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The through silicon via technology is a promising and preferred way to realize 
the reliable interconnection for 3-D integrated circuit integration. However, its 
size and the property of the filled-materials are two factors affecting the thermal 
behavior of the integrated circuits. In this paper, we design 3-D integrated cir-
cuits with different through silicon via models and analyze the effect of different 
material-filled through silicon vias, aspect ratio and thermal conductivity of the 
dielectric on the steady-state temperature profiles. The results presented in this 
paper are expected to aid in the development of thermal design guidelines for 
through silicon vias in 3-D integrated circuits. 
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Introduction 

With the rapid development of electronic science and technology, 3-D integrated 

circuit (3-D IC) technology emerging as a powerful tool for satisfying requirements for the 

challenging integrated circuit packaging has received tremendous attention in the semicon-

ductor community [1-4]. By expanding the design space into the third dimension, 3-D IC ob-

tains significant electrical performance benefits compared with previous packaging technolo-

gies, such as better performance, reduced average wire length, wire delay, lower power con-

sumption and footprint, etc. [5-9]. However, with the increasing integration of 3-D IC, the 

power consumption per unit volume increases dramatically, which makes effective cooling 

more challenging due to the higher power density [10-14]. Once a system fails to remove 

these heat, the temperature rises. A chip’s ability to sufficiently remove the generated heat has 

become a dominant factor in determining performance and reliability of IC. In the era of 3-D 

IC, the problems of heat dissipation are more serious than those in the traditional single IC 

package. Hence, the thermal management of the 3-D IC becomes a major concern [15-18]. 

Through silicon via (TSV) technology is one of the key technologies of 3-D IC, 

which can provide vertical internal electrical connection functions between multilayer chips in 

the advanced 3-D IC. Vertical integration provides a promising solution to reduce intercon-

nect power and delay while increasing transistor density independent of costly device scaling. 

The TSV based 3-D IC packaging mainly consists of via formation, via filling, wafer thin-
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ning, and chip stacking. The TSV are essentially metal pillars that penetrate the silicon sub-

strate to engage the metal pads of the layer below [19-23]. With the introduction of TSV, its 

special structure and thermal properties have some influences on the peak temperature of 3-D 

IC. So, in this paper, the effects of material filled, aspect ratio (AR) and the thermal conduc-

tivity on TSV thermal behavior were investigated by the finite element model established in 

the paper. The TSV with different materials filled, AR and thermal conductivity of dielectric 

were set up, respectively. The results presented in this paper are expected to aid in the devel-

opment of thermal design guidelines for TSV in 3-D IC. 

Analysis model 

The physical and thermal model of the 3-D IC are shown in fig. 1, where the differ-

ent layers are bonded by the bonding-layer to form a 3-D structure, and different layers are in-

ter connected using TSV, while the number of 

devices that can be integrated within the system 

is limited [24]: 
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where α is their activity rate, NG – the number 

of gates that can be integrated within a system 

with a clock period tpd, g – the average thermal 

conductance, ΔT – the temperature gradient be-

tween the dissipating elements and the ambient 

air, and E – the energy dissipation. 

Heat flow in the 3-D IC is governed in a 

control volume of a solid with an isotropic ther-

mal conductivity by the following equation [25]: 
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where Cv is the volumetric specific heat of the 

material, T – the temperature of the control vol-

ume, k – the thermal conductivity of the materi-

al, and q – the volumetric rate of generation of 

the heat inside the volume.  

As the key technology, TSV technology 

provides vertical inter-electrical connection 

functions between different layers in the 3-D 

IC. The TSV consists of the dielectric isolation 

layer, metal filled layer and diffusion barrier 

layer. In general, the thickness of the diffusion 

barrier is on nanoscale, and the nanoscale hy-

drodynamics can deal with the velocity distri-

bution and temperature distribution across the thickness [26-29], which is, however, far less 

than the dielectric barrier-layer, and its effect on thermal effect is very small, so the diffusion 

barrier layer is omitted in this model, as shown in fig. 2.  

 

Figure 1. The 3-D IC model 

 

Figure 2. The TSV structure  



 

With the introduction of TSV, its special structure and thermal properties will affect 

the temperature characteristics of 3-D IC, the thermal conductivity of the die can be described 

as effective thermal conductivity keff, which is written: 
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where kmat and kTSV are the thermal conductivities of the layer material and the TSV material, 

respectively, Adie – the area of die, and ATSV –the area of the TSV. From eq. (3), we can find 

that TSV has a certain influence on the thermal distribution of 3-D IC. In the following con-

tents, we mainly study the influence of the structure and the related thermal properties of TSV 

on the temperature distribution of 3-D IC. 

Experimental results 

In this section, we study the effect of TSV structure such as the AR, the TSV ther-

mal properties such as the material filled and the thermal conductivity of the dielectric on the 

temperature distribution of the 3-D IC, respectively. 

Case 1. Effect of the aspect ratio 

In this case, we study the effect of different AR on temperature in the 3-D IC. The 

AR are 10, 12, 15, 20, 25, and 30, respectively. The maximal temperature of 3-D IC in differ-

ent AR of different material filled was shown in fig. 3(a). It can be seen from the diagram that 

the AR has a certain influence on the temperature of 3-D IC, where the effect on temperature 

is large when the AR is between 10 and 20, and when the AR is greater than 20, the effect on 

temperature is small.  

 

Figure 3. (a) temperature profile vs. AR, (b) temperature of different material-filled TSV 

Case 2. The impact of different material filled TSV 

In this case, we change the material of the TSV-filled to find out the impact on the 

temperature, where the filled material are Cu, Al, W, and Fe. As shown in fig. 3(b), it is found 

that the temperature of the 3-D IC increases according to the order of Cu, Al, W, and Fe, 

which is related to the gradual decrease of their thermal conductivity. In order to observe the 

effect of different material-filled, we change the AR to observe the experimental results. The 

results show that when the AR is different, the curves of different filled material are the same, 
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that is the temperature of the 3-D IC increases according to the order of Cu, Al, W, and Fe in 

different AR. 

Case 3. The impact of different material of the dielectric 

The impact of different material-filled dielectric is studied in this case, the dielectric 

constants for used materials are 8, 20, 40, and 60 W/(m°C), respectively. Figures 4(a)-4(d) 

show the temperature variation of 3-D IC of different material-filled dielectric in different AR 

with Cu-filled TSV, Al-filled TSV, W-filled TSV, and Fe-filled TSV, respectively. Obvious-

ly, for different AR of different TSV-filled materials, temperature curves decrease with the 

increase of thermal conductivity of the dielectric. 

 

Figure 4. Temperature of different material-filled dielectric 

On the basis of the previous analysis, and from the point of the thermal management 

of the TSV based 3-D IC, the following design guidelines can be concluded. 

– Cu is a better material for the TSV-filled than Al, W, and Fe.  

– The thermal conductivity of dielectric materials should be as large as possible.  

– In the design of TSV, the AR should be selected properly.  

Conclusion 

In this paper, the effects of 3-D IC with different TSV models and different materi-

al-filled, AR and dielectric thermal conductivity on the steady-state temperature profiles are 



 

studied. The results presented in this paper are expected to aid in the development of thermal 

design guidelines for TSV in 3-D integrated circuit. 

Acknowledgment 

This work is supported by Program of Henan polytechnic university (No. B2018-

40), Key Program of Shandong Provincial Major research and development plan Foundation, 

China (No. 2016GGX103031). 

References 

[1] Lu, T., et al., TSV-based 3D IC: Design Methods and Tools. IEEE Transactions on Computer-Aided 
Design of Integrated Circuits and Systems, 36 (2017), 10, pp. 1593-1619 

[2] Davis, W. R., et al. Demystifying 3D IC: the Pros and Cons of Going Vertical, IEEE Design & Test of 
Computers, 22 (2005), 6, pp. 498-510 

[3] Wang, K. J., et al., Thermal Management of the hotspots in 3-D Integrated Circuits, Thermal Science, 22 
(2018), 4, pp. 1685-1690 

[4] Yan, H. X., et al., Thermal Aware Placement in 3D IC Using Quadratic Uniformity Modeling Approach, 
The VLSI Journal, 42 (2009), 2, pp. 175-180 

[5] Wang, K. J., et al., Integrated Micro-Channel Cooling in a Three Dimensional Integrated Circuit: A 
Thermal Management, Thermal Science, 20 (2016), 3, pp. 899-902 

[6] Sridhar, A., et al., 3D-ICE: A Compact Thermal Model for Early-Stage Design of Liquid-Cooled IC, 
IEEE T Comput, 63 (2014), 10, pp. 2576-2589 

[7] Wang, K. J., et al., An Analytical Model for Steady-State and Transient Temperature Fields in 3-D Inte-
grated Circuits, IEEE Transactions on Components Packaging & Manufacturing Technology, 6 (2016), 
7, pp. 1028-1041 

[8] Feng, Z., Li, P., Fast Thermal Analysis on GPU for 3D IC With Integrated Microchannel Cooling, IEEE 
Transactions on Very Large Scale Integration (VLSI) Systems, 21 (2013), 8, pp. 1526-1539 

[9] Wang, K. J., et al., An Analytical Thermal Model For Three-Dimensional Integrated Circuits With Inte-
grated Micro-Channel Cooling, Thermal Science, 21 (2017), 4, pp. 1601-1606 

[10] Patti, R. S., Three-Dimensional Integrated Circuits and the Future of System-on-Chip Designs, Proc. 
IEEE, 94 (2006), 6, pp. 1214-1224 

[11] Wang, K. L., et al., A Modification of the Reduced Differential Transform Method for Fractional Calcu-
lus, Thermal Science, 22 (2018), 4, pp. 1871-1875 

[12] Kandlikar, S. G., Review and Projections of Integrated Cooling Systems for Three-Dimensional Inte-
grated Circuits, Journal of Electronic Packaging, 136 (2014), 2, pp. 456-463 

[13] Yoon, J. K., et al., Thermal Characterization of Interlayer Microfluidic Cooling of Three-Dimensional 
Integrated Circuits with Nonuniform Heat Flux, Journal of Heat Transfer, 132 (2010), 4, pp. 041009-
041018 

[14] Koo, J.-M., et al., Integrated Microchannel Cooling for Three-Dimensional Electronic Circuit Architec-
tures, J. Heat Transf., 127 (2005), 1, pp. 49-58 

[15] Lin, S.-C. and Banerjee, K., Cool Chips: Opportunities and Implications for Power and Thermal Man-
agement, IEEE Trans. Electron Devices, 55 (2008), 1, pp. 245-255 

[16] Muzychka, Y. S., et al., Thermal Spreading Resistance and Heat Source Temperature in Compound Or-
thotropic Systems with Interfacial Resistance, IEEE Trans. Compon., Packag., Manuf. Technol., 3 
(2013) , 11, pp. 1826-1841 

[17] Choobineh, L., Jain, A., Analytical Solution for Steady-State and Transient Temperature Fields in Verti-
cally Stacked 3-D Integrated Circuits, IEEE Trans. Compon., Packag., Manuf. Technol., 2 (2012), 12, 
pp. 2031-2039 

[18] Bagnall, K. R., et al., Analytical Solution for Temperature Rise in Complex Multilayer Structures with 
Discrete Heat Sources, IEEE Trans. Compon., Packag., Manuf. Technol., 4 (2014), 5, pp. 817-830 

[19] Park M., et al., Evaluation of Si Liquid Cooling Structure with Microchannel and TSV for 3D Applica-
tion, Microsystem Technologies, 23 (2017), 7, pp. 2609-2614 

[20] Kim, D. H., et al., A Study of Through Silicon-Via Impact on the 3D Stacked IC Layout, IEEE Transac-
tions on Very Large Scale Integration (VLSI) Systems, 21 (2013), 5, pp. 862-874 

https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=92
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=92
https://ssl.scnu.edu.cn/prx/000/http/apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&SID=V1kRO3tO63uluMSsksa&field=AU&value=Kandlikar,%20SG&ut=38681640&pos=%7b2%7d&excludeEventConfig=ExcludeIfFromFullRecPage
https://ssl.scnu.edu.cn/prx/000/http/apps.webofknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=1&SID=V1kRO3tO63uluMSsksa&page=16&doc=151
https://ssl.scnu.edu.cn/prx/000/http/apps.webofknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=1&SID=V1kRO3tO63uluMSsksa&page=16&doc=151


 

[21] Hsu, M.-K., et al., TSV-Aware Analytical Placement for 3-D IC Designs Based on a Novel Weighted-
Average Wirelength Model, IEEE Transactions on Computer-Aided Design of Integrated Circuits and 
Systems, 32 (2011), 4, pp. 497-509 

[22] Guiller, O., et al., Through Silicon Capacitor Co-Integrated with TSV on Silicon Interposer, Microelec-
tronic Engineering, 120 (2014), May, pp. 121-126 

[23] Khan, N. H., et al., Power Delivery Design for 3-D IC Using different Through-Silicon Via (TSV) 
Technologies, IEEE Trans. Very Large Scale Integr. (VLSI) Syst., 19 (2011), 4, pp. 647-658 

[24] Nagata, M., Limitations, Innovaions, and Challenges of Circuits and Devices into a Half Micrometer and 
Beyond, IEEE J Solid-StCirc, 27 (1992), 4, pp. 465-472 

[25] Sridhar, A., et al., 3D-ICE: A Compact Thermal Model for Early-Stage Design of Liquid-Cooled IC, 
IEEE T Comput, 63 (2014), 10, pp. 2576-2589 

[26] Liu, Y.-Q., et al., Nanoscale Multi-Phase Flow and Its Application to Control Nanofiber Diameter, 
Thermal Science, 22 (2018), 1A, pp. 43-46 

[27] Tian, D., et al. Self-Assembly of Macromolecules in a Long and Narrow Tube, Thermal Science, 22 
(2018), 4, pp. 1659-1664 

[28] Tian, D., et al., Macromolecule Orientation in Nanofibers, Nanomaterials, 8 (2018), 11, ID 918 
[29] Tian, D., et al., Macromolecular Electrospinning: Basic Concept & Preliminary Experiment, Results in 

Physics, 11 (2018), Dec., pp. 740-742 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

Paper submitted: February 20, 2018 © 2019 Society of Thermal Engineers of Serbia.  
Paper revised: November 25, 2018 Published by the Vinča Institute of Nuclear Sciences, Belgrade, Serbia. 
Paper accepted: November 26, 2018 This is an open access article distributed under the CC BY-NC-ND 4.0 terms and conditions.  

http://apps.webofknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=1&SID=5BNvTYCHUI367iXYvOw&page=1&doc=3
http://www.vin.bg.ac.rs/index.php/en/

