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3D thermal simulations 

Experimental measurements of ZTH 

Modelling of ZTH 
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Geometry of SiGe HBTs and heat generation 
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HEAT SOURCE: BC junction 

• In SiGe HBTs high current densities and high 
electric fields are present at the base-
collector junction (BC).  

• So high values of power dissipation are 
reached at the BC junction, which, from a 
thermal point of view is normally modelled 
as a heat source (HS) Metal 

connects 

FEOL Si   1.54  W/cm K 

 
BEOL Si02  0.014  W/cm K 
BEOL Cu  3.85  W/cm K 

 

Thermal conductivity 

We know EVERYTHING concerning DC power 
dissipation. We want now to understand better 
how heat propagates in the structure under 
sinusoidal power dissipation 

DTI 
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A

BC

Region  
Doping 

[atoms/cm3] 

k 

[W/cm K] 

Poly emitter 1*1021 (As) 0.15 

Base contact 6*1020 (B) 0.5 

SiGe Base 6* 1020 (B) for Si 0.08 

SIC 1*1019 (As) 1.1 

Collector sinker 1*1021 (As) 0.15 

Buried layer 1*1020 (As) 0.45  

Non-doped 

material 

k 

[W/cm K] 

SiO2 0.014 

Cu 3.85 

Si 1.54 at 300K 

3D Thermal simulations – k of the different materials 

planar HEAT SOURCE 

W. Liu et al. “Modeling and Data for Thermal Conductivity of Ultrathin Single-Crystal SOI Layers at High Temperature,” TED 2006 
A. McConnell et al, “Thermal conductivity of doped polysilicon layers,” JMEMS 2001 

a standard but realistic doping profile is 
assumed for the transistor structure 



3D thermal TCAD simulations  
(Synopsys Sentaurus) 

5 

Back side of the wafer 
is isothermal (300K)  

300 µm 

Thin air level (15 µm) 
present above the oxide 
passivation 
Upper surface is 
isothermal at 300K  



Thermal quantities in static conditions 
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Heat does flow 
through the 
BEOL, where a 
temperature of 
around 100°C can 
be observed 

Pdiss=40mW 

Heat flux  
(1*103; 2.5*106) W/cm2 

Temperature 
(300; 500) K 



Thermal quantities in dynamic conditions 
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Temperature 
(300; 380) K 

Static Pdiss=40mW 
Single tone excitation 
Pdiss frequency=10kHz 

T 

t 

Heat flux  
(5*104; 2.5*106) W/cm2 



Temperature 
(300; 380) K 

T 

t 

Thermal quantities in dynamic conditions 
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Heat flux  
(5*104; 2.5*106) W/cm2 

Static Pdiss=40mW 
Single tone excitation 
Pdiss frequency=100MHz 

P1 (80 nm below HS) 

P2 (6.38 µm below HS) 
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Oscillations are visible 
till even 1GHz 
 
Oscillations are in 
phase at every 
frequency 

Oscillations are visible till around 
5kHz 
 
A phase shift is noticed, which 
increases as the frequency 
increases, due to the time needed 
for the heat to propagate from the 
heat source. 

P1 (80 nm below HS) 

P2 (6.38 µm below HS) 



Amplitude of oscillations normalized to DC value 
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Frequency (Hz) 
0.08 below HS

0.82 above HS (metal-1)

1.38 below HS

4.38 below HS

6.38 below HS

If the distance from the heat source increases, the 
amplitude of the oscillations reaches zero at lower 
frequencies i.e. the “cutoff frequency” is lower 

If we want to show this effect with experimental measurements on real devices, we need 
specific test structures to sense temperature oscillations at different distances from the HS 



• Rth of the BEOL part is just given by oxide (very high 
value, PdBEOL is negligible) 

• Total Pd can be approximated by just the Pd of the lower 
part 

• metallization reduces the overall Rth of the BEOL part and 
helps vehicle PdBEOL upwards 

• Total Pd is now split in 2 branches: one flows in the lower 
part and the other in the BEOL part 

Test structures with heat spreaders reaching different levels of metal 



5xCBEBEBC architecture 

Base 
connections 

Emitter 
metallization 
till metal-3: 
connected to 
ground plane 

Collector 
connections 

Metal dummies connected 
upon emitter contacts (VM8) 

3D representation of the BEOL test structures 
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VM8 test structure 



VM structures to evaluate the BEOL impact in multifingers 
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VM3 reference test structure 
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M1 

M3 M3 M3 M3 M3 

M6 M6 M6 M6 M6 

M8 M8 M8 M8 M8 

VM6 dummies till metal-6 

VM8 dummies till metal-8 

VM1 just metal-1 is present 

The active part of the transistor is not modified, just heat spreaders are added 

Electrical connections are unaltered among the different transistor structures 



Going from high to low frequencies, the thermal 
oscillations penetrate till  higher metal levels.  
When the temperature variations will reach metal-1, 
there will be a split between the Zth of VM1 and VM3 

Thermal impedance 
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metal-1 
metal-3 

metal-6 C B E B C 

M8 

M1 M1 M1 M1 

M6 

M3 

metal-1 

metal-3 

metal-6 

fC

k

L 
 

Penetration depth 
(function of frequency) penetration depth (δ) 



Reference structure: 
VM3 
(active part is unaltered) 

Enlarged DTI: 
HL1 

Same metallization in the 
BEOL, but 
 Increased cross section 
surface for power 
dissipation 



At low frequency the DTI limits the 
temperature variations. 
If it is wider, or if the emitters are smaller => 
lower Zth 

VM3 HL1 

At around 600kHz there is a split between 
VM3 and HL1  

d 
d=0.3µm 
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Low frequencies, eventually close to DC: 
 Thermal variations far from the Pd source 
 All the capacitances (especially big ones) 

are open circuits 
 Pd flows in the series of all the resistances 
 

High frequencies:  
 Temperature variations are located close 

to the heat source 
 All the capacitances are shunting, creating 

a SC to ground, except the first (small Cth) 
 No Pd is flowing in the second and third 

resistances: impedance is given by  the 
parallel between 3.6p and 1.7k  

 



VM3           VM6 VM8 

21k 31k 71k 150p 30p 10p 

C B E B C 

M8 

M1 M1 M1 M1 

M6 

M3 

Fitting thermal network 1 



MEAS vs SIM with Fitting thermal network 1 

Bad fit in the 
high 
frequency 
range. 



+ + + 

C B E B C 

M8 

M1 M1 M1 M1 

M6 

M3 

In order to have the same behavior for all the transistors at high frequency, the first pole of 
the thermal network (55p) should not be affected by a capacitance put in parallel to it 
Since the variations of Zth happen in different frequency ranges, it can be better to put 
additional C in a specific pole according to their value (i.e. big C far from the HS) 

Fitting thermal network 2 



MEAS vs SIM with Fitting thermal network 2 

Better fit in 
the high 
frequency 
range. 



Conclusion 

• Thermal heat penetration is frequency dependent 

• Beyond 1MHz, only the Si close to the Heat Source 
contributes to the heat flow 

• BEOL configuration contributes significantly to 
thermal impedance 

• Specific equivalent thermal impedance network is 
necessary for accurate modelling 

• For physical (scalable) ZTH-modeling, a three-pole 
network is not sufficient 

 



 
Thanks for your 
attention!  


