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Abstract 
 
Microelectronic packaging plays an important role in cryogenic engineering; in particular, a solder joint 

as interconnection, which offers a mechanical, thermal and electrical support, undergoes much larger and 

harsher thermal changes during its service compared with conventional customer electronic products. The 

impact of thermo-mechanical properties of such solder joints under cryogenic service conditions becomes 

even more significant due to the continuing miniaturization of solder joints. Indium, a solder material with 

a low melting point and excellent cryogenic properties, has been favorable in various low temperature 

applications, in particular, to form solder joints for electronics interconnections. In order to understand the 

fundamental aspects of reliability of indium joints, this paper reports a constitutive model accounting for 

the effect of temperature change on thermo-mechanical behavior of indium joints. Especially, the model 

is used and subsequently implemented in a FE analysis to simulate a hybrid pixel detector system, in 

which indium micro-joints are manufactured to serve at cryogenic conditions. The response of indium 

joints to low-temperature cycling (300–76 K) was analyzed based on the proposed model, which not only 

offers a tool to understand the performance and experimental testing of solder joints under cryogenic 

temperatures, but can also be used for design optimization of the microelectronic package. 

 

 

1. Introduction 

 

Reliability of microelectronic packaging under changing thermal conditions is one of the 

main concerns for their design due to the mismatch of coefficients of thermal expansion 

(CTE) be- tween the different materials in the packages. This mismatch can induce 

residual stresses, resulting in thermal fatigue of a package under thermal loading due to 

service conditions or power cycling of devices. 

Indium (In) is of considerable interest for interconnection in microelectronic packaging. 



 

In particular, indium bump bonding used in flip-chip assembly can offer high 

input/output numbers (I/Os), a fine pitch and small bump dimension (< 20 μm) [1–3]. The 

mismatch of CTEs between the substrate and connected chip, which is one of the most 

critical reliability issues in flip-chip assembly, can be accommodated due to indium’s 

excellent ductility [4,5]. In addition, soldering with pure indium is considered to be a low-

temperature process due to the low melting-temperature of indium, which has been 

beneficial to a number of applications. A typical application is electronics integration for 

cryogenic engineering (e.g. satellites, spacecraft), for example, indium bump bonded 

interconnections in Josephson large-scale integrated (LSI) circuits [6] and in a hybrid 

pixel detector system. In such applications, the in-service thermal condition can be either 

far above the room temperature or down to cryogenic temperatures [7]. 

For a hybrid pixel detector system used in high-energy physics experiments, for 

example, European Organization for Nuclear Research (CERN), the service conditions 

require functions at cryogenic temperatures, i.e. below the temperature of liquid 

nitrogen (76 K). In such case, the temperature in the service is expected to change from 

cryogenic temperature to room temperature. It is also concerned that a relative impact of 

intrinsic properties of indium joints as interconnects in-service can become more 

significant as miniaturization requires micro-scale size of the joints. 

In the present paper, the work is to investigate pure indium joints of 22 μm diameter 

and 55 μm pitch which are usually used to connect the sensor chip with the readout chip 

(for example, application specific integrated circuit (ASIC)) in Medipix 3 (a photon-

counting pixel detector developed by CERN). The schematic structure of the package for 

Medipix 3 is shown in Fig. 1. The distribution and evolution of thermal stresses in indium 

micro-joints caused by temperature excursion from the room temperature (300 K) to 

the liquid-nitrogen temperature (76 K) are investigated. A constitutive model to simulate 

these properties by considering this wide temperature change is therefore proposed and 

 

 

 

Fig. 1. Schematics of package for hybrid pixel detector system Medipix 3. 1, 2 and 3 
stand for sensor, ASIC and indium bumps, respectively. 

 

 



implemented into the finite-element analysis for numerical modeling.  

 

2. Finite element model 

2.1. Model geometry 

 

Based on the 

Medipix 3 in Fig. 1, 

the geometry and 

structure of an FE 

model for one 

quarter of 6 x 6 

array was built and 

simulated as this 

represents the part 

of the symmetric 

*package. The 

package 

configuration and 

the boundary 

conditions are 

illustrated in Fig. 2. 

Symmetric 

boundary 

conditions are 

applied to both 

symmetric planes of the package (middle sections along axis X and Z). Additionally, a 

displacement at the central bottom point of the readout chip was constrained along axis 

Y (marked in Fig. 2a). The FE mesh given in Fig. 2 was generated in ABAQUS with 

hexahedron element type (C3D8R). The under-bumps metallization between the 

sensor/readout chip and indium joint was neglected in order to simplify the model, 

thereby ideal bonding along their interfaces of three components were assumed. 

 

2.2. Constitutive model and material properties  

2.2.1. Constitutive model 

Deformation mechanisms of materials depend on stress σ, strain-rate 𝜀_̇, the 

homologous temperature Th, which expresses the temperature of a material (T) as a 

 

Fig. 2. Geometry and structure of hybrid pixel detector 
(based on Medipix 3) for FE analysis: (a) quarter of structure; 

(b) sensor chip is removed from (a). 



 

fraction of its melting-temperature (Tm) using the Kelvin scale (Th = T/Tm), and their 

micro- structure (for example, grain size, impurities). Generally, the material’s response 

under a given set of conditions can be presented by the flow law associated with more than 

one mechanism. For metals and alloys, the main mechanisms are plastic flow, power-

law creep and diffusional flow as shown in Fig. 3. Plastic flow, which describes the 

time-independent plasticity, occurs at high-stress levels beyond the yield point. Power-

law creep, which includes power-law breakdown, occurs at intermediate-stress level (10-

4<σ/E< 10-2, E is the Young’s modulus). Diffusional flow, also called diffusional creep, 

occurs at low-stress region (σ/E < 10-4). Both power-law creep and diffusional flow are 

time- dependent. However, the range of dominance of each of the mechanisms is related 

not only to the stress, the strain-rate and the temperature, but also to the structure of the 

material. Taking the example of pure nickel, power-law creep can occurs around 0.2Tm 

for the grain size of 10 μm, where it could occurs around 0.1Tm for a 1 mm grain size [8]. 

In electronics, residual stresses in solder 

joints are mainly resulted from the 

mismatch of CTEs of the components they 

inter connect. Under temperature 

excursions of the package in-service, the 

deformation/stress in a solder joint will 

depend on (i) temperature distribution as a 

function of time; (ii) parameters of the 

assembly; (iii) deformation performance 

of the solder. Considering the 

minimization of integrated circuits 

packages, temperature gradient in each 

package in-service is negligible (in our 

case, the overall dimension of the hybrid 

pixel detector package is less than 20 

mm). Therefore, the constitutive equation can be developed with the assumption of uniform temperature 

distribution.  

Indium (Tm = 429 K), used as interconnection in hybrid pixel detector system, serves at cryogenic 

temperatures and undergoes temperature excursions over a wide range of homologous temperatures, for 

example, in this case, it may vary from 0.18Tm to 0.7Tm when temperature raises from 76 K to 300 K. 

As stated above, the deformation of indium solder could be associated with the realisation of different 

mechanisms within this temperature regime. The total strain εtotal can be defined as a sum of elastic strain 

εe and inelastic strain εie due to temperature excursions:  

 

Fig. 3. Schematics of deformation mechanisms 

of metals and alloys: G is shear 

 



 

          (1) 

 

For most metals and alloys, the experimental results have indicated that creep can be significant at 

temperatures above 0.3Tm [9]. So, the creep processes are expected to be the major inelastic deformation 

mechanism for this case. Referring to the general deformation map for pure metals as patterned in Fig. 3, 

thermal stress induced due to this temperature change could be described by power-law creep. However, 

over the wide temperature range of 0.18–0.7Tm, the power-law breakdown is expected to occur to indium 

joint when the temperature decreases to approximately 0.5–0.6Tm. The steady-state creep often prevails 

over primary or tertiary creep due to a relatively large fraction of creep life within this regime. And more 

general relationships were found to apply to steady-state creep of solder in a hyperbolic since form, which 

can account for different deformation mechanisms over a large range of stress and temperature via the 

same formula. Therefore, a hyperbolic sine function used to describe both the power-law and power-law 

breakdown was employed:  

 

        (2) 

 

where A and a are constants, R is the gas constant,  εss is the steady-state creep strain-rate, r is the steady-

state stress, Qc is the activation energy for creep, T is the absolute temperature and n is the stress 

exponent. It was found [10–12] that Qc is essentially the activation energy for lattice self-diffusion Qsd for 

a large class of materials over certain temperature range (>0.6Tm). This is related to the deformation 

mechanism of materials which is temperature-dependent. Lattice-diffusion climbing is the major feature 

for materials above 0.6Tm. However, the creep process is generally a thermally activated process, the 

level of Qc could change with the temperature, particularly when it is below 0.5Tm. For a steady-state 

structure in the power-law regime, a constant modulus-compensated stress, termed as �𝜎
𝐸
�, approximately 

implies to be the equivalent stress under variable temperatures. A same equivalent stress can be referred 

to a fixed structure. Since the Young’s modulus is the function of temperature, the temperature-dependent 

Young’s modulus (E(T)) is considered to scale the steady-state stress in this case. Thus, for a given 

microstructure s and equivalent stress  𝜎
𝐸

, the activation energy for creep Qc can be calculated as: 

 

         (3) 

 



 

It is assumed that the constant level of �𝜎
𝐸
� implies the constant structure. By adopting it (3), we obtained 

the value for activation energy at high temperature (defined as Qc–HT) from the creep data for an indium 

joint under constant loads at 293 K, 343 K and 386 K. Taking the concept of Qc declining with 

temperature [11,13–15], we selected the value of Qc at 76 K (Qc–LT) based on non-linear regression of 

the creep data at 76 K from Reed et al. [16] with (2). Then, a function of activation energy for creep with 

variable of temperature, Qc(T), was established as: 

    (4) 

 

The non-linear regression of all creep data with (2) associating with Qc(T) was executed under the 

temperature range of 76–413 K. The constants required in (2) are listed in Table 1. 

Table 1 

Hyperbolic sine law creep model parameters obtained from regression of all creep data. Creep data: at 76 

K [16]; at 173 K and 223 K [17]; 273–413 K [18]; 295–386 K from this study (unpublished). 

 
 

2.2.2. Material properties 

The sensor and readout chips are both made of silicon which is input in the model. Since the indium joint 

is more ductile than silicon, the materials of the chips are assumed to be in the elastic state during the 

entire process. In this case, three types of properties are considered for the chips: the Young’s modulus, 

Poisson’s ratio and CTE. Apparently, the proposed constitutive model discussed above (defined as Case 

A) is applied to describe inelastic properties of indium joints outside the elastic range. In order to have a 

basis for comparison, a model with constant Qc is also applied for indium joint as Case B. As stated 

before, indium will undergo a wide range of homologous temperatures due to its low melting-

temperature; hence, the dependence of elastic and thermal properties on temperature has to be considered. 

CTEs of silicon in this study are also temperature-dependent so the effect of cryogenic temperatures on 

thermal stress can be included. The linear CTEs for silicon and indium as functions of temperature, 

implemented in the model, are given in Fig. 4 [19–24]. The global structure of the materials’ properties 

applied to the model and other parameters used in the model are shown in Table 2. 

 

Table 2 

Material properties used in this study: the elastic properties of indium and silicon obtained from [25]. 



 
E – Young’s modulus, v – Poisson’s ratio, CTE – coefficient of thermal expansion 

 

 

 
Fig. 4. Evolution of linear coefficient of thermal expansion of indium and silicon with temperature [19–

24] 

 

2.3. Thermal history 

The indium joint’s response in the package to five low-temperature cycles was simulated. Since the 

package dimensions are small, the temperature gradient is neglected in this study. The temperature is 

assumed to be homogenous in the package, and it changes with the ambient temperature. The heating and 

cooling rate of a thermal cycle is 2.5 K/s; with the temperature range being from 300 K to 76 K and the 

dwell time of 80 s. The temperature change during low-temperature cycling is illustrated in Fig. 5. 

3. Results and discussion 

3.1. Case A 

3.1.1. Stress distribution under low-temperature cycling 

The distribution of von-Mises stress in the package after five low-temperature cycles is presented in Fig. 

6, which clearly shows that the corner joint at the edges of the package (arrowed in Fig. 6) is the main site 

of stress concentration due to low-temperature cycling. Although both chips are made of silicon, different 



 

displacements are induced in them due to the displacement constraint along axis Y at the central bottom 

point of the readout chip (marked in Fig. 2a) and dissimilarity of their dimensions. Consequently, it 

results in stress concentration and deformation of indium joints. 

  
Fig. 5. Profile for low-temperature cycling used in this study 

 

 

Since displacements of the sensor and readout chips at their edges are larger than that at the centre; the 

peripheral joints will be subject to more serious deformation, resulting in larger residual stresses. For a 

single joint, stresses are concentrated at the solder/chip interfaces as seen in the outmost joint (Fig. 7). 

Also, the stress level in the central zone near the interface of the solder/ readout chip in Fig. 7 is higher 

than that near the solder/sensor chip interface. Because the readout chip is normally assembled with a 

multi-chip module (MCM) through solder bumps, the sensor chip has more degrees of freedom for stress 

relaxation than the readout chip. Above all, under a low-temperature cycling load, the interfaces of the 

outmost joint are one of the most critical positions in the package. 

 

3.1.2. Effect of temperature on stress distribution and its evolution 

In order to understand the influence of temperature change on stress concentration, a von-Mises stress 

distribution in the outmost joint is evaluated when the temperature decreases to 76 K (Fig. 8a) and then 

increases to 300 K (Fig. 8c). As can be seen, the deformed shape obtained after cooling process shown in 

Fig. 8a demonstrates that the indium joint mainly underwent a tensile loading as temperature decreased. 

And the peripheral region of the joint has the highest residual stresses during temperature changes. To 

study this distribution, all stress components were analyzed at two locations at the solder/sensor interface 

(Points 1 and 2 in Fig. 8a). 



 

 
Fig. 6. Distribution of von-Mises stress in package after five low-temperature cycles 

 

 
Fig. 7. Distribution of von-Mises stress in outmost joint (in its middle cross-section) after five low-

temperature cycles 



 

It was found that the largest components are the normal stresses σ11, σ22 and σ33, the levels of which are in 

the same order of magnitude with the von-Mises stress and an order higher than that of other components. 

Focusing on Points 1 and 2, σ11 and σ33 are tensile for both locations; by contrast, the value of σ22 is 

positive at Point 2 and negative at Point 1, indicating that these two points underwent tension and 

compression with the decrease of temperature (Fig. 8b). Hence, the inverse distribution in σ22 should be 

the major source of stress concentration in Fig. 8a, according to the von-Mises criteria. 

 

 
Fig. 8. Stress distribution in outmost joint: (a) von-Mises stress and (b) stress component σ22 (central 

cross-section) when temperature is reduced to 76 K (t = 89.2 s); (c) von-Mises stress and (d) stress 

component σ22 (central cross-section) when temperature is increased to 300 K (t = 258.4 s). Points 1 and 2 

are locations of the outmost joint for comparative study. Scale factor for deformation is 20. 

 

By assuming isotropic thermal expansion, the level of contraction of indium is higher in all the directions 

compared to silicon during a cooling process since the CTE of indium is much larger than that of silicon 

(Fig. 4). Thus, the distance between the sensor and the readout chips (Y axis) decreased as a result of a 

large amount of contraction of indium joint. Meanwhile, for a single joint, the interfaces between it and 

chips restrained the contraction of indium along Y axis due to the mismatch in CTEs of indium and 

silicon, which resulted in an inverse distribution in σ22 between the edge and central regions at the 

solder/chip interfaces. Subsequently, the edge region near the solder/chip interfaces exhibited the largest 

deformation due to the highest level of residual stress induced when the temperature decreased to 76 K as 



seen in Fig. 8a. Nevertheless, the additional constraint on geometry (fixed displacement along Y axis at 

the central bottom point in Fig. 2a) contributed to the appreciable difference in stress distribution (σ22) 

between the indium/sensor (top-plane) and indium/readout (bottom-plane) interfaces shown in Fig. 8b. 

Still, no high shear deformations were observed in the indium joint during low-temperature cycling, 

which could be linked to the different level of contraction mismatch between sensor/readout chips and 

solder/ chips. Shear deformation is normally related to the mismatch between top layer (sensor) and 

bottom layer (readout chip). In our case, since both chips are made of silicon, the source for this mismatch 

is mainly due to the limited geometry constraint. According to our results, the contraction mismatch 

caused by the differential CTEs between the solder and chips is likely to be predominant, leading to 

tension/compression deformation, rather than shear deformation due to the geometry constraint. 

It is similar to the case when temperature increases from 76 K to 300 K as given in Fig. 8d, which is 

attributed to the differential expansion of indium and silicon associated with constraints due to the 

interfaces of indium joint. Consequently, the edge near the solder/chip interface appeared to be the major 

site for deformation during the temperature change (for instance, the heating and cooling process). 

The influence of temperature on the stress evolution was also analyzed for two stages: the dwell period at 

cryogenic temperature (down-dwell stage) and at the maximum temperature (up-dwell stage), 

respectively. Point 1 (Fig. 8a) at the solder/sensor interface was analyzed since it is the main site for stress 

concentration and deformation. The signs () and () in Fig. 9a represent the von- Mises evolution of 

Point 1 after normalization during down- and up-dwell stages, respectively. Stress relaxation occurred in 

both down- and up-dwell stages. Approximately, 37% of stresses were released during the down-dwell 

stage while more than 65% relaxation occurred in the up-dwell stage as expected since material hardens 

at cryogenic temperature. Analysis of creep deformation at Point 1 demonstrates that the creep strain 

increased with time at both stages as obvious in Fig. 9b, but the amount of the increase during the down-

dwell stage () is larger than that during the up-dwell stage (). This is attributed to the change of creep 

strain with time with the creep strain rate depending on stress and the value of (Qc/T) according to (2). 

Thus, the larger increase at cryogenic level could be related to the fact that residual stress at low 

temperature is higher than at maximum temperature as shown in Fig. 8a and c, and the activated energy 

for creep applied to cryogenic temperature (Qc–LT) is much lower than at maximum temperature (Qc–

HT). 

 

3.1.3. Deformation at low-temperature cycling 

Evolution of the effective inelastic strain �𝜀𝑒𝑓𝑓𝑖.𝑒. �with low-temperature cycles was obtained with (5) on the 

basis of the von-Mises criteria and plotted in Fig. 10. 

      (5) 



 

 

 
Fig. 9. Evolution of von-Mises stress (a) and equivalent creep strain (b) at Point 1 (see Fig. 8a): when 

temperature is reduced to 76 K (t = 89.2 s) and dwelled for 80 s during first cycle (bottom coordinate 

axis); when temperature is increased to 300 K (t = 258.4 s) and dwelled for 80 s during first cycle (top 

coordinate axis). Signs () and () represent the respective down- and up-dwell stages. 

 

 
Fig. 10. Evolution of effective inelastic strain at Point 1 with thermal cycles 

 



where 𝜀𝑖𝑖.𝑒. (k = 1–3) is the principal inelastic strain component. Thermal ratcheting occurred in the joint 

caused by low-temperature cycling as seen in Fig. 10 (Point 1). And the stabilized inelastic strain tends to 

occur after one cycle. 

 

3.2. Case B 

In a general numerical procedure to analyze the reliability of solder joints due to temperature changes in 

electronics packages, the solder’s response in a package under conditions of thermal cycling test is 

simulated with the FE model. The constitutive law applied to describe the creep behavior of solder joints 

is commonly attained by fitting the experimental creep data obtained from the tests with a series of 

constant loads at evaluated temperatures. As stated before, the creep behavior of metals and alloys for 

normal service conditions usually can be expressed in terms of a powerlaw relation, including stress, 

creep strain (rate), and temperature and activation energy for creep. Here, the curve-fitting process was 

simplified to execute the relation by assuming a constant activation energy for creep within the range of 

temperature studied. It is valid for temperature regimes above 0.5Tm of the solder material. For our case, 

we adopted this concept as Case B, by employing Qc– HT (the value corresponding to temperature above 

0.6Tm shown in (4) as a constant level of activation energy during the low-temperature cycling and 

compared it with Case A in order to understand the influence of activation energy on the deformation of 

solder joints due to low-temperature cycling.  

Evolution of von-Mises stress during two stages (down- and up-dwell stages) at Point 1 was compared 

and plotted after normalization in Fig. 11a. Compared with stress development, the capability of stress 

relaxation predicted in Case A is 35% in average, which is larger than that in Case B (5% relaxation) 

during the down-dwell stage (bottom coordinate axis in Fig. 11a) while approximately 65% residual stress 

induced during heating process was released for both Cases A and B during the up-dwell stage (top 

coordinate axis in Fig. 11a). Fig. 11b illustrates the equivalent creep strain of both Cases A and B during 

the down-dwell stage after normalization. Apparently, a larger increase is found in Case A compared with 

Case B. Combined with the comparison of creep strain evolution between the down- and up-dwell stages 

in Case A (Fig. 9b), the of the outmost joint (i.e. Point 1), which is significantly higher than 

the yield strength (2.8 MPa), and the ultimate strength (15 MPa), of pure indium at 76 K [26], becoming 

unrealistic in field use. By contrast, the stress magnitude predicted in Case A is about 4.83 MPa at Point 1 

after cooling the package down to 76 K with a cooling rate of 2.5 K/s (Fig. 8a). For a period of dwell at 

76 K for 80 s, Fig. 9a clearly indicates the 35% maximum stress was relaxed (down to 3.14 MPa) at Point 

1. This is reasonable since the fast cooling rate will induce higher residual stress (the rate of 2.5 K/s used 

in our study is much faster than that encountered in-service).  

The difference in the creep deformation at Point 1 between Case A and Case B is presented for five low-

temperature cycles in Fig. 12. The predicted value for Case A is 27.3% higher than that for Case B. 

Refocusing on the creep increase along thermal cycling: as expected as a result of the differential level of 



 

creep deformation during the down-dwell stage, there is a higher increase (16%) in creep strain during the 

down-dwell stage for Case A as given in Fig. 11b. 

 
Fig. 11. Evolution of von-Mises stress and equivalent creep strain at Point 1 (see Fig. 8a): (a) von-Mises 

stress during down-dwell stage (bottom coordinate axis) and up-dwell stage (top coordinate axis); (b) 

equivalent creep strain during down-dwell stage (from t = 89.2 to 169.2 s): Signs (--) and ( ) stand for 

down- and up-dwell stages of Case A; Signs (—) and ( ) stand for down- and up-dwell stages of 

Case B. 

 

4. Conclusions 

In this paper, a constitutive model, accounting for the influence of the large-range temperature change 

(0.2–0.7Tm of a material) on the deformation, is proposed for the indium joints used in cryogenic 

applications, specifically associated with the system of hybrid pixel detector, thereby, the solder’s 

response in the package to low-temperature cycling (76–300 K) was studied. 

The results show that the peripheral regions of the solder/chip interfaces are the critical locations that can 

be likely induce failure, in particular, for the outmost joints. Thermal ratcheting occurred to the joints 

during low-temperature cycling. For the two cases studied, compared to the results from the Case B based 

on a constant level of the activation energy for creep, the proposed approach (Case A) can produce more 

adequate results for the temperature change.  



 
Fig. 12. Evolution of equivalent creep strain at Point 1 (Fig. 8a) with low-temperature cycles. 

 

The effect of variable activation creep energy should be accounted in the thermo-mechanical stress and 

deformation analysis of a device used at cryogenic temperatures as it is likely to increase the sensitivity of 

creep strain-rate to low temperature. The proposed model offers an approach to analyze the performance 

of the joints under temperature change of concerns, and provides a useful tool for design optimization for 

the electronic package and experimental testing. The future research will consider the comparison 

between the obtained experimental data from indium joints due to the thermal cycling between 76 K and 

300 K. 
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