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TEM x-section of IHP’s 0.13µm BiCMOS technology SiGe HBT  

Introduction: “Weak Points” of SiGe HBTs 
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BE spacer 

SiGe layer 

Electro migration  

HBT failure 

Hot carrier injection  

HBT ageing 

Current pinch-in 

HBT failure 
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Typical procedure (source: J.D. Cressler, GeorgiaTech, BCTM 2014) 

 Questions of the designer: 

 What is the lifetime of the transistor? 

 How much current can I put through it? 

 How much voltage can I put across it? 

 

Introduction: Customer-to-Engineer Communication 

HBT Ageing – AK Bipolar 5 

 Reactions of the reliability engineer: 

 Eye rolling !!! 

 

 

 

 
 

 

 Cursing !!!!!! 
 

 

 
 

 

 It depends !!!!!!!!!!!!!!!!!!!!!!! 
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High-Performance HBT npn13p (fT/fmax = 250/300 GHz) 
Common Base Configuration – Forced JE Output Characteristics 

Introduction: Safe Operating Area? 
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Electro-thermal Destruction 

Breakdown voltages: 
BVCEO = 1.7V 
BVCBO = 5.0V 
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Introduction: Ageing under Electrical Stress 
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Base current increase  degradation of HBT DC performance 
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Introduction: Ageing under Electrical Stress 
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Base current increase  degradation of HBT DC performance 
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Ageing Mechanism: Hot Carrier Injection 

HBT Ageing – AK Bipolar 10 

Chain of cause and effect 

 Reverse biased BC diode  

 High electric fields in BC 
space charge region  

 Acceleration of electrons in 
BC SCR  

 Impact ionization created 
electron-hole pairs   

 Avalanche carrier 
multiplication  

e- 

e- 

h+ 
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Ageing Mechanism: Hot Carrier Injection 
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Chain of cause and effect 

 Reverse biased BC diode  

 High electric fields in BC 
space charge region  

 Acceleration of electrons in 
BC SCR  

 Impact ionization created 
electron-hole pairs   

 Avalanche carrier 
multiplication  

 Acceleration of hot (“lucky”) 
carriers (holes) towards BE 
spacer oxide  

 De-passivation of hydrogen 
passivated dangling Si bonds 
(creation of Pb traps)  

 Increase base recombination 
current = HBT ageing 

h+ 

Source: Schroder & Babcock, J. 
Appl. Phys. 94(1), 2003 

SiOx 

Si3 ≡ SiH + h+  → Si ≡ Si ∙  +𝐻+

Si3 ≡ SiOH + h+ → Si ≡ SiO ∙  +𝐻+ 
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Ageing Mechanism: Hot Carrier Injection 
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HCI rate depends on 

 Strength of electric field in 
CB-SCR  ∝ 𝑉𝐶𝐵 

 Magnitude of forced emitter 
current  ∝ 𝐽𝐸  

 Emitter perimeter/area ratio 

 Distance CB-SCR to EB spacer 
(HBT construction) 
 Carrier scattering! 

 
Trap density depends on 

 Number of available dangling 
bonds 

 Thermal activation energy 

 Generation/annihilation 
dynamics 
 Annihilation by back-diffusion 

of hydrogen atoms (“self-
anneal”) 

 

h+ 

Source: Schroder & Babcock, J. 
Appl. Phys. 94(1), 2003 

SiOx 
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Si3 ≡ SiH + h+  → Si ≡ Si ∙  +𝐻+

Si3 ≡ SiOH + h+ → Si ≡ SiO ∙  +𝐻+ 
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Ageing Mechanism: How to Grasp Impact on Circuit Performance? 

HBT Ageing – AK Bipolar 13 

Circuit Life-Time 

 Goal: 10 years or even 20 years (space applications) 

 Definition: How much HBT degradation acceptable?  

 Maybe: 10% current gain loss at VBE≈0.9V (“peak-fT voltage”) ? 

 Solution: Ageing function for prediction of long-term base current increase ΔIB 

November 6th , 2015 
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Mixed-Mode Stress Tests 
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Reliability Tester 

 Packaged devices with on-wafer ESD protection 

 Stress time 500h or 1000h, Tamb=27°C 
Method 

 Interrupt stress at certain intervals and get ∆𝐼𝐵 =
𝐼𝐵 𝑡 −𝐼𝐵 𝑡=0

𝐼𝐵 𝑡=0
 at VBE=0.7V 

 

0.13µm SG13  
(a) High-Performance 
fT/fmax = 250/300 GHz 
 
(b) High-Voltage 
fT/fmax = 45/120 GHz 
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Development of Empirical Mixed-Mode Ageing Function 

HBT Ageing – AK Bipolar 16 

Additional recombination current to be added to BE current: 
 

𝐼𝐵𝐸 = 𝐼𝐵𝐸0 + 𝐼𝐵𝐸𝑛𝑎𝑔𝑒

𝐼𝐵𝐸0 = 𝐼𝑆𝑖0 exp
𝑉𝐵𝐸

𝑛𝑖𝑉𝑡ℎ
− 1 + 𝐼𝑆𝑛0 exp

𝑉𝐵𝐸

𝑛𝑛𝑉𝑡ℎ
− 1

𝐼𝐵𝐸𝑛𝑎𝑔𝑒 = 𝐼𝑆𝑛𝑎𝑔𝑒 exp
𝑉𝐵𝐸

𝑛𝑛𝑎𝑔𝑒𝑉𝑡ℎ

 

 
Ageing saturation current: 
 

𝐼𝑆𝑛𝑎𝑔𝑒 = ∆𝐼𝐵 𝑉𝐶𝐵,𝑠𝑡𝑟𝑒𝑠𝑠, 𝐼𝐸,𝑠𝑡𝑟𝑒𝑠𝑠, 𝑇𝑎𝑚𝑏, 𝑡𝑠𝑡𝑟𝑒𝑠𝑠  
𝑉𝐵𝐸=𝑐𝑜𝑛𝑠𝑡.

 

𝑛𝑛𝑎𝑔𝑒 ≈ 1.7 
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Development of Empirical Mixed-Mode Ageing Function 
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Ageing function:   ∆𝐼𝐵 = 𝑓 𝑉𝐶𝐵,𝑠𝑡𝑟𝑒𝑠𝑠, 𝐽𝐸,𝑠𝑡𝑟𝑒𝑠𝑠, 𝑡𝑠𝑡𝑟𝑒𝑠𝑠, 𝑇𝑎𝑚𝑏  

 

∆𝐼𝐵 = 𝑨𝟎 ∙ exp −
𝑞𝐕𝐚

𝑘𝐵𝑇𝑎𝑚𝑏
∙  

1

1 mA µm² 

𝐽𝐸,𝑠𝑡𝑟𝑒𝑠𝑠
 +  

𝐽𝐸,𝑠𝑡𝑟𝑒𝑠𝑠

𝑱𝑬𝒉𝒄

𝛆 𝒕𝒔𝒕𝒓𝒆𝒔𝒔

∙ exp 𝝁𝟎 ∙ 𝑉𝐶𝐵,𝑠𝑡𝑟𝑒𝑠𝑠 ∙
𝑡𝑠𝑡𝑟𝑒𝑠𝑠

t0

𝛂 𝒕𝒔𝒕𝒓𝒆𝒔𝒔

 

 
Usual assumptions: 

 Power coefficients ε and α are constant; specifically: α=0.5, ε≈0.5 

 High-current factor 𝐽𝐸ℎ𝑐 ≫ 𝐽𝐸,𝑠𝑡𝑟𝑒𝑠𝑠 𝐽𝐸,𝑠𝑡𝑟𝑒𝑠𝑠
𝜀  

 
But analysis of long-term stress tests shows: 

 Power coefficients ε and α are functions of stress time – both decreasing over time 

 High-current factor 𝐽𝐸ℎ𝑐 ≈ 𝐽𝐸,𝑠𝑡𝑟𝑒𝑠𝑠@peak−fT 

 Thermal trap “activation” potential Va > 0 or “de-activation” potential Va < 0 ? 
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Experimental Results High-Performance HBT 
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Long-term MM stress with div. stress-voltages (a) and stress-currents (b) 
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Experimental Results High-Performance HBT 
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Base current degradation as function of stress-voltage (a) and stress-current (b) 

∆𝐼𝐵 ∝ 
1

1mA µm² 

𝐽𝐸,𝑠𝑡𝑟𝑒𝑠𝑠
 +  

𝐽𝐸,𝑠𝑡𝑟𝑒𝑠𝑠

𝑱𝑬𝒉𝒄

𝛆 𝒕𝒔𝒕𝒓𝒆𝒔𝒔

 

∆𝐼𝐵 ∝  exp 𝝁𝟎 ∙ 𝑉𝐶𝐵,𝑠𝑡𝑟𝑒𝑠𝑠  
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Experimental Results High-Performance HBT 
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Base current degradation as function of ambient temperature 

 Possibilities: 

 Va > 0: trap activation dominates  more degradation with temperature increase 

 Va < 0: “phonon activity” dominates  less degradation with temperature increase  

 

∆𝐼𝐵 ∝ exp −
𝑞𝐕𝐚

𝑘𝐵𝑇𝑎𝑚𝑏
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Experimental Results High-Performance HBT 
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Base current degradation as function of stress-time 

 Long-term power coefficient α ≈ 0.2 

 Dynamic equilibrium between trap creation and annihilation 

∆𝐼𝐵 ∝
𝑡𝑠𝑡𝑟𝑒𝑠𝑠

t0

𝛂 𝒕𝒔𝒕𝒓𝒆𝒔𝒔
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 Base current recovery possible due to trap annihilation  

 Example: almost full recovery of base current by annealing at {1.5V, -30mA/µm²,150°C} 

 Mixed-mode stress used to increase junction temperature  Tjunction ≈ 300°C 

Thermal Recovery 

HBT Ageing – AK Bipolar 23 November 6th , 2015 

SiOx H+ 
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 Base current recovery possible due to trap annihilation  

 For high-voltage HBT type even thermal recovery during mixed-mode stress at room 
temperature observed! 

Thermal Recovery 

HBT Ageing – AK Bipolar 24 November 6th , 2015 

SiOx H+ 
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Duty Cycle Considerations 
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 DC MM stress not “realistic” because in analog circuits HBT duty cycle passes through 

 high-current density, low voltage annealing  (“ANN”; Tj ≈ 110°C) and 

 high-voltage, low current density “MM” stress conditions  

 Here: simply switching between 1s at ANN and 1s at MM state  

 ANN 

MM 

November 6th , 2015 
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Duty Cycle Considerations 
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 Here: simply switching between 1s at ANN and 1s at MM state  

 Strongest degradation during DC MM stress 

 No degradation under pure ANN stress 

 Cycling between two states leads to reduced degradation 

 Conclusion: pure DC MM stress is “worst case” scenario 

November 6th , 2015 
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Ageing Simulation Solutions 
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(1) Simplest method: change non-ideal BE saturation current parameter 

 Example (VBIC) 

 Customer: circuit performance after 10 years HBT operation @ VCB = 3.0V and IE = 2 mA? 

 Solution: deliver model card with degraded base current 
… 

+ iben=7E-17*(1+0.018*exp(1.5*3.0)*((2E-5/0.002+0.002/0.05)**-0.25)*87600**0.35) 

… 

 Results: 
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Ageing Simulation Solutions  
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(2) Add second recombination current term in Verilog-A model 

𝐼𝐵𝐸,𝑎𝑔𝑒 = 𝐼𝐵𝐸𝑖 + 𝐼𝐵𝐸𝑛 + 𝐼𝐵𝐸𝑛,𝑎𝑔𝑒 

𝐼𝐵𝐸𝑛,𝑎𝑔𝑒 = 𝐼𝐵𝐸𝑁 ∙ 𝑑𝐼𝐵 ∙ exp
𝑉𝐵𝐸𝑖

1.7∙𝑘𝐵𝑇𝑎𝑚𝑏
  

 

 Example: HBT with fT=90GHz, VCB,stress=4.5V, IE,stress=-0.12mA, Tamb=27°C,  
tstress=1h/10h/100h/1000h 
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Ageing Simulation Solutions  
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(3) Add ageing rate in Cadence source code (Cadence RelXpert) 

 RelXpert developed for HCI stress in MOSFET 

 Method 

 Definition of ageing rate (based on empirical ageing function) 

 Modification non-ideal saturation current parameter by ageing rate 

 Integration over stress time 

 

Ageing parameter 
added to model card 

IC 
IB 

Source: Cadence RelXpert 
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Ageing Simulation Solutions  
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(4) Add node “ageing rate” to Verilog-A model (Ardouin et al. [2], Jacquet et al. [3]) 

 Developed for II-V devices; recently adapted to SiGe HBT (HICUM) 

 Method 

 Define ageing current based on trap reaction-diffusion (R-D) model 

𝐼𝑅𝐸𝑝𝑆 = 𝐼𝑅𝐸𝑝𝑆,𝑓𝑖𝑛𝑎𝑙 + 𝐼𝑅𝐸𝑝𝑆,𝑓𝑖𝑛𝑎𝑙 − 𝐼𝑅𝐸𝑝𝑆,𝑓𝑖𝑛𝑎𝑙 exp −
𝑡𝑠𝑡𝑟𝑒𝑠𝑠

𝜏
𝑑𝐼𝑅𝐸𝑝𝑆

𝑑𝑡
= 𝐺 − 𝑅 ∙ 𝐼𝑅𝐸𝑝𝑆 ∙ 𝐴𝑇𝑆𝐹

 

 Add “ageing node” to Verilog-A model with 

 Generation rate 𝐺 𝐼𝑎𝑣𝑙 = 𝐴 ∙ 𝐼𝑎𝑣𝑙 + 𝐺0 

 Fixed annihilation rate R 

 Ageing time scale factor ATSF ≈ 106 added to enhance simulation speed 

 Each stress condition has unique generation and annihilation rates. 

  

Source: Jacquet, Micro. Rel. 2015 
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Ageing Simulation Solutions  
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(5) TCAD modeling of accumulated damage (Ragunathan et al. [4]) 

 Method:  

 Trap formation based on R-D model: 𝑁𝑖𝑡 𝑡 ≈ 1.16
𝐾𝐹𝑁0

𝐾𝑅
𝐷𝑡 𝛼 

 Forward reaction (trap creation) rate KR based on “lucky electron” model 

 Measurement and simulation along stress sweeps: 

JE 

VCB 

Source: Ragunathan, BCTM 2013 



www.ihp-microelectronics.com    © 2015 - All rights reserved 

Agenda 

HBT Ageing – AK Bipolar 33 

1 Introduction 

2 

3 

4 Thermal Recovery and Duty Cycle Considerations 

5 Ageing Simulation Solutions 

Ageing Mechanism 

Ageing Function for Mixed-Mode Stress 

6 Summary 

November 6th , 2015 



www.ihp-microelectronics.com    © 2015 - All rights reserved 

Summary 
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 Because of demanding circuit applications strong customer interest on reliable long-term 

performance of SiGe HBTs  

 Ageing of HBTs is due to base current increase - controlled by HCI and dynamics of trap 

generation and annihilation at BE spacer oxide junction 

 In order to optimize RF analog circuits ageing of HBTs can’t be avoided 

 Evaluation by mixed-mode stress tests leads to complex ageing function 

∆𝐼𝐵 = 𝑨𝟎 ∙ exp −
𝑞𝐕𝐚

𝑘𝐵𝑇𝑎𝑚𝑏
∙  

1

1 mA µm² 

𝐽𝐸,𝑠𝑡𝑟𝑒𝑠𝑠
 +  

𝐽𝐸,𝑠𝑡𝑟𝑒𝑠𝑠

𝑱𝑬𝒉𝒄

𝛆 𝒕𝒔𝒕𝒓𝒆𝒔𝒔

∙ exp 𝝁𝟎 ∙ 𝑉𝐶𝐵,𝑠𝑡𝑟𝑒𝑠𝑠

∙
𝑡𝑠𝑡𝑟𝑒𝑠𝑠

t0

𝛂 𝒕𝒔𝒕𝒓𝒆𝒔𝒔

 

 Ageing current can be inserted into transistor compact models to check impact on circuit 

performance 

 Simple duty cycle tests show that DC MM is “worst case” scenario and actual ageing under 

large signal RF operation may be less 
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Ageing Function with Verilog-A 
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Third step: stress time power coefficient 

 Stress tests show that ageing rate 
𝑑 log ∆𝐼𝐵

𝑑 log 𝑡𝑠𝑡𝑟𝑒𝑠𝑠
= 𝛼 𝑡𝑠𝑡𝑟𝑒𝑠𝑠 +

𝜕𝛼 𝑡𝑠𝑡𝑟𝑒𝑠𝑠

𝜕 log 𝑡𝑠𝑡𝑟𝑒𝑠𝑠
∙ log 𝑡𝑠𝑡𝑟𝑒𝑠𝑠  

is a complex function of stress-time. 

 Approximation:  𝑑 log ∆𝐼𝐵

𝑑 log 𝑡𝑠𝑡𝑟𝑒𝑠𝑠
≈ 𝛼 𝑡𝑠𝑡𝑟𝑒𝑠𝑠 = 𝛼𝑙𝑡 + 𝛼𝑚𝑡 exp −

𝑡𝑠𝑡𝑟𝑒𝑠𝑠

𝑡𝛼
  

Example: 
SG13 HBT 
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Experimental Results High-Performance HBT 
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Base current degradation as function of ambient temperature 

 Degradation at  

a) Constant VBE 

b) Constant IB 

 

∆𝐼𝐵 ∝ exp −
𝑞𝐕𝐚

𝑘𝐵𝑇𝑎𝑚𝑏
 

(a) 

(b) 


