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Abstract

:

The problem of thermal modeling of modern three-dimensional (3D) integrated circuit (IC) systems in packages (SiPs) is discussed. An effective quasi-3D (Q3D) approach of thermal design is proposed taking into account the specific character of 3D IC stacked multilayer constructions. The fully-3D heat transfer equation for global multilayer construction is reduced to the set of coupled two-dimensional (2D) equations for separate construction layers. As a result, computational difficulties, processor time, and RAM volume are significantly reduced, while accuracy can be provided. A software tool, Overheat-3D-IC, was developed on the base of the generalized Q3D package numerical model. For the first time, the global 3D thermal performances across the modern integrated circuit/through-silicon via/ball grid array (IC-TSV-BGA) and multi-chip (MC)-embedded printed circuit board (PCB) packages were simulated. A ten times decrease of central processing unit (CPU) time was achieved as compared with the 3D solutions obtained by commercial universal 3D simulators, while saving the sufficient accuracy. The simulation error of maximal temperature TMAX determination for different types of packages was not more than 10–20%.
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1. Introduction


The general trend of the progress of electronic devices and systems is to increase functionality, operation speed, power capacity, heat dissipation capability, while at the same time reduce size and weight.



During the last twenty years, the following three global technology generations have been used by industry to increase the volumetric efficiency of electronic packaging: flip-chip ball grid arrays (BGAs) (1990–2005) [1], 3D stacked modules (2005–2015) [2,3], and multi-chip embedded PCBs (2010–2020) [4,5].



Flip-chip BGA packages which couple the flip-chip interconnections with a heat spreader attachment have demonstrated an effective package solution for higher pin count and superior heat dissipation (see Figure 1) [6].



Various types of BGA-like packages have been proposed as follows: high performance (HP), extra performance (XP), plastic (P), multi-chip (MC), and others. These BGA’s were often soldered to moderately complex flexible printed circuit boards (FPCBs) using surface mount technology (SMT) assembly [1,6]. However, around 2005, the thick film ceramic technology based on the BGA format was no longer capable of supporting the rapidly increasing part count and required vertical interconnects.



Three-dimensional (3D) packages have been implemented to meet this need. Internal stacking modules (ISM) are the package stacked and molded within the base package. They often have been used for mobile phone chip sets. For current applications, package-on-package (PoP) are very popular (see Figure 2) [2]. Both ISM and PoP provide adequate connection between dies. However, the number of connections between dies in the 3D stack is limited. In addition, because the connections between different dies go through the substrate, the parasitic load for these connections is high and an appreciable portion of power is consumed by the connection [7].



In stacked IC-TSV-BGA packages, the through-silicon vias are used for direct vertical connections of the silicon dies. The sizes of the TSVs as compared with the wire bond pads (ISM) or solder bumps (PoP) sizes are significantly smaller, and therefore the parasitic load and input-output (IO) power could be reduced [3].



The comparison between PoP and 3D TSV chip packaging is presented in Figure 3 [4].



Embedded die packaging is the next step in further miniaturization and increased functionality of most electronic systems. For the systems with signal frequencies in the order of several GHz and more, much shorter and impedance-matched interconnections are required. This could be achieved using the chip embedding technology based on chip-on-flex organic substrates with high density build-up layers and microvias equipped on both sides with surface mount passive components and active chips in packages (see Figure 4) [5,8].



On the basis of the presented review, it is seen that the technologies keep the miniaturization trend and advance from a 2D to a 3D system-in-package technology.



The miniaturization of modern LSI circuits leads to an increase in the power dissipation density, which causes their increased heating. The heat drain from electron device active areas is the main factor limiting the device functionality and reliability. The packages are the key elements determining the effectivity of heat dissipation in electronic components and systems. Therefore, the analysis of their thermal modes is of great interest, in particular, the analysis of heat transfer by 3D integrated systems.




2. State of the Art


In this section we analyze the thermal management solutions which have been obtained using computational studies for different types of chip packaging.



2.1. BGA Packages


In [1], the commercial FloTHERM 3.2 version [9] was used to model and simulate the HP- and XP-BGA packages. The sub-modeling technique was used. The global model of the package module was divided into local models. The flip-chip die, heat spreader (metal lid), and solder ball were modeled with 3D elements; the flip-chip bumps and heat source were modeled with 2D elements. Convection-free conditions were taken into consideration. The 2D and 3D temperature maps for the total package and its partial elements were not presented. In [10], thermal modeling of the global 3D constructions of BGA and XP-BGA packages was performed. For comparison, the following two software tools were used: the universal 3D simulator COSMOS and the Overheat BGA program, which are based on the quasi-3D package model. The Pentium 4 CPU time for the XP BGA was 3 h and 15 min, accordingly, it was shown that the quasi-3D models reduced the CPU time by an order of magnitude.



In [11], a simple construction of small outline package (PSOP) combined with a heat spreading mass (copper slag) was simulated using FloTHERM software. The recommendations of package thermal regimes optimization were developed. Unfortunately, the CPU time and the comparison with experimental data were not sited.




2.2. 3D-IC-TSV Packages


In [12], the Cadence general multistep conception of 3D ICs with TSVs design was proposed. Within this conception, thermal analysis is needed to ensure hot spots and thermal leakages are below specified limits.



The following four types of thermal models for 3D-IC-TSV constructions are used: fully numerical FEM [13,14,15], quasi-3D [10,16], analytical [17,18], and based on electro-thermal analogy [19,20].



In [3], the commercial software ABAQUS was used to perform thermo-mechanical simulation and analysis of Xilinx IC-TSV-BGA stack module comprised of FPGA IC, analog IC, and a transceiver. The sub-modeling approach was used to divide the global model into local sub-models. The sub-models effected the convergence of the solution and appropriate accuracy for partial details. The full 3D temperature distribution and 2D temperature cross-sectional views were not presented. The methodology for sewing together the sub-models and forming the global package model was not discussed.



In [21], a numerical 3D model of a two-die 300 mW package with and without TSVs was built using ANSYS. Temperature and heat flux maps were presented. To simplify the solutions, the homogenization and sub-modeling approaches were performed.



The COMSOL software was used for thermal simulation in two- and three-layer stacked middle power [14] and high power [15] ICs.



The special effects for TSVs, i.e., the heat flow detouring around the TSV, Cu pistoning in through-silicon holes, and thermo-mechanical stress caused by thermal heating were investigated in [3,13,21].



Complete thermal modeling of the global IC-TSV-BGA multilayers construction without dividing into local models was performed in [16] using the quasi-3D approach. The full 3D temperature distribution and 2D temperature maps of all the device structure layers were received and analyzed.



In all the works mentioned above, the 3D-IC-TSV modeling procedure was iterated several times until the module offered satisfied performance. Therefore, different thermal model reduction techniques were used to produce lighter models. In [19], the Green function-based analytical spectral method was used assuming the homogeneous thermal conductance of vias. A significant (3–100 times) speed-up over FDM-based thermal simulator COMSOL was achieved. In several works, a combination of analytical and numerical methods was used for thermal modeling of 3D ICs. In [17], a simple analytical model was proposed to estimate the temperature distribution in active layers of IC chips. ANSYS was used for 2D general construction simulation assuming uniform heat generation in the homogeneous medium with constant properties to avoid a convergence problem. In [20], the analytical model assumed heat flow only in vertical directions, and neglected heat spreading in the device plane. Each active die was associated with two significant thermal resistances, i.e., silicon–SOI substrate and metal–SiO2. A numerical solution for the simplified model was used to analyze the role of TSVs in heat dissipation.




2.3. Embedded Die Packages


The general conception “design to manufacturing” of embedded PCBs was developed in the HERMES project (high density integration in embedding chips for reduced size module and electronic systems) [22]. The multistep workflow with a consistent model library was proposed. One of the steps was thermo-mechanical modeling to identify the high stress areas within components at different PCBs. In [23], in addition to the general design workflow the specific features of the power PCB Embedded Technology were discussed. In both publications [22,23], only the results of stress simulation were presented. The thermal models were not discussed, and the results of temperature and heat flow distributions in the embedded die board structures were not presented.



Unfortunately, we did not find publications in which the thermal modeling problem of multi-chip embedded circuit boards was considered completely.



Summarizing the cited above review, we can conclude that the complex problem of heat transfer in 3D packages was numerically solved using the following universal 3D simulation tools: FloTHERM [1,11], COMSOL [14], ANSYS [24], MSC/PATRAN [25], COSMOS [26], and others. However, the assessment of sensitivity to various geometric and material parameters for large finite-difference or finite-element models requires long processor times and large RAM volume. Correct simplification of a 3D thermal model is an effective means of obtaining an accurate solution with acceptable processor time. In this direction lead two ways: a sub-modeling technique (the global model of the package is divided into local models of its functional blocks) and a quasi-3D approach (the 3D problem is reduced to a system of coupled 2D equations for the set of device structure layers).



In this paper, the quasi-3D approach is introduced as an effective way to solve the problem of thermal simulation of the modern 3D-IC-TSV and multi-chip embedded circuit board packages.





3. Quasi-3D Numerical Model of IC Packages


The temperature distribution in the global construction of a 3D IC module is described by the Joule heat transfer 3D partial differential equation:


   ∂  ∂ x    [  λ ( x , y , z )   ∂ T   ∂ x    ]  +  ∂  ∂ y    [  λ ( x , y , z )   ∂ T   ∂ y    ]  +  ∂  ∂ z    [  λ ( x , y , z )   ∂ T   ∂ z    ]  = − P ( x , y , z ) .  



(1)




where λ is the thermal conductivity and P is the power density.



In the multilayer structure (Figure 5), the temperature distribution along the z-axis in each structural layer can be considered to be linear, since layer thickness is much smaller than its horizontal dimensions, i.e., LX, LY ≫ LZ. Due to this, the 3D problem can be reduced to a system of 2D equations on the horizontal surfaces of the layers [10].



The system of 2D equations describes the temperature distribution on the top surface of the package T1(x,y), on the surfaces of the package inner layers Tξ(x,y), ξ = 2, …, N, and on the surface of the PCB TN+1(x,y). These equations have the following form:




	
convective heat transfer occurs on the top surface of the package


   ∂  ∂ x    [   λ 1  ( x , y )   ∂  T 1    ∂ x    ]  +  ∂  ∂ y    [   λ 1  ( x , y )   ∂  T 1    ∂ y    ]  + α  (   T  A M B   −  T 1   )  +  λ 1  ( x , y )    T 2  −  T 1     Z 1    = 0 ,  



(2)







	
for inner layers


       ∂  ∂ x    [   λ ξ  ( x , y )   ∂  T ξ    ∂ x    ]  +  ∂  ∂ y    [   λ ξ  ( x , y )   ∂  T ξ    ∂ y    ]  +  λ  ξ − 1   ( x , y )    T  ξ − 1   −  T ξ     Z  ξ − 1     +  λ ξ  ( x , y )    T  ξ + 1   −  T ξ     Z ξ    =           =  {      − P ( x , y ) ,     f o r     a c t i v e     l a y e r s     w i t h     p o w e r     s o u r c e       0 ,     f o r     p a s s i v e     l a y e r s                ,     ξ = 2 , … , N .          



(3)




where Tξ(x,y) is the layer temperature; TAMB is the ambient temperature; P is the power density on die surface; α is the convective heat transfer coefficient; λξ and zξ are the thermal conductivity coefficient and thickness of the package structural layer ξ = 1,2, …, N; N is the quantity of package layers XS YS package horizontal sizes.








On the PCB surfaces, the temperature is assumed to be constant and equal to the ambient temperature, TN+1(x,y) ≡ TAMB, or other heat exchange conditions are established, for example, a coefficient of convective heat exchange can be set.



Appropriate boundary conditions for Equations (2) and (3) are established on the side surfaces of the package.



The system of partial differential Equations (2) and (3) is solved by the finite difference method. A non-uniform difference grid is generated automatically. The system of linear algebraic equations is solved by the method of successive over relaxation. The software tool guided by 3D IC chip package thermal simulation was developed. The maximum quantity of structural layers is 20 and the difference grid maximum size is 700 × 700 nodes. The software is able to simulate thermal processes in different types of BGA packages, such as 3D integrated IC-TSV-BGA, multi-chip stack embedded PCB, and others.



The input data are the following:




	
Package structural parameters, i.e., the number of layers, type of layer, sizes, and physical parameters of the layer;



	
The powers or power densities of the active dies;



	
Computational parameters, i.e., difference network sizes MX × MY and accuracy of computations.








The output data are the following:




	
Temperature arrays in network nodes for each layer Tξ(i,j), ξ = 1,2, …, N;



	
The temperature distribution plots Tξ(i,j) in the x,y plane;



	
Average TAV and maximal TMAX values of layer temperatures.








The CPU time for a typical BGA package thermal simulation is about 30 min for the IBM PC Intel Core i7. For comparison, the process of simulation using the universal fully-3D simulator ANSYS requires 330 min of CPU time.




4. Simulation Results


The results of using the Q3D package models for thermal simulation of different types of BGA packages have been presented in our previous work [10]. Next, the Q3D modeling results of modern generation chip packages, i.e., stacked IC-TSV-BGAs and multi-chip embedded circuit boards, which are expected to take hold in the industry and become mainstream technologies, are presented [11].



4.1. Stacked IC-TSV-BGA Module


The 3D module under test is shown in Figure 6 and Figure 7. It is similar to the Xilinx module [3] which consists of three active dies (17,18,19 in Figure 6) placed on a passive silicon interposer. The interposer consists of TSVs, metal layers for connecting the die with the die, microbumps for connecting the die with the interposer, and C4 bumps for connecting the interposer with the die. The package sizes are 35 × 35 × 3.25 mm. The total power is 20 W.



The thermal conductivities of the package constructive materials are shown in Table 1.



It is interesting to analyze critical temperatures for a multi-chip TSVs stack, i.e., maximal temperatures for the semiconductor dies and the interposer with built-in copper TSVs.



To simplify the thermal analysis of the package structure in Figure 6a, we established at the PCB surface, the condition TPCB = TAMB, neglecting the heat flow caused by a free convection.



In Figure 6b,c, the temperature distributions on the surfaces of active dies with power 8 W (Dies A) and 4 W (Die B) and on the upper surface of a passive silicon interposer are shown. In Figure 7 the temperature distribution along the vertical line L (see Figure 6a) is shown.



The value TMAX = 145 °C observed at the surface of the middle die in Figure 6b is critical because it is very close to that established for the semiconductor ICs’ upper limit of 150 °C. The thermal regime of the middle die must be improved to decrease TMAX.



The copper TSVs integrated into the silicon interposer are sensitive to temperature influence. A primary reliability concern for 3D integration is Cu pistoning as a result of the coefficient of thermal expansion mismatch with Si. Therefore, the temperature of the silicon interposer is the important factor. It is seen in Figure 6c that the TMAX of interposer is about 106 °C, which means that stress and degradation of TSVs cannot appear.



It is necessary to note that the complete thermal solution for the global IC-TSV-BGA construction was obtained [12].




4.2. Multi-Chip Stack Embedding Package


Embedded die modules have enabled continued electronic packaging size reduction while at the same time improved performance. The wafer and board level device embedded (WABE) technology is used to embed die in multi-layer flexible PCB [27]. Three structures of embedded modules were examined.



In Figure 8, the temperature distribution in the structure of a single-layer package with 38 × 38 mm2 total area is shown. The analogous pictures are shown in Figure 9 for the two-layer package with 38 × 20 mm2 area, and in Figure 10 for the three-layer package with 20 × 20 mm2 area. The power of each die is 10 W.



The series of Figure 8, Figure 9 and Figure 10 illustrates two facts. Firstly, the stacking technique reduces the total device area in the horizontal plane, twice for the stacked module in Figure 9 and thrice in Figure 10. Secondly, the price of the area reduction is the rapid TMAX increase of the active dies, i.e., 44, 55, and 72 °C for the constructions, presented in Figure 8, Figure 9 and Figure 10 accordingly. The largest value of 72 °C for the structure, shown in Figure 10, correlates well with the experimental value of 85 °C taken for the embedded die module reliability testing in [11,27].



The complete solution of 3D thermal performance in modern multi-chip embedded module fabricated by WABE technology was developed for the first time.





5. Validation of the Q3D Model


The validation of the Q3D model was carried out by the following two ways: (1) comparison with simulated results obtained using standard fully-3D FEM simulators and (2) comparison with measured characteristic temperatures or thermal resistances, i.e., junction to case (ΘJC) and junction to board (ΘJB), for different types of packages.



5.1. Comparison with Results Obtained Using Standard Fully-3D FEM Simulators


For thermal characterization, the TSV-based 3D stacked ICs module, presented in Figure 11a, was selected [14]. The complete model consists of three silicon layers each with the size 1 × 1 × 0.1 mm, 16 TSVs in the form of a 4 × 4 matrix placed on each of the silicon layers, and 64 copper bumps divided into four groups, 4 × 16. The bottom layer of bumps is in contact with the FR4 circuit board and the top layer of bumps is in contact with the heat sink. The silicon die in the model is partitioned into four 2 × 2 matrices of power grids, as shown in Figure 11b. Each grid represents a different function block.



The 3D view of temperature distribution for three-layer chip in the package obtained using the COMSOL 4.1 software [28] is shown in Figure 12 [14].



This module was simulated using the Overheat-3D-IC software tool with a developed quasi-3D model. The temperature distributions on the surfaces of the upper and the bottom silicon layers with TSVs are presented in Figure 13. They are in good agreement with the temperature distribution presented in Figure 12. The comparison with the simulated results obtained using COMSOL software is presented in Table 2.



It is seen that the Q3D thermal model is valid and gives a solution very close to the complete numerical solution obtained using a standard fully-3D FEM simulator.



In an analogous way, the simulation results were duplicated obtained using FloTHERM for the Analog Devices Power Small Outline Package (PSOP) with sizes 15.9 × 11 × 3.15 mm and total power 2 W working at ambient temperature TAMB = 85 °C [11]. The maximal difference in internal module temperature distributions obtained by two different tools in the range + 85–130 °C was not more than 5–6 °C.



These examples confirm the fact that the developed Q3D thermal model is valid and describes the temperature distribution in different types of 3D IC packages adequately to the fully-3D model.




5.2. Comparison with Measured Thermal Resistances for Different Types of Packages


5.2.1. The Standard BGA Package


The standard 17 × 17 mm2 BGA package was used with 8.2 × 8.2 mm2 die, three-row peripheral ball array, 156 perimeter balls, 16 central thermal balls; the chip power dissipation was 1 W [26]. The comparison of the measured and simulated results for thermal resistance junction to ambient ΘJA is shown in Table 3, showing that good agreement was achieved.




5.2.2. UltraScale FPBGA Package


Because the Xilinx FSGD2104 package was used as an element of global TSV-IC-BGA module it was selected as the device under test. Simulated and measured thermal resistances ΘJB and ΘJC of the package FSGD2104, which is used for field-programmable gate arrays (FPGA) [26] are presented in Table 4.



It is seen that the proposed quasi-3D thermal model of the package provides the results with reasonable accuracy.





5.3. High-Performance Flip-Chip BGA (HP-fcBGA)


High-performance flip-chip BGA (HP-fcBGA) is a popular package solution for higher pin count and superior heat dissipation. In [1], the measurement results of these packages thermal mode, as well as the results of their simulation using the FloTHERM soft tool were presented. We have compared the measured and simulated by FloTHERM thermal resistance junction to ambient ΘJA with this resistance simulated using our software Overheat-3D-IC. It is seen in Figure 14 that our simulation results are in good agreement with this experiment.





6. Conclusions


The quasi-3D approach for thermal modeling of 3D integrated circuits systems in package (SiPs) was developed. It takes into account the following specific attributes of modern SiP constructions:




	(a)

	
3D integration of ICs and board;




	(b)

	
Large number of thinned layers of different materials;




	(c)

	
Vertical z-axes interconnections.









The classic heat-transfer equation for a 3D multilayer structure is reduced to the set of coupled 2D equations for separate construction layers. As a result, the computational difficulties, processor time, and RAM volume are greatly reduced, while saving the accuracy. The software tool Overheat-3D-IC was developed on the base of the generalized Q3D package numerical model.



Two modern types of 3D SiPs, i.e., IC-TSV-BGA and MC-embedded PCB, were analyzed using Overheat-3D-IC and universal 3D simulator COMSOL. For the IC-TSV-BGA, the CPU time was 30 min and 330 min, accordingly. The difference in the TMAX determination was not more than 10%.



The complete 3D thermal solution for the global IC-TSV-BGA construction was obtained. The heating problems for temperature sensitive IC chips and TSVs were discussed using the set of 2D temperature maps. We can confirm that the Q3D analysis is more effective than the sub-modeling analysis used in [3].



The complete 3D thermal simulation of the MC-embedded PCB module fabricated by the novel WABE technology was carried out for the first time. It was shown that multi-chip stack embedding technology cardinally reduced the horizontal area of module, and at the same time increased, in equivalent proportion, the maximal temperatures of the dies.



Validation of the Q3D model was carried out. The simulated and measured values of thermal resistances ΘJA, ΘJB, ΘJC, and maximal temperature TMAX were compared for different types of packages. The simulation error was 10–20%.



In particular, the quasi-3D model is applicable to modern 3D IC packages and also to widely used packages of flip-chip BGA series.
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Figure 1. Extra performance ball grid array (XP-BGA) package. 1, active die; 2, die attach 1; 3, die attach 2; 4 dummy spacer die, stacked gap; 5, heat spreader attach; and 6, heat spreader. 
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Figure 2. Package-on-package (PoP) structure. 1, solder balls; 2, laminate; 3, dies; 4, stacked gap; 5, laminate; and 6, mold cap. 
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Figure 3. Three-dimensional integrated circuit (3D IC) vs. PoP. 
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Figure 4. Embedded die package. 1, Embedded die; 2 BGA die; 3, passive components, 4, polyimide; 5, adhesive; 6, copper; and 7, conductive paste. 
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Figure 5. Geometrical model of the 3D structure of stacked silicon interconnection module. Planes: 1, package top; 2, bottom of package lid; 3, top of dies; 4, bottom of dies; 5, top of passive silicon interposer; 6, bottom of passive silicon interposer; 7, top of substrate; 8, bottom of substrate; 9, surface of PCB; 10, BGA balls; 11, package substrate; 12, C4 bumps; 13, passive silicon interposer; 14, microbumps; 15,16, and 17, active dies; and 18, lid of package. 
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Figure 6. Distribution of temperature in the structure of stacked IC-TSV-BGA module [16]. (a) Cross-section of the structure. L, the line of the vertical temperature distribution diagram, see Figure 7; (b) Temperature on the active surface of dies, isotherms, °C; (c) Temperature on the top surface of interposer, isotherms, °C. 1, active die with power 4 W; 2, active die with power 8 W; and 3, active die with power 8 W. 
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Figure 7. Vertical temperature distribution along the line L (see Figure 6a) [16]. Package regions: 1, BGA balls; 2, substrate; 3, C4 bumps; 4, interposer; 5, microbumps; 6, active die; 7, air; and 8, package lid. 
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Figure 8. Thermal mode of chips located in a single-layer package. (a) Cross-section of the structure; (b) Vertical temperature distribution along the line L; (c) Temperature distribution on the active surface of the dies. 1, dies flip-chip; 2, solder balls; 3, substrate-polyimide; 4, vias; and 5, PCB. 
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Figure 9. Thermal mode of chips located in a two-layer package. (a) Cross-section of the structure; (b) Vertical temperature distribution along the line L; (c) Temperature distribution on the active surface of the die lying on the package. 1, upper die flip-chip; 2, lower dies flip-ship; 3, polyimide; 4, adhesive; 5, vias; 6, balls; and 7, PCB. 
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Figure 10. Thermal mode of chips located in a three-layer package. (a) Cross-section of the structure; (b) Vertical temperature distribution along the line L; (c) Temperature distribution on the active surface of the die lying on the package. 1, upper die flip-chip; 2, middle die flip-chip; 3, lower die flip-chip; 4, solder balls; 5, vias; 6, polyimide; 7, adhesive; and 8, PCB. 
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Figure 11. (a) Three-layer TSV stack model built using COMSOL 4.1 software; 1, TSVs; 2, solder balls; 3, heat sink; and 4, substrate. (b) Die surface; 5, 2 × 2 matrices of power grids. 
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Figure 12. The 3D view of steady-state temperature distribution for three-layer chip with TSVs; 1, upper silicon layer; 2, central silicon layer; 3, bottom silicon layer. 
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Figure 13. The temperature distributions simulated using Overheat-3D-IC. (a) On the upper silicon layer; (b) On the bottom silicon layer. 
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Figure 14. (a) High-performance flip-chip BGA (HP-fcBGA) structure; (b) Thermal resistance junction to ambient ΘJA. 1, measured; 2, simulated by FloTHERM; and 3, simulated by Overheat-3D-IC. 
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Table 1. Thermal conductivities of the package constructive materials.
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	Material
	Constructive Element
	Thermal Conductivity, K/W





	Silicon
	die, interposer
	150



	Solder
	balls
	50



	Ceramic
	substrate
	0.377



	Polyimide
	constructive layers
	100



	Copper
	via
	385



	Molding
	constructive layers
	0.6



	Covar
	lid
	17
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Table 2. Comparison of results obtained using COMSOL and Overheat-3D-IC software tools.
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Temperature, °C

	
COMSOL [14]

	
Overheat-3D-IC (This Work)

	
Difference




	
In °C

	
In %






	
TMAX for bottom layer in Figure 8a

	
82

	
78.2

	
3.8

	
4.4




	
TMAX for upper layer in Figure 8a

	
76

	
73.4

	
2.6

	
3.4
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Table 3. Simulated and measured thermal resistances of 17 × 17 mm2 BGA package.
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	ΘJA, K/W
	Average Temperature of Die, °C





	Measurement [26]
	23.3
	41.6



	Q3D model
	23.9
	40.8
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Table 4. Simulated and measured thermal resistances of the package FSGD2104.
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	Thermal Resistance, K/W
	Value from the Reference [29]
	Calculated by Q3D Model





	ΘJB
	0.004
	0.005



	ΘJC
	0.219 … 0.292
	0.246











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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