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Abstract: The ATLAS experiment at the Large Hadron Collider (LHC) is currently preparing to

replace its present Inner Detector (ID) with the upgraded, all-silicon Inner Tracker (ITk) for its

High-Luminosity upgrade (HL-LHC). The ITk will consist of a central pixel tracker and the outer strip

tracker, consisting of about 19,000 strip detector modules. Each strip module is assembled from up to

two sensors, and up to five flexes (depending on its geometry) in a series of gluing, wirebonding and

quality control steps. During detector operation, modules will be cooled down to temperatures of about

−35
◦C (corresponding to the temperature of the support structures on which they will be mounted)

after being initially assembled and stored at room temperature. In order to ensure compatibility with

the detector’s operating temperature range, modules are subjected to thermal cycling as part of their

quality control process. Ten cycles between −35
◦C and +40

◦C are performed for each module, with

full electrical characterisation tests at each high and low temperature point. As part of an investigation

into the stress experienced by modules during cooling, it was observed that modules generally showed

a change in module shape before and after thermal cycling. This paper presents a summary of the

discovery and understanding of the observed changes, connecting them with excess module stress, as

well as the resulting modifications to the module thermal cycling procedure.

Keywords: Particle tracking detectors (Solid-state detectors); Si microstrip and pad detectors; Solid

state detectors; Radiation-hard detectors
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1 Introduction

The HL-LHC upgrade introduces increased luminosity, resulting in increased radiation damage to

the detector, such that the current ATLAS Inner Detector cannot be operated in the post-upgrade

conditions. Thus, the Inner Detector will be replaced with the all-silicon ATLAS Inner Tracker

(ITk), containing an inner pixel detector region surrounded by an outer strip detector region. The

strip detector is composed of an array of modules in a central barrel region, along with two endcap

regions on either side. Silicon strip detector modules, shown in figure 1, are constructed by gluing

hybrid and powerboard flexes to the surface of silicon sensors. Strip modules are assembled in a

series of assembly steps that incorporate a quality control (QC) procedure, after which the completed

modules are loaded onto support structures. Among other tests, QC includes visual inspections,

electrical tests, shape measurements and thermal cycling.

Thermal cycling is the final step in QC, in which modules must operate when cycling between

temperature extremes of -35 ◦C and +40 ◦C [2]. The cycling temperatures were chosen to cover the

full potential operational range in the detector.

During the strip module pre-production, it was found that modules that had passed QC had

gone on to fail IV tests while mounted on support structures and cooled down. An investigation

into module stress followed, with the aim of developing a better understanding of the source of the

on-structure failures. The investigation into sources of stress led to the addition of module shape

measurements after thermal cycling, in addition to the standard shape measurements done prior to

cycling. Module shapes were found to be significantly different before and after thermal cycling.

This study presents the change in module shape associated with the thermal cycling protocol and

the source of module stresses prior to loading onto support structures.
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2. Module power-off and initial cool down to -35 ◦C.

3. Cold power-on test and cold IV test.

4. Full electrical characterisation cold.

5. HV off and temperature ramp-up.

6. Full electrical characterization warm.

7. Repeated ramping and tests (for 10 total cycles).

8. Final HV stability test.

Figure 8. ATLAS ITk strips module QC thermal cycle sequence. Temperature as a function of elapsed time

during a thermal cycling test, in the original cycling regime. Reproduced from [7]. The Author(s). CC BY 4.0.

3 Observed module changes and solutions

After loading on staves or petals, a fraction of modules began to fail IV tests, prompting an investigation

into the module properties. In module shape measurements performed on the loaded structures, it was

found that modules were significantly more deformed on-structure compared to before loading, with

many on-structure modules falling outside the threshold for acceptable shape coefficient.

The observed increase in module deformation post-loading could not be caused by the loading

process, as loading would only deform modules to within the acceptable threshold. Post-cycling shape

measurements taken prior to loading revealed that the thermal cycling process had added to the original

module deformation, represented by an increase in the average shape coefficient of about +0.2 mm

after thermal cycling, compared to a maximum allowed shape coefficient of +150 μm, see figure 10.

The thermal cycling was identified as the cause of the increased module deformation, and the

mechanism behind the change in module shape was later identified to be due to the thermo-mechanical

properties of the module glue (section 3.2).

– 7 –
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3.2 Glue glass transition

Previous studies observed that some temporary module deformation is always present with changes

in temperature (both increasing and decreasing) [9], however, modules would recover their shape

as they returned to room temperature.

It was thought that a higher ambient temperature during assembly correlated to higher module

deformation when the module cooled, either when it returned to room temperature or was cooled

in the cold-box. In order to follow up on this mechanism, thermal imaging tests were performed to

check if the module temperature could become high enough to cause this effect.

The quoted )6 of the glue, Eccobond F112, used in bonding the flexes to the sensor is around

+100 ◦C [10] for the nominal curing procedure. However, the measured )6 was about +55 ◦C, falling

within the temperature range of a powered module. The lower )6 can likely be attributed to the

non-standard curing process, as instead of applying the recommended post-cure at elevated temperature,

module curing occurs at room temperature, which is known to affect the final thermo-mechanical glue

characteristics. Figure 11 shows the )6 of the glue cured in this fashion, measured using standard

techniques of Differential Scanning Calorimetry [11].

Figure 11. )6 of Eccobond F112 as cured for module assembly, measured using a Differential Scanning

Calorimeter.

The absolute powerboard temperature was measured at more than +45 ◦C in room temperature

environment operation, as shown in figure 12. This suggests that in thermal cycling to +40 ◦C chuck

temperature, the absolute module temperature exceeds +45 ◦C around the powerboard.

Measurements of module temperatures when in the cold stage of the thermal cycle show that

the thermistor on the hybrid and powerboard flexes measures a relative temperature between 50 ◦C

to 70 ◦C above the chuck temperature, see figure 13. The large temperature difference between

the module and the chuck is what allows the module temperature to surpass the glue )6 once the

chuck reaches the temperature ceiling.

Following the discovery of the glue’s )6 being significantly lower than the nominal value, it was

suspected that the thermal cycles were hot enough to be surpassing the glue’s )6 and inducing the

post-cycling deformation. In order to verify this assumption, a series of module cycling tests was
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(a) Module held at +30 ◦C, measuring a shape

coefficient of +158 μm

(b) Module held at +40 ◦C, measuring a shape

coefficient of +200 μm

(c) Module held at +50 ◦C, measuring a shape

coefficient of +420 μm

(d) Module held at +60 ◦C, measuring a shape

coefficient of +580 μm

Figure 15. Module shape measurements taken following exposure to increased temperatures.

Monitoring the module shape over a range of increased temperatures showed that temperatures

above +40 ◦C led to a permanent module deformation towards higher shape coefficients. This

measurement confirmed that the adhesive’s glass transition temperature is lower than quoted in the

material data sheet and that surpassing it can lead to module deformation.

4 Conclusions

As part of an investigation into early breakdown in strip modules, module shape measurements

were analysed, finding that modules on staves and petals were deformed in comparison to modules

pre-loading.

The )6 of the glue with the preparation method used was much lower than the quoted value, which

initiated the mechanism for the post-cycling deformation. The thermo-mechanical mechanism was

found to be the heating of the module to temperatures above the glue glass transition temperature, which

effectively raised the temperature at which the module was assembled, leading to larger deformation at

lower temperatures, corresponding to an average module shape coefficient increase of about +205 μm.

Investigating the source of deformation concluded that thermal cycling to a maximum chuck

temperature of +40 ◦C was responsible for permanent module deformation. The problem of thermal

cycling induced module deformation was resolved by reducing the thermal cycling ceiling temperature

from +40 ◦C to +20 ◦C.

Reducing the cycling temperature in QC is an acceptable change, which retains the test of the full

operating range, as during detector operation, the maximum operating temperature will be +20 ◦C.

Following the change in thermal cycling procedure, no additional module deformation was observed.
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