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Abstract—The transmission performance of TSV 
considering the effect of electronic-thermal coupling 
is an new challenge in three dimension integrated 
circuit. This paper presents the thermal equivalent 
circuit (TEC) model of the TSV, and discussed the 
thermal equivalent parameters for TSV. Si layer is 
equivalent to transmission line according to its 
thermal characteristic. Thermal transient response 
(TTR) of TSV considering electronic-thermal coupling 
effects are proposed, iteration flow electronic-thermal 
coupling for TSV is analyzed. Furthermore, the 
influences of TTR are investigated with the non-
coupling and considering coupling for TSV. Finally, 
the relationship among temperature, thickness of SiO2, 
radius of via and frequency of excitation source are 
addressed, which are verified by the simulation.    
 
Index Terms—TSV, thermal transient response, 
electronic-thermal coupling, thermal equivalent 
circuit, thermal equivalent parameters   

I. INTRODUCTION 

Three-dimension (3D) integration, especially 3D 
integrated circuit (IC) integration, is taking the 
semiconductor industry by storm. Through Silicon Via 
(TSV) is one of the most important key enabling 
technologies of 3D silicon (Si) integration and 3D 
integration [1]. TSV, which can be used for routing 

signals, power delivery, and heat extraction [2], provide 
the structure for the shortest chip-to-chip interconnects 
and the smallest pad sizes and pitches of interconnects. 
Compared with other interconnect technologies, such as 
wire bonding, the advantages of TSV include (1) better 
electrical performance,(2) higher package density,(3) 
lower power consumption,(4) lightweight,(5) improved 
reliability,(6) wider data bandwidth [1, 3]. However, for 
fabricating vertical interconnects that pass through dies 
containing substrate, devices and interconnect, the new 
challenges of TSV are increased especially. With higher 
signal frequency and more complicated work condition, 
the impact of electronic-thermal coupling on transmission 
performance of TSV is a key issue that cannot be ignored. 

Experimental method and numerical method can be 
both used to analyze TSV and other microelectronic units 
[4-7]. The method based on the equivalent thermal circuits 
is one of the effective methods in recent researches, in 
which the thermal transient response can be analyzed 
accurately and quickly by extracting the thermal resistance, 
thermal capacity and building the equivalent thermal 
circuit model [8, 9]. Lau J.H. [10-12] presented an origin 
of 3D integration, discussed the evolution, challenges, and 
outlook of 3D IC/Si integrations, and proposed a few 
generic, low-cost, and thermal-enhanced 3D IC integration 
system-in-packages with various passive TSV interposes. 
Yen Y.G [13] elaborated the effect of TSV parameters on 
the thermal equivalent conductivity of TSV interposer , 
and studied the effect of TSV interposer on thermal 
performance of the package based on the objective of 
compact modeling. Ho S.W.[14] presented a coaxial TSV 
structure in silicon carrier for high frequency applications. 
Electrical modeling of the coaxial TSV structure was 
obtained for impedance matching. Katti G [15] modeled 
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the RLC parameters of the TSV as a function of physical 
parameters and material characteristics, and proposed a 
simplified lumped TSV model that can be used to simulate 
3-D circuits. The TSV RLC model is applied to predict the 
resistance, inductance, and capacitances of small geometry 
TSV architectures. Cadix L [16] proposed a full parametric 
and frequency dependent model of high aspect ratio TSV 
based on both electromagnetic simulations and RF 
measurements. This model enables to extract TSV 
resistance, self-inductance, oxide capacitance and parasitic 
elements due to the finite substrate resistivity. Zhu Z.M 
[17] presented the equivalent thermal model for TSV 
Based on the one dimensional analytical thermal model for 
N strata stacked chips without TSV. Zhang Y [18] 
discussed the Effects of horizontal heat transfer with 
number of strata，TSV density，TSV diameter and 
thickness of back end of the line(BEOL) layer under 
specific process and thermal parameters. Matsumoto K 
[19] discussed the equivalent thermal conductivity of the 
interconnection, including BEOL layer, and measured the 
thermal effect of Cu TSV, meanwhile, the transient thermal 
measurement was performed and its result was compared 
with steady state measurement result. Chen Z.H [20] 

established an analytical solution to calculate equivalent 
thermal resistances of the TSV structure in both z direction 
and x-y directions. The effects of the structural parameters 
such as the thickness of the die, the diameter of copper via 
and the pitch of the copper via on the equivalent thermal 
conductivity of composite TSV structure have been 
investigated. 

This paper is organized as follows. In Section II, the 
thermal equivalent circuit (TEC) model of the TSV is 
presented. In Section III, thermal transient response 
(TTR) of TSV interconnection considering electronic-
thermal coupling effects are studied. In Section IV, the 
impact of electronic-thermal coupling on transmission 
performance of TSV is analyzed. In Section V, Some 
conclusions are made. 

II. MODELING OF TEC FOR TSV 

INTERCONNECT 

1. Structure and Model of TEC for TSV 
 
TSV, shown in Fig. 1 is a cylindrical conduct with an 

insulating layer filling the gap between the copper metal 

and the silicon substrate [21], which provides a vertical 
interconnection to enable different dies to electrical 
connect. Meanwhile, TSV is electrically isolated from 
the substrate by a liner formed using an insulating 
material such as Silicon Dioxide (SiO2). According to the 
shape of TSV, there exists several TSV types, such as 
cylindrical TSV, annular TSV, tapered TSV and coaxial 
TSV. The most common TSV shape is cylindrical, as 
shown in Fig. 2(a). 

 

2. Modeling of TEC 
 
As the slender structure of TSV, the effect of thermal 

conductivity along vertical direction of TSV is very 
smaller than that along Radial direction of TSV, and the 
thermal conductivity along vertical direction can be 
ignored [20]. So, thermal management mainly focuses on 
the radial direction for single cylindrical TSV. Radial 
direction model of lumped TEC for TSV is built as 
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Fig. 1. Structure of TSV. 
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Fig. 2. TEC of TSV. 
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shown in Fig. 2(b), in which, P is applied power, 
T
CuR , 2

T
SiOR is the thermal resistance of Cu layer and SiO2 

layer, respectively, T
CuC , 2

T
SiOC is the thermal capacity of 

Cu layer and SiO2 layer respectively. The precise thermal 
characteristic of the Si layer cannot be equivalent to 
thermal capacitance and thermal resistance. As the 
distance between TSV are relatively farther than the 
diameters of Cu, there exists large temperature gradient 
in the Si layer with the effect of thermal conductivities. 
With the farther distance from the Cu via, the 
temperature gets lower，which is the same as 
transmission line characteristic. Thus, model of TEC for 

Si layer is equivalent to the transmission line, and T
SiZ  is 

equivalent thermal parameters. 
 

3. Thermal equivalent parameters of TEC 
 

3.1 Thermal resistance 
According to the first law of thermo dynamics, thermal 

resistance with homogeneous materials can be given by 
[22]: 

 

 TR
A
s
l

=                 (1) 

 
where s is the thickness of the material, l is the thermal 
conductivity of the material, A is the area. So thermal 
resistance of Cu, thermal resistance of SiO2 and thermal 
resistance of unit thickness Si can be given by : 
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where 2
,cu sior r and sir is the radius of Cu, SiO2 and Si, 

respectively. H is the height of the TSV. 
 

3.2 Thermal capacity 
The thermal capacity of TSV is given by [22]: 

 
 . .T

pC c Vr=                (5) 

where r is the density of the material, pc is specific 

heat of the material. V is the  volume of the material. 
So, the thermal capacity of Cu, SiO2 and the unit layer of 
Si can be given by: 

 
 . .T

Cu Cu Cu CuC c Vr=              (6) 
 2 2 2 2

. .T
Sio Sio Sio SioC c Vr=             (7) 

 2 . .T
Si Si Si SiC c r Hr p=           (8) 

 
3.3 Impedance of Si layer 

The silicon layer between TSV is simplified to 
uniform transmission line in this paper, according to the 
property of the transmission line, and the input 
impedance is given by [23]: 

 

 0( ) tanh( )T T
Si siZ s Z hq=            (9) 

 
where (9) can be represented by Taylor expansion: 
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where 
T T
Si SisR Cq =  

0 /T T T
Si SiZ R sC=  

2si si sioh r r= - , sih is the thickness of Si layer. 

III. THERMAL TRANSIENT RESPONSE OF TSV 

CONSIDERING ELECTRONIC-THERMAL 

COUPLING EFFECTS 

1. Equation of TTR 
 
According to Fig. 2(b), the input impedance of TEC 

for TSV is given by: 
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where ( )T
inZ s is the input impedance of TEC. Based on 

model reduction of moment matching, Eq. (11) can be 
represented by: 
 

 ( ) / (1 )T
in q qZ s R st= +   (12) 

 
where 

11/T
q CuR R m= +  

2
1 2 1 1( 1/ ).( / ( 1/ ) )T T T

q Cu Cu CuR m m m R m Ct = + + +  

21 1/ ( )T T
sio Si sim R R h= +  

( )2

22 3
2 / 3 hT T T T

Cu Si si SiO Si sim C r C h R R= + +  

 
Temperature of TSV in Complex frequency domain is 

given by [24]: 
 

 ( ) ( ) ( )tsv T
inT s Z s P s=           (13) 

 

where ( )tsvT s is the temperature of TSV, ( )P s is applied 

power in the frequency domain. 
The excitation source of periodic square wave is used 

in this paper, which is represented as: 
 

 ( ) [ ( ) ( ) ( ) ...]
2in
Tv t v u t u t u t T= - - + - -     (14) 

 
where v is the applied voltage, ( )u t is unit step 

function， T is the period of excitation source. The 

Laplace transform of ( )inv t  is: 
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According to equipment model of power [25], power 

caused by the nth period of excitation source is obtained: 
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In which, n = 0,1,2,3,…, ER is the resistance of Cu, 
EC  is the capacitance of Cu. 
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The Laplace transform of ( )np t  is: 
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The increased temperature at the nth period of the 

excitation source: 
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The Laplace inverse transform of ( )tsv
nT s  is: 
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The transient temperature of TSV at the nth period of 

excitation source is: 
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where 0T  is the initial temperature. 

 
2. TTR of TSV Considering Electronic-Thermal 
Coupling Effects 

 
However, resistivity is related to temperature. With the 

increase of temperature, the resistivity of Cu increases. 
( )ER t  is represented as: 

 

 0 0( ) [1 ( )] ( )E ER t a T t R t= +        (21) 
 
In which, 0a  is the temperature coefficient of Cu. 

Substitute (21) into (16), ( )np t  is as follows: 



360 CHUN-QUAN LI et al : STUDY ON THE THERMAL TRANSIENT RESPONSE OF TSV CONSIDERING THE EFFECT OF … 

 

 
0 0

2

0 0
22 [ ]

[1 ( )] ( )

0 0

( )
( )

[1 ( )] ( )

( )
2[1 ( )] ( )

E E

in
n E

t nT
a T t R t C

E

v t
p t

a T t R t

v nTe u t
a T t R t

-
-

+

=
+

= -
+

 

   (22) 
 
Temperature considering electronic-thermal coupling 

effects is obtained by iteration computation, which is 
shown in Fig. 3. N is the maximum iteration of stopping 
iteration. 

IV. SIMULATION AND DISCUSSIONS 

1. Simulation 
 
Table 1 shows the thermal parameters of TSV. The 

initial temperature is 20℃, the voltage and frequency of 

excitation source is 0.2v and 1 GHz, respectively. cur is 

4um, thickness of SiO2 layer( 2sioh )is 100 nm, sih is 

10 um, and H is 100 um. TTR of TSV is shown in Fig. 
4, which compares the temperature transient response of 
three-dimensions (3D) field simulation software 
(COMSOL Multi-physics ®) with that of the thermal 
circuit model proposed in this paper. mTD  is the 
difference of temperature between considering coupling 
of TEC and non-considering coupling of TEC, cTD  is 
the difference of temperature between considering 

coupling of COMSOL and non-considering coupling  of 
COMSOL, 1e  is the difference of temperature between 
non-considering coupling of TEC and that of COMSOL, 
and 2e  is the difference of temperature between 
considering coupling of TEC and that of COMSOL. Fig. 
4 indicates that the results of two methods are very 
similar with 1e or 2e < 3%. For mTD  or cTD , the 
temperature at considering coupling is higher than 
temperature at non-considering coupling. Setting 
difference coefficient for temperature is defined 
by ( ) ( ) / ( ) 100%t T t T td = D ´ . When t = 5000ns, 

difference coefficient of TEC (5000)md = 10.36%, 

difference coefficient of COMSOL (5000)cd = 12.37%. 
So it proved that the effects of coupling are obviously. 
However, the calculation time of TEC is 0.1s, which is 
far more less than that of COMSOL(4580s). 

 
2. Discussions 
 
2.1 Relationship between temperature and frequency of 
excitation source. 

When the signal frequency is applied by 100 MHz, 
1 GHz, 10 GHz on the TSV respectively, the transient 
temperature responses are in Fig. 5. 

Fig. 5 indicates that (1) the variation trend of TTR is 
that temperature gradually increases with the increase of 

T0
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End

Pn(t)  Eq.16
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Fig. 3. Iteration flow electronic-thermal coupling for TSV. 
 

Tab1e 1. Thermal parameters of the interconnect system 

Materials 0( / . )K W C m  3( / )kg mr  0( / . )pc J C kg  

Cu 400 8700 390 
SiO2 1.4 2200 730 
Si 130 2329 700 
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Fig. 4. Temperature transient response of TSV.  
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time. Temperature grows rapidly in initial part 
(t<4000 ns), and it grows smoothly in the later period 
(t≥4000 ns).(2) When the frequency gets higher, the 
steady state temperature response grows larger. At 
10000 ns, the steady state temperature response are 
20.84℃, 28.4℃ and 104℃ for the frequency of 
100 MHz, 1 GHz and 10 GHz, respectively.(3) The rise 
rate of transient temperature grows with the increase of 
frequency. At 4000 ns, in Fig. 5(a), the improved 

temperature is 0.8℃ when frequency is 100 MHz, and 
the rise rate of temperature is 0.8/20×100% = 4%. In Fig. 
5(b), the improved temperature is 8.4℃ when frequency 
is 1 GHz, the rise rate of temperature is 8/20×100% = 
40%. In Fig. 5(c), the improved temperature is 80℃ 
when frequency is 1 GHz, the rise rate of temperature is 
80/20×100% = 400%. So, the Condition of steady state 
response of temperature for TSV is: 

 

 12 2
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2

( ) ( )
(2 )

q

tsv tsv tsv

t
q RC

qE E
E

TT T t T t

V R
e e u t

R R
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t e
t

- -

D = + -

= - <
-

  (23) 

 
where tsvTD  is the variation of temperature for TSV. 

The increase of temperature is caused by applied 
power of each periodic square wave pulse. With the 
increasing of frequency of applied excitation source, 
periodic pulse is increase, and then the power is 
accumulated which lead to the increase of temperature. 
So, the temperature of TSV reaches over 100℃ during 
applying 10 GHz power to the TSV. 

The 3-D temperature distribution obtained by 
COMSOL software of TSV is as shown in Fig. 6. The 
initial temperature is 20℃. Air convection with 
convection coefficient of 10W/m2K is applied to the both 
top and bottom of the TSV[27]. Its geometry is described 

0 2 4 6 8 10
20

20.1

20.2

20.3

20.4

20.5

20.6

20.7

20.8

20.9

Time(us)

Te
m

pe
ra

tu
re

 (o C
)

 

 

TEC
COMSOL

Frequency =100MHz

 

(a) 
 

0 2 4 6 8 10
20

22

24

26

28

30

Time(us)

Te
m

pe
ra

tu
re

(o C
) 

 

 

TEC
COMSOL

Frequency =1GHz

 

(b) 
 

0 2 4 6 8 10
20

40

60

80

100

120

Time(us)

Te
m

pe
ra

tu
re

 (o C
)

 

 

TEC
COMSOL

Frequency =10GHz

 

(c) 

Fig. 5. Transient thermal responses of the TSV under different 
frequencies. 

 

 

Fig. 6. Three-dimensional temperature distribution over the 
TSV at the time of t ≈ 10 μs. 
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by cur = 4 um, 2sioh = 10 um, H = 100 um, sih = 10 um, 
respectively. The applied voltage pulse and frequency of 
excitation source is 0.2 V and 10 GHz, respectively. The 
maximum temperature of the TSV is about 99.7℃ in Fig. 
6, which appears near the middle of Cu layer for there 
exists a heat transfer along vertical TSV. 

 
2.2 Relationship between temperature and thickness of 
SiO2 

Fig. 7 shows the Relationship between temperature 
and thickness of SiO2, in which applied voltage is 0.2 v, 
initial temperature is 20℃, frequency is 1 GHz. 

With the increase of 2sioh , Fig. 7 illustrates that (1) the 

steady temperature of TSV gets higher;(2) response time 
of steady temperature for TSV gets longer. The reason is 

that qR and qt is increased with the increase of 2sioh , and 

then the transient temperature for TSV is getting higher 

when the qR  increases. Meanwhile, the response rate of 

transient temperature is related to qt , response time of 

steady temperature is slower while qt  gets larger. 

 
2.3 Relationship between temperature response and 
radius of Cu 

With the increase of cur , Fig. 8 illustrates that (1) the 
steady temperature of TSV gets higher; (2) response time 
of steady temperature for TSV get shorter. The reason is 
that ER  and is decreased with the in-crease of cur , and 
then the transient temperature for TSV is getting higher 
when the ER  decreases. Meanwhile, the response time 

of steady temperature is shorter while qt  gets smaller. 

V. CONCLUSIONS 

There are more and more attention paid to the 
development of TSV interconnect for its high 
functionalize and good performance in 3D IC system 
integration. This paper presents the TEC model of the 
TSV, and then it discusses the thermal equivalent 
parameters for TSV. According to the thermal 
characteristic of Si layer, the model of Si layer is 
equivalent to the transmission line. TTR of TSV 
considering electronic-thermal coupling effects are 
proposed, the equation of analytical solution of TEC is 
obtained under the excitation source of periodic square 
wave, and then the iteration flow electronic-thermal 
coupling for TSV is analyzed. The influences of TTR are 
investigated with the non-coupling and considering 
coupling for TSV, which are proved that: (1) the results 
of two method, TEC and FEM, are very similar with 

1e or 2e < 3%;(2) the temperature at considering coupling 
is higher than temperature at non-considering coupling, 
the effects of coupling are obviously;(3) the calculation 
time of the TEC is far less than that of FEM. Finally, the 
relationship among temperature, thickness of SiO2, 
radius of Cu and frequency of excitation source are 
addressed. The following are verified by the simulation: 
(1) the rise rate of transient temperature grows with the 
increase of frequency; (2) the steady temperature of TSV 
gets higher with the increase of thickness of SiO2;(3) the 
steady temperature of TSV gets higher with the increase 
of radius of Cu.  
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Fig. 7. Temperature response of TSV under the variation of 
2SiOh . 
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