristically lower bump density (pixel
pitch dimensions of 1.3 mm x 1.3 mm). This paper elaborates on the challenges arising from this
design characteristic. Finite element analysis and experimental testing were employed to investigate
failure modes in the flip-chip bump structures under thermal cycling from —45 °C to 40 °C and to
guide the module redesign. The optimized design demonstrates significantly enhanced robustness
and is projected to fulfill the full lifetime requirements of the HGTD.
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1 Introduction

Progress in particle physics is dependent on advances in detector technology. Among these, charged
particle detectors are paramount, with semiconductor-based devices now providing the finest spatial
resolution. Hybrid Pixel Sensors (HPS) have been the leading technology for tracking and vertexing
in high-energy collision experiments due to their superior performance [1]. They constitute the core
detection system in major experiments, including CMS [2], ATLAS [3, 4], and BELLE-II [5].

The Large Hadron Collider (LHC), the largest scientific instrument ever built, is scheduled
for an upgrade to its high-luminosity (HL) phase, commencing in 2030 and lasting over a decade.
The HL-LHC will deliver unprecedented luminosity, resulting in a high number of simultaneous
proton-proton interactions, a phenomenon known as pile-up. This significantly complicates particle
identification and tracking. To mitigate the effects of pile-up in the ATLAS experiment, a novel detector,
the High Granularity Timing Detector (HGTD) [6], is under construction to complement a new,
enlarged silicon Inner Tracker (ITk) [3] by providing high-precision timing information. This will mark
the first deployment of a timing detector based on Low Gain Avalanche Diode (LGAD) technology at
a major collider experiment, while similar technology is being developed for the CMS experiment [7].

HPS are utilized in the HGTD. Their hybrid architecture, where the sensing element and the
readout electronics are fabricated on separate substrates and later interconnected, offers flexibility in
optimizing the radiation-sensing element for peak performance. An HGTD module comprises two
readout Application-Specific Integrated Circuits (ASICs) bump-bonded to two LGAD sensors, which
are glued onto a PCB, as illustrated in figure 1(b). Each sensor contains a 15 X 15 array of pixels
with a pitch of 1.3 mm X 1.3 mm and an active thickness of 50 pm. Sensor wafers with a thickness
of 775 nm are employed in the HGTD, while ASIC wafers have a thickness of 300 pm. To reduce
the module thickness, the initial design applied a thinned 300-pm sensor and 300-pum ASIC. A total
of 8032 modules will be deployed in the HGTD. Despite their advantages, the manufacture of these
modules is challenging. Their stringent precision requirements present difficulties for mass production.
Furthermore, the harsh irradiation environment (a maximum fluence of 2.5 x 103 neqcm_2) and
required long operational lifetime necessitate exceptional device stability and durability.
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Figure 1. The High Granularity Timing Detector. (a) The HGTD is composed of two disks placed on each side
of the ITk. (b) The HGTD module approximate dimensions are 2cm X 4cm X 2mm. The module consists of
two readout ASICs bump-bonded to two LGAD sensors, glued together onto a PCB that provides power and
communication for the ASICs through wire-bonds. The FLEX tail connects the modules to the DAQ system.

The hybridization process begins with the deposition of under-bump metallization (UBM) layers
on both the LGAD sensor and readout ASIC wafers. Solder bumps are then formed on the ASIC UBM
layer. Following these depositions, both wafers are diced into individual tiles. Final hybridization
is accomplished via flip-chip bonding, wherein a single ASIC tile is precisely aligned and bonded
to a corresponding sensor tile. This technique applies controlled heat and pressure to form reliable
electrical and mechanical interconnections between the substrates. The resulting structure of an ASIC
bump-bonded to an LGAD sensor is termed a hybrid. Later, two hybrids are adhesively mounted onto
a PCB using either a pick-and-place machine or jig tools. The assembly is completed by wire-bonding
the ASICs to the PCB. Adhesion between the PCB and the hybrids is achieved using an epoxy-based
glue, Araldite 2011. To mitigate irradiation effects, the modules operate at a low temperature of
—30°C. Considering detector commissioning, module replacements and power-off during operation,
guaranteeing thermomechanical reliability against temperature variations is essential to ensure survival
throughout the full HGTD operational lifetime. Each hybrid contains 225 solder bumps for the pixels,
with additional bumps located on the guard ring to ensure mechanical stability.

Thermal cycling tests on initial production modules revealed widespread bump connection failures
after only a few cycles. These modules consisted of LGAD sensors thinned to 300 pm and hybrids
incorporating 30 additional bumps on the guard ring. The flip-chip bumps connecting the sensor
and ASIC failed through either disconnection or fracture.These results motivated a detailed study
of the HGTD modules and the development of solutions to enhance their thermal reliability. While
flip-chip bonding reliability under thermal cycling has been extensively studied [8, 9], primarily using
the finite element method (FEM), the HGTD presents a unique challenge. A major cause of such
failures is the mismatch in the coefficient of thermal expansion (CTE) among different materials.
This mismatch induces reciprocating shear stress and strain in the solder joints during thermal cycles,
ultimately leading to fatigue failure. In HGTD modules, the 1.3 mm pitch between adjacent bumps is
relatively large compared with the bump dimension, leading to a lower bump density than in common
electronic packaging (e.g BGA). This lower bump density reduces the structural integrity and poses a



greater challenge to mechanical stability. To address this issue, this paper investigates the robustness
of modules with different design options using finite element simulations. The simulation results serve
as input for a lifetime prediction model. Key strategies to enhance module robustness are identified,
including the use of sensors with increased thicknesses, an increased number of solder bumps, and
optimized adhesive patterns. Experimental tests are later conducted to validate the simulation findings.

2 Thermomechanical study of HGTD module

Due to the impracticality of testing the robustness of many modules with varying designs before
full-scale production for the HGTD, finite element analysis was employed. This approach required
the development of a realistic module model and the simulation of thermal cycling conditions. The
resulting stress profiles within the solder joints and the subsequent lifetime predictions informed the
development of new design solutions, which were later implemented and experimentally validated.

2.1 Finite element model of HGTD module structure and loading of thermal cycle conditions

A simplified 3-D model of an HGTD module was developed for FEM simulation based on the design
specifications, as illustrated in figure 2 and summarized in table 1. The PCB is represented as a
three-layer structure, with a middle layer of copper alloy (simplified from the actual six copper
layers) serving as the circuit layer, and top and bottom layers of Kapton (polyimide, PI) providing
mechanical support and protection.

Figure 2. A 3-D model of the HGTD module was developed for simulation purposes. The assembly, from top
to bottom, consists of a multi-layer PCB, an adhesive layer, two sensors, an array of bumps, and two ASICs. The
PCB structure employs a simplified layer representation and an approximated geometric shape to help efficient
simulation. The coordinate system is also defined.

The bump structure is created according to a cross-section photo in electron microscope and
module specification shown in figure 3. The bump material used in the HGTD module is Sn3; sAg.
Under thermal stress, the inelastic deformation of the solder joints mainly includes plastic deformation
and creep deformation. From the perspective of nonlinear continuum mechanics, both plastic
deformation and creep strain are related to dislocation movement. Hence, viscoplasticity is often used
to describe the nonlinear characteristics of solder and characterize its mechanical behaviors [10]. The
Anand model is a widely used viscoplastic model [11, 12] that is provided in the Ansys Software [13]
used in this paper. The Anand model can be considered as a combination of a flow equation 2.1, a



Table 1. Layer layout of the 3-D model of HGTD module for simulation. Three simplified layers are employed
for the PCB.

Layer Material Thickness (pm)
PCB layer-1 Polyimide (PI) 175
PCB layer-2 Copper alloy 200
PCB layer-3 Polyimide (PI) 175
Glue Epoxy resin (Araldite 2011) 50
Sensor Silicon 300
Bump Sn3 sAg 50
ASIC Silicon 300

Regulus 10.0kV 13.5mm x800 LM(L)

()

Figure 3. The bump structure in HGTD modules. (a) A bump cross section observed in electron microscope
with a measurement of some dimensions. (b) A single bump in the 3-D model, which is a sphere of radius
51.5 pm and cut by top and bottom part symmetrically to keep 50 pm height. (c) Bump array shown relative to
ASICs in the 3-D model. Besides 15 X 15 bumps on all pixels in the middle of the hybrid, there are 15 extra
bumps on the top and bottom edge each. These bumps are not part of the readout circuit, instead they are used
for protection of bumps on pixels. The distance between two adjacent bumps is 1.3 mm.

strain hardening evolution equation 2.2 and a saturation value equation 2.3:
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The three equations together solve for three variables: plastic strain (€, ), stress (o), and deformation
resistance (§) as functions of time.

The specific Anand model parameters for the Snz 5 Ag solder used in this study and their definitions
are listed in table 2 [14], while the general material properties for all components are provided in
table 3. The constitutive behavior for the remaining materials is described by linear elastic models.
All materials, except silicon, are treated as isotropic.

The adhesive pattern and its corresponding simulation model are depicted in figure 4. The pattern
provides coverage across the module’s upper section. The top edge of the PCB must maintain sufficient



Table 2. Anand model parameters for Sn3 sAg.

Model parameter Value
Initial deformation resistance Sy 2.3165 MPa
Activation energy than universal gas constant Q /R 10279 °C
Pre-exponential factor A 1.7702x10° s~
Multiplier of stress & 7

Strain rate sensitivity of stress m 0.207
Hardening/Softening constant /g 27782 MPa
Coefficient for deformation resistance saturation S 52.4 MPa
Strain rate sensitivity of saturation n 0.0177
Strain rate sensitivity of hardening or softening a 1.6

Table 3. The material properties employed in the simulation account for the crystalline nature of silicon, which
is modeled as an anisotropic material. All other materials are treated as isotropic.

Material CTE Young’s Poisson’s
(ppm/°C) modulus (GPa) ratio
Copper 18 110 0.34
Epoxy resin 70 3.78 0.35
Polyimide 20 2.8 0.34
Snsz sAg 19 Anand model 04
169(Ex) 0.064(vxy)
Silicon 2.578 169(Ey) 0.36(vy,)
130(Ez) 0.36(v4x)

flatness and stability to furnish a robust support structure for wire bonding. This requirement also
applies to the two wing sections of the PCB, which are designed to be mounted onto the detector.
Guaranteeing adhesive coverage in these critical areas is essential.

Owing to the geometric asymmetry of the module, the full 3-D model was utilized in the
simulation. A refined mesh was applied to the bumps, with each bump discretized into 80-90 elements
to ensure computational accuracy. The entire model contains approximately 350,000 elements and
880,000 nodes. All inter-layer contacts are defined as bonded contacts. A fixed constraint was applied
to one corner vertex of the assembly, while no other constraints were imposed, allowing the module
to deform freely under simulated conditions.

The thermal cycling profile, illustrated in figure 5, is applied at a slow rate: each cycle spans from a
minimum of —45 °C to a maximum of 40 °C over a period of 2.5 hours. This temperature range extends
beyond the nominal operating conditions — which range from —30 °C to room temperature (22 °C)—in
order to incorporate a safety margin and ensure robust module performance under accelerated stress.
The thermal cycling conditions applied in the simulation are shown in figure 6. The temperature range
is —45.5 °C to 44.5 °C (a little larger range than in real testing), with no peak holding time and uniform
temperature change in two hours. 24 load steps are used and each step lasts 300 s with a temperature



(a) (b)

Figure 4. Model for glue pattern in the HGTD module. (a) Dummy modules assembled on glass, showing the
glue pattern in blue. (b) Glue pattern (in orange) in the 3-D model relative to PCB position (in mauve). In
reality the glue does not cover all the glue area in the model.
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Figure 5. Temperature variation detected in thermal cycling testing, ranging from —45°C to 40°C. The
temperature is maintained for about 15 minutes at the lowest and highest temperature in each cycle.

change of 7.5 °C. Since the rate of temperature change is low enough, the temperature load is applied
to all units directly. The default value of the strain reference temperature is 22 °C.



Simulated temperature variation in one cycle
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Figure 6. Temperature condition applied in simulation. Each dot represents a time step of 300 seconds, during
which the absolute temperature change is 7.5 °C.

2.2 Lifetime prediction model for solder joint structure

The Coffin-Manson model, based on mechanical strain amplitude, is widely employed for the fatigue
life prediction of solder joints [15, 16]. This empirical relationship establishes a correlation between
cyclic durability and strain amplitude for specific materials and temperature conditions, expressed as:

1

1{Ae\®
Nf== . 2.4
1 2(26}) 24

In equation 2.4, N s represents the mean number of cycles to failure (corresponding to a 50% probability
of failure for any bump), Ae/2 is the cyclic mechanical strain amplitude, e} = 0.325 is the fatigue
ductility coeflicient for the solder joint material, and c is the fatigue ductility exponent.

Several modified versions of equation 2.4 were developed to account for different temperature
ranges and cycling frequencies. One successful formulation, which demonstrates that the fatigue
ductility exponent c is the primary governing parameter, is given by equation 2.5 [17, 18]. This model

incorporates a linear temperature dependence and a logarithmic frequency dependence:
c=-0442-6x107*Ty + 1.74x 102 In(1 + f), 1< f < 1000. (2.5)

Here, T denotes the mean cyclic solder temperature in °C, and f is the cycling frequency expressed
in cycles per day.

In this study, the thermal cycling profile ranges from —45.5 °C to 44.5 °C, resulting in a mean
solder temperature 7; = —0.5 °C. Given this negligible temperature offset, the value of ¢ depends
primarily on the cycling frequency. With a cycle period of two hours (f = 12 cycles per day),
the calculated exponent is ¢ = —0.397. This yields a relationship where larger strain amplitudes
correspond to shorter mean cycles to failure. The lifetime of the module/hybrid is governed by the
minimum fatigue lifetime among all its bumps, as determined by the Coffin-Manson model. This
critical bump, exhibiting the shortest lifetime, is consequently prognosticated to be the primary failure



initiation site. The total mechanical strain range per cycle (Ae) was evaluated through FEM simulation
using Ansys. The specific value was extracted from the simulation results by employing the EPTOINT
command to obtain the strain at the element integration points.

2.3 Simulation results and proposed HGTD module designs

Figure 7 presents the von-Mises stress distribution in the solder bumps, derived from the finite element
model of the A30 hybrid module (specifications provided in table 4). Analysis of the full model
indicates that although the two hybrids are nearly symmetric, the stress is pronouncedly asymmetry
between the top and bottom regions of each hybrid. Bumps located in the bottom region experience
significantly lower stress levels than those in the top region. Within the top region, the stress magnitude
increases progressively with distance from the center, culminating in maximum values at the corner
bumps. This distribution arises from the thermal cycling conditions: due to their higher CTE, materials
such as copper and PI cause the PCB to undergo a thermal strain that is proportional to the distance
from its geometric center. This deformation is transmitted through the adhesive layer to the sensor,
thereby inducing shear stress in the solder bumps. The bottom region remains largely unaffected due
to the absence of adhesive. Consequently, the corner bumps in the top region are subjected to the
highest mechanical strain, particularly at their top and bottom contact interfaces. According to lifetime
prediction models, these locations are the most susceptible to early failure, which provides a mechanical
explanation for the observed initial bump connection failures predominantly occurring at these sites.

() (b)

Figure 7. Bump von-Mises stress (unit: MPa) distribution at lowest temperature (greatest thermal strain). (a)
Bump Von-Mises stress distribution on the top right corner part of the module. Maximum stress appears at
the corner bump while bumps to the center are under smaller stress. (b) Cloud diagram of Von-Mises stress
in a single bump with maximum stress. Contact surfaces to sensor and ASIC are under greater stress and the
maximum appears at the surface contacting the sensor.

Based on the analysis of stress distributions, several new module designs are proposed to mitigate
bump stress, primarily involving modifications to the sensor, bump configuration, and adhesive
application. The primary source of deformation is the PCB. Consequently, employing a thicker
sensor is hypothesized to reduce the strain transfer from the PCB. A sensor thickness of 775 pm
(the standard full-wafer thickness) is proposed to replace the baseline thinned sensor of 300 pm; this
change is not expected to adversely affect detector performance. Furthermore, increasing the number
of bumps between the sensor and the ASIC can help distribute the mechanical stress concentrated on
the pixel bumps, thereby reducing the stress per bump. However, adding bumps directly to the readout
pads would increase parasitic capacitance and impair electrical performance. The proposed solution



is to add supplemental bumps exclusively on the guard ring of the hybrid (figure 8). This design
increases the total number of guard ring bumps on a single hybrid from 15 x 2 = 30 to 60 x 4 = 240,
significantly enhancing the bump density, particularly in the corner regions.

Simulation results presented in table 4 validate both design strategies, demonstrating a substantial
increase in predicted lifetime for the new configurations with thicker sensors and more guard ring
bumps. The hybrid types A and B mark the difference in sensor thickness (A for 300 pm and B for
775 nm), while the number after the Letter represents the total guard ring bumps. The predicted
lifetime of 16 cycles for the A30 module configuration is consistent with thermal cycling test results,
where multiple modules exhibited bump connection failures after only a few cycles. This agreement
between simulation and experiment confirms the accuracy of the finite element model.

Figure 8. Bump array in the proposed design shown relative to ASICs in the 3-D model. In this design, there
are 60 bumps on each of the four edges on the guard ring, leading to a total number of 240 guard ring bumps on
each hybrid. The distance between adjacent bumps on the guard ring is 0.325 mm.

Table 4. Impact of sensor thickness and number of guard ring bumps on module lifetime. Configurations with a
thicker sensor (775 pm) and a greater number of guard ring bumps show a significantly prolonged lifetime.

Hybrid Type A Type B
A30 A240 B30 B240

Sensor thickness 300 pm 775 pm
Guard ring bumps 30 240 30 240
Total bumps 255 465 255 465

Lifetime (cycles) 16 108 119 393

Modifying the adhesive pattern presents a further strategy to mitigate deformation transfer from
the PCB, as the adhesive serves as the mechanical interface between the sensors and the PCB. The prior
observation that bumps in unglued regions experience lower stress suggests that reducing the adhesive
coverage area could be beneficial. To maintain structural stability, enough adhesive must be retained
to secure the top edge (for wire bonding) and the wing sections (for integration into the detector).

Two tentative adhesive patterns, shown in figure 9, were simulated; however, their feasibility
for mass production requires further validation. The simulation results, obtained using the new
B240 hybrid design, are presented in table 5. A simulation with no adhesive, which completely
avoids deformation transfer from the PCB, shows a dramatic increase in module lifetime. This result



strongly supports the hypothesis that bump joint failures in HGTD modules during thermal cycling are
primarily driven by PCB deformation. Although the total adhesive mass is similar in both proposed
patterns, the resulting module lifetime differs significantly. Both Pattern 1 and Pattern 2 yield a
longer lifetime than the baseline configuration, with Pattern 2 exhibiting a particularly substantial
improvement. Analysis of the von Mises stress distribution in the bumps (figure 10(b)) reveals that in
Pattern 2, the maximum stress is redistributed away from the hybrid corners. The revised adhesive
pattern shifts a greater proportion of the stress to bumps located beneath the adhesive, where the
PCB’s deformation is minimized due to proximity to its geometric center. In contrast, while Pattern 1
also reduces adhesive usage, it retains adhesive over the corner bumps transmitting the PCB strain.
As these corners remain the point of highest stress concentration (figure 10(a)), the improvement in
lifetime, though present, is less pronounced than that achieved by Pattern 2.

| ]
O O O O

(a) b)

Figure 9. Models for glue patterns (in orange) where glue covers areas for supporting wire-bonding and fixture
into the detector. (a) Pattern 1. (b) Pattern 2. The glue regions are split apart in pattern B while the total amount
of glue is similar in both patterns.

Table 5. Comparison of different glue patterns based on B240 hybrid configurations. Increased lifetime is
expected with the two proposed glue patterns.

No glue (hybrid) Baseline pattern Pattern1 Pattern 2

Lifetime (cycles) 1240749 393 566 3029
Glue mass per module (mg) 0 18.8 6.7 6.6

3 Experimental validation

Selected design configurations from the simulation study were implemented in prototype modules
and subjected to thermal cycling tests to validate the predictive power of the finite element model.
Two module versions were tested. The first Type A30 featured a thin 300 pm sensor and 30 guard
ring bumps per hybrid, leading to a simulated mean lifetime of 16 cycles. The second Type B30
incorporated a thick 775 pm sensor while retaining the 30-bump configuration, resulting in a simulated
mean lifetime of 119 cycles.

Thermal cycling was performed in temperature-controlled environmental chambers. Following
increments of several cycles, modules were extracted and evaluated for bump connectivity at room
temperature. A combined testing approach, employing both radioactive source measurements and a

—10 -
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Figure 10. Equivalent stress (unit:MPa) distribution in two proposed glue patterns 1 and 2. Top part of right
hybrid is shown in both cases. (a) Pattern 1. The maximum stress still appears at the corner bump. (b) Pattern 2.
The maximum stress does not appear at the corner any more as there is no glue there.

threshold voltage analysis, was used to generate bump connectivity maps. The source measurement
method applies a high voltage to the sensor and measures the electrical response to particles from
the radioactive source to determine the connection status. The threshold voltage method involves
a threshold voltage scan for different injected charges of 36 DAC (12 fC) and 12 DAC (4 fC). By
calculating the difference between two threshold voltage values, disconnected bump can be identified
(small difference value). To enhance statistical significance given the limited number of sample
modules, each module was treated as two independent hybrids for testing and analysis.

The HGTD operational lifetime requirement, accounting for detector commissioning, module
replacements, and nominal data-taking periods, has been established as equivalent to 36 thermal cycles.
This value serves as the qualification standard for module testing. Initial testing of Type A30 modules
exhibited premature failure, with numerous bump disconnections observed within the first 10-20
cycles. In response, Type B30 modules were fabricated using 775 pm thick sensors while maintaining
the original bump configuration. This enhanced design demonstrated significantly improved reliability,
with no bump connection failures observed before 30 cycles across a sample of 46 hybrids. As detailed
in table 6, bump disconnections were observed in 14 Type B30 hybrids during testing. The remaining
32 hybrids, documented in table 7, exhibited no disconnections through the final completed cycles.
These results are consistent with the simulated prediction of a 119-cycle mean lifetime, substantially
exceeding both the HGTD requirement and the performance of Type A30.

—11 -



In both Type A30 and B30 modules, most of bump failures occurred at the corners, aligning
with the stress concentration regions identified in simulations. Across all tested modules, only a
minimal fraction of bumps (20, representing 0.2% of the total) exhibited disconnections — 18 of
which occurred at cycle counts significantly beyond the 36-cycle requirement. Projecting this failure
rate to the full HGTD system comprising 8032 modules, fewer than 1000 bumps are anticipated to
disconnect by the end of the operational lifetime.

Table 6. Bump connection failures on the full set of 46 Type B30 hybrids. Failed hybrids are hybrids with any
disconnected bump(s). Number of disconnected bumps represents the new disconnected bumps at a certain
cycle count.

Tested cycle number 30 60 75 90 105 120 180 Total

Number of failed hybrids o 2 3 3 0 4 2 14
Number of disconnected bumps 0 2 5 5 0 6 2 20

Table 7. Number of hybrids without bump detachment as a function of the total number of thermal cycles
completed, e.g., five hybrids survived 150 thermal cycles without disconnects.

Completed cycle number 75 120 150 180 Total

Number of hybrids 4 14 5 9 32

Additional validation testing for the other proposed module designs is now in progress. The
qualitiative agreement between simulation predictions and the experimental results from the initial
test cases has validated the model’s predictive power. Concurrently, the enhanced guard ring bump
design has advanced to the fabrication phase (figure 11), and the alternative adhesive Pattern 2 is
undergoing experimental validation (figure 12). Preliminary assessments of wire-bonded modules
utilizing Pattern 2 indicate no observable issues; however, final production approval remains dependent
on the results of upcoming thermal cycling tests.

4 Conclusion

This study evaluates the thermomechanical reliability of flip-chip bump bonds in HGTD modules
under thermal cycling conditions, addressing challenges associated with bump disconnections. Using
finite element simulations of modules subjected to thermal cycling, lifetime predictions were generated
and several design improvements were proposed. The simulations indicate that implementing thicker
sensors, increasing the peripheral bump density on the hybrids, and optimizing the adhesive application
pattern can significantly extend module lifetime.

Initial thermal cycling tests of 775-pm sensor modules (B30) show qualitiative agreement with
simulated lifetime predictions and substantial improvement on prior 300-jim sensor designs (A30), both
with non-increased peripheral bumps (30 bumps per hybrid). Notably, the hybrid design incorporating
an increased peripheral bump density (B240)-which is projected to substantially outperform the
already-qualified B30 modules — was formally approved in the final design review for the HGTD
modules and cleared for mass production. Although verification testing of additional design variants
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Figure 12. Glue dispensed on PCB for pattern 2. The measured total glue weight is 6.1 mg, similar to the
estimated 6.6 mg in the 3-D model.

remains ongoing, these combined simulation and experimental results confirm that the optimized
HGTD module designs are expected to meet the required robustness against temperature variations
throughout the operational lifetime of the detector.

While the simulation results show qualitative agreement with experimental tests, further large-
scale production testing is necessary to comprehensively validate the simulation methodology. These
optimized module designs enable subsequent detector-level integration studies involving multiple
assembled modules.
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