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Abstract 
 
When an indium antimonide (InSb) infrared focal plane array (IRFPA) is subjected to a thermal shock test, most of the cracks originate 

from the region over the negative electrode, which restricts its final yield. In light of the proposed equivalent modeling, three negative 
electrode structures are assessed to eliminate the accumulated deformation around the negative electrode. Simulation results show that 
when a thicker indium bump array is connected directly with negative InSb material, the accumulated thermal deformation is the mini-
mum, the top surface of InSb chip is the smoothest, and the square checkerboard buckling pattern, present clearly in both gold buffer 
layer and sparse thicker indium bump array structure, seems to be unclear. All these mean that a thicker indium bump array structure is a 
good choice, which will benefit to reduce fracture probability of InSb IRFPAs under thermal shock.   
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1. Introduction 

Indium antimonide (InSb) PN junctions are widely used as 
infrared photovoltaic detectors and imaging sensors for the 3-5 
μm spectral range. For higher spatial resolution of the image, 
an InSb staring infrared focal plane array ( IRFPA) detector is 
commonly designed with larger format, such as 1024×1024 
pixels (1024 columns, 1024 rows), and 2048×2048 or even 
more larger arrays [1-3]. To obtain higher signal to noise ratio, 
InSb IRFPA usually operates at liquid nitrogen temperature 
(77 K), yet assembled at room temperature (300 K). When its 
temperature rapidly decreases from 300 K to 77 K, due to 
thermal mismatch between neighboring components, the in-
duced thermal strain and stress cause the InSb chip to fracture. 
Typical fracture photographs are shown in Figs. 1, and the 
fracture probability, just as the patterns appearing in Figs. 1(a), 
(b), and (c), is about 70%, 20%, and 10%, respectively. Ap-
parently, in the typical fracture photographs of InSb IRFPA, 
the great majority of cracks initiate in the InSb chip, and the 
initiating positions are located over the negative electrode; all 
these imply that the negative electrode design may be a major 
cause to incur InSb fracture under thermal shock. So in this 
paper, three typical negative electrode designs are proposed to 

research their effect to InSb chip deformation. 

 
2. InSb IRFPas structure, fabrication process  

The InSb IRFPA is usually composed of three layers, in-
cluding the upper InSb photosensitive layer, the bottom silicon 
readout integrated circuit (ROIC) and the intermediate inter-
connecting layer, made of indium bump array and reticular 
underfill [2]. The InSb IRFPA is usually fabricated by flip-
chip bonding technology, that is, indium bumps are formed 
first on both detector array and silicon ROIC, then detector 
array and silicon ROIC are aligned and force is applied to 
cause indium bumps to cold-weld together. In large format 
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         (a)                 (b)                (c) 
 
Fig. 1. Typical fracture photographs presented in InSb IRFPA under 
thermal shock. 
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InSb IRFPAs, mesas are etched to make an array of photodi-
odes, just as shown in Fig. 2; here indium bumps have been 
attached to the positive electrodes of InSb photodiodes [2]. In 
InSb IRFPA structure, photodiodes are usually distributed 
uniformly in both the central and the outmost regions, and 
between them, the negative electrode exists. In this paper, 
three negative electrode connections are analyzed, which cor-
respond to gold buffer layer structure, thicker indium bump 
array structure, and sparse thicker indium bump array struc-
ture, respectively. In gold buffer layer structure, the negative 
InSb is connected with indium bump by means of gold buffer 
layer, and all the indium bumps have the same thickness. In 
thicker indium bump array structure, the indium bump array is 
elongated to connect with negative InSb directly. And in 
sparse higher indium bump array, the thicker indium bump 
array is sparse.   

 
3. Model creation and parameters selection 

The structure of InSb IRFPAs is complex, and with charac-
teristic sizes ranging from a few micrometers to several cen-
timeters, so in the structure modeling creation, a large number 
of elements are needed, which leads to the stiffness matrix 
being too large to be solved. To overcome this problem, an 
equivalent modeling was proposed in Ref. [4], where a 
smaller array is employed to replace the larger array to create 
the structural modeling.    

The CTE of material is strongly dependent on the tempera-
ture, usually decreasing with decreasing temperature. To cal-
culate exactly the accumulated thermal strain in the layered 
structure, in this paper, the employed CTE models are all tem-
perature-dependent. Both silicon ROIC and gold layer are 
homogeneous and isotropic linear elastic materials, InSb is an 
anisotropic linear elastic material, indium bump is a viscoplas-
tic material and its Young’s modulus increases with decreas-
ing temperature. Underfill is a viscoelastic material in its glass 
transmitting region, once completely cured, and shows obvi-
ously linear elastic feature. The CTEs for different materials 
are plotted in Fig. 3 [5-10]. 

In the InSb chip, its thickness is only 10 μm, and there are 
four parallel or vertical isolation troughs around every mesa-
junction with depth about 2-4 μm; besides, both median 
cracks (3-4 μm) and lateral cracks (1-2 μm) may appear in 
InSb chip backside thinning process [11], and all these factors 

will weaken the toughness of InSb chip along its normal direc-
tion. In previous research, we found that when the out-of-
plane elastic modulus of InSb chip is set with 30 percent 
Young’s modulus, fracture initiating sites, cracks distribution 
and Z-component of strain distribution appearing in the simu-
lating results are all well in agreement with the fracture statis-
tics results of 128×128 InSb IRFPAs under thermal shock test 
[12].  

All the employed mechanical property parameters are listed 
in Table 1, where E  is Young’s modulus, m  is Poisson’s 
ratio, and CTE  is the coefficient of thermal expansion. 

From 50 K to 370 K, the linear thermal expansion coeffi-
cient of underfill a can be approximated by [5] 

 
6 822.46 10 5.04 10 ( 273)Ta - -= ´ + ´ ´ -             (1) 

 
where T  is in kelvin. 

 
4. Results and discussions 

In gold buffer layer structure, the negative InSb is con-
nected with indium bump by means of gold buffer layer, and 
all the indium bumps have the same thickness. Here the nor-
mal Young’s modulus of InSb is set at 30 percent of bulk 

 
 
Fig. 2. SEM photo shows mesa photodiode array with indium bumps. 

Table 1. Elastic material parameters at different temperatures.  
 

Materials Elastic modulus 
(E/GPa) 

Poisson’s 
ratio (μ) 

Temperatures 
(T/K) 

Silicon ROIC 163 0.28 77-300 

409 (in plane) 
InSb chip 

122.7 (out-of-plane) 
0.35 77-300 

20.54 0.4326 76 

16.24 0.4408 187 Indium bump 

12.70 0.4498 300 

Underfill 0.0002/α 0.30 77-300 

Gold layer 79 0.44 77-300 
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Fig. 3. Linear coefficients of thermal expansion as a function of tem-
perature for InSb, indium bumps, underfill, negative electrode and 
silicon ROIC. 
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modulus, the simulated surface deformation in InSb IRFPAs 
is shown in Fig. 4(a), for comparison; here InSb IRFPA top 
surface deformation optical photograph is also shown in Fig. 
4(b). Apparently, the simulated Z-component strain distribu-
tion not only presents both crack initiating spots and crack 
pattern, but also offers the overall surface deformation charac-
teristic, and it almost contains completely all the typical frac-
ture features appearing in the InSb IRFPA failure pattern. So 
in this paper, Z-component strain is selected as the criterion to 
assess the structural reliability of the InSb IRFPA.  

To eliminate the strain concentrated in the region over the 
negative electrode, the indium bump array is elongated and 
connected with negative InSb material directly; thus the gold 
buffer layer is abandoned. Compared with the gold layer, 
Young’s modulus of indium is smaller, and is almost one-
fourth of gold. All these are aimed at reducing the accumu-
lated thermal strain by means of the easier deforming ability 
of indium. The simulated Z-component strain is shown in Fig. 
5. Compared with the Z-component strain appearing in Fig. 
4(a), where the gold buffer layer is selected, the simulated Z-
component strain with thicker indium bump array is more 
advantageous in the following aspects. First, the maximal Z-
component strain is 0.01572, smaller than 0.01780, appearing 
in gold buffer layer structure; besides, its variation range also 

reduces from 0.04086 to 0.03734, which means the peak to 
trough amplitude decreases. Correspondingly, the top surface 
of the InSb chip becomes flat. Secondly, the maximal Z-
component strain moves from the region over negative elec-
trode to central photodiodes array region, and the square 
checkerboard buckling pattern appearing clearly in Fig. 4(a) 
blurs, particularly in the central region of photodiodes array. 
Note that the strain concentrating effect in the region over the 
negative electrode is still obvious, and its extrema take on 
non-continuous distribution. On the regions connected with 
indium bump array, InSb chip shifts upward greatly, and on 
the locations contacting with meshy underfill, InSb chip shifts 
downward slightly.  

In Fig. 4(b), we notice that the local thermal deformation is 
not manifest in the outmost region of the InSb IRFPAs, where 
InSb chip adheres well with silicon ROIC by means of under-
fill, and indium bump does not exist. Taking account of the 
fact in InSb chip, the regions where connected with indium 
bump array shifted upward, and connected with underfill 
shifted downward; thus the sparse thicker indium bump array 
structure is proposed to further reduce the accumulated ther-
mal strain appearing around negative electrode. Here the 
number of higher indium bumps is reduced by half, and keeps 
other structural parameters unchanged; the simulated Z-
component of strain is illustrated in Fig. 6. Compared with 
thicker indium bump array structure, its maximal Z-
component of strain is still located in the central photodiode 
array. The strain concentrating effect in the region over the 
negative electrode seems to decrease, yet the square checker-
board buckling pattern also reappears clearly on the whole top 
surface of InSb chip, and at the same time, the peak to trough 
amplitude also increases. So the sparse thicker indium bump 
array structure is not a satisfactory design.  

To assess thoroughly the above described three negative 
electrode structures, in Fig. 7, the maximal deformations in 

 
Fig. 4. (a) Simulated Z-component of strain distribution with gold 
buffer layer; (b) typical fracture photograph.  

 

 
 
Fig. 5. Simulated Z-component of strain distribution with thicker in-
dium bump array. 

 
 

 
Fig. 6. Simulated Z-component of strain distribution with sparse 
thicker indium bump array. 
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different layers are plotted together [13]. Apparently, in the 
whole device, the maximal deformation amplitude, about 2.5 
μm, appears on top surface of silicon ROIC, where the maxi-
mal thermal mismatch exists. When passing through the 10 
μm intermediate layer, the deformation amplitude is signifi-
cantly reduced to 0.25 μm, and after passing through InSb 
chip, the deformation amplitude is further decreased to 0.14 
μm. This change trend has nothing to do with the negative 
electrode structure. 

Up to now, we conclude that in both the central and outmost 
regions of the photodiode array, the interaction between 
neighboring materials is local, and around the negative elec-
trode, the negative electrode structure has a great effect on the 
thermal strain accumulation; thus the uniform indium bump 
array should an acceptable design scheme. 

 
5. Conclusions 

Based on the proposed equivalent modeling, three negative 
electrode structures are assessed to reduce the thermal strain 
concentrated in the region over negative electrode, where the 
cracks originate. Simulation results show that when the thicker 
indium bump array is connected directly with negative InSb 
material, the top surface of the InSb chip is the smoothest and 
with the minimal thermal deformation. Neither sparse indium 
bump array nor gold buffer layer structure is an efficient de-
sign in eliminating the accumulated thermal deformation. 
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Fig. 7. Maximal Z-direction deformation obtained with different nega-
tive electrode structure. 
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