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A HICUM extension for medium current densities Introduction
Introduction
• Goals: apply and verify HICUM Level 2, Version 2.23 to advanced SiGe HBTs with

(fT,fmax)>300 GHz

• DotFive (http://www.dotfive.eu/): development of SiGe HBTs with 500 GHz operating
frequency → need of accurate compact model

• Especially for DotFive transistors insufficient accuracy with HICUM for transfer cur-
rent at medium current injection (using meaningful parameters)

• Quick fixes are available at expense of non-physical formulations and parameters

• Need for a physics-based model formulation
• Small number of parameters
• extraction as simple as possible

• Presented here:
• HICUM extension in the formulation of the transfer current
• physics-based equation with only two additional parameters
 © AP 3



A HICUM extension for medium current densities Observation of the effect
Observation of the effect
measurements on DotFive transistors
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• No reasonable approximation for gm possible
• Fits only possible with non-physical parameters, e.g. “DC-capacitance”, i.e. adjusting capaci-

tance parameters to DC collector current rather than to C(V)-measurement 
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A HICUM extension for medium current densities Observation of the effect
Observation of the effect
1D device simulations
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• A reduction of gm for medium current densities in modern SiGe-HBTs was observed
• Cannot be modeled with compact models and physically meaningful parameters
• Several quick-fixes were introduced, but in general on mathematical basics, not on physical

• The effects occurring in measurements
could be reproduced by 1D device sim-
ulations
• Strength of effect strongly depends on the

Germanium gradient in the BE-SCR
• HBTs with constant Germanium can easily

be modeled with compact models
• Strongly graded Germanium reduces gm

even for low voltages
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A HICUM extension for medium current densities HICUM extension
HICUM extension
GICCR

• Background GICCR, simplification VBC=0 V and low injection
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• Simulation results for weighting factor hjEi:
• Constant value for constant germanium 

in BE-SCR
• Strong bias dependence for graded Ge-content

0.4 0.5 0.6 0.7 0.8
0

0.5

1

1.5

2

2.5

V
BE

 [V]

h jE
i

 

 

constant Ge
weakly graded Ge
strongly graded Ge

• Results for c10, i.e. c0/h0
• Also increasing bias dependence for graded

germanium content
• Can only be caused by electron mobility, since

it is only calculated by weighting p0, i.e. hole
density at equilibrium
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A HICUM extension for medium current densities HICUM extension
HICUM extension
background

• Bias dependence of hjEi by
• electron mobility → weak influence
• intrinsic carrier density → strong influence

• Bias dependence of c10 can be covered by appropriate parameters

Qp0QjEi

NA

Qp0QjEi

xxjE

VBE

ni

ni

NA

xp0xp

xp

• HOW? ni is independent to the operating
point

• BUT! width of space charge region is not

• Dependence on ni
• Graded germanium → graded ni

• Space charge width increases with VBE

• Average ni decreases with increasing
space charge

• Leading to an increasing weighting fac-
tor
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A HICUM extension for medium current densities HICUM extension
HICUM extension
model equations

• Assumption
• Abrupt doping profile
• No mobile carriers in the 

BE SCR
• Graded germanium content

across whole SCR for VBE=0 V

• Calculation of the SC

    with    

• Intrinsic carrier density
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A HICUM extension for medium current densities HICUM extension
HICUM extension
model equations

• Weighting factor hjEi
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A HICUM extension for medium current densities HICUM extension
HICUM extension
generalization

• Replacing the square root by the HICUM parameter zEi

• Model parameters
• VDEi and zEi, already used in HICUM, extracted by C(V)-measurements for BC-short
• HICUM parameter hjEi reused as hjEi0, weighting factor for very low VBE

• newly introduced parameter ahjei

    with   %
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A HICUM extension for medium current densities HICUM extension
HICUM extension
extraction methodology (I)
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Extraction
Original model
Solutions after each step

• Starting point -> standard extraction for c10 and hjEi, Qp0 known from device simula-
tion or tetrode structures, CjEi parameters known from C(V)-measurements
• Known to lead to a negative hjEi (for high VBE)
• Use VBE as low as possible to avoid this (works otherwise as well) to get a starting solution

for c10 → (1)
• Calculate hjEi(VBE) with known QjEi and IC, c10 and Qp0 and use a fitting procedure for the

model equation (for high voltages) → (2)
• Calculate a new c10 with hjEi from model equation for low VBE → iterate for c10 → (3)

(1) (2) (3)
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A HICUM extension for medium current densities HICUM extension
HICUM extension
extraction methodology (II)
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• “False” extracted c10’=c10*h0’ leads to a weighting factor for Qp0

• But in transfer equation, there is no weighting factor → influence on hjEi(VBE)-curve

• Extraction of the hjEi(VBE) curve → fitting with known Qp0 and QjEi
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A HICUM extension for medium current densities Implementation and results
Implementation and results
model equation
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Model equation
Implemented equations

• Implementation of bias dependent hjEi
• calculation as function of VBEi

• numerical problems for VBEi≥VDEi and VBEi=0 V
• Fixed by linearization for VBEi→0 and VBEi=VfEi

with , limitation
voltage for CjEi

• Turned on for ahjEi>0, turned off for ahjEi=0

VfEi VDEi 1 ajEi
1 zEi⁄( )–

–[ ]=

• and an additional parameter hf0

Qf T, hf0Qf0 hfEΔQEf ΔQBf hfCΔQCf+ + +=

• VerilogA code for HICUM Level 2, Version 2.24
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A HICUM extension for medium current densities Implementation and results
Implementation and results
device simulations

0.4 0.5 0.6 0.7 0.8
0

0.5

1

1.5

2

2.5

V
BE

 [V]

h jE
i

 

 

Simulation
h

jEi
 model

0.4 0.5 0.6 0.7 0.8
0.9

0.92

0.94

0.96

0.98

1

V
BE

 [V]

g m
*V

T
/J

C

 

 

Simulation
h

jEi
 model, h

f0
=1

h
jEi

 model, h
f0

≠1

• Very good results for modeling simulated
values of hjEi

Ge-gradient

Ge-gradient

constant Ge
constant Ge

• Combination of hjEi(VBE) and hf0
results in an accurate description
of gm for low and medium injection
 © AP 14



A HICUM extension for medium current densities Implementation and results
Implementation and results
experimental results: DotFive transistors
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A HICUM extension for medium current densities Summary and outlook
Summary and outlook

→ Development of a physics-based equation for hjEi with one additional parameter

→ Introduction of a weighting factor for the low-current minority charge

→ Very accurate results for simulation and measurement

• To be done yet: further verifications (distortion, numerical stability, temperature
dependence of parameters)
 © AP 16
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A HICUM extension for medium current densities Additional slides
Additional slides
influence of bias dependence of electron mobility on hjEi
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• Space charge

• Effective increase of space charge

• For profile with strong Ge-gradient:
• effective increase of space charge is almost

constant, moves towards junction
• Strong increase for weighted space charge
• Almost constant when weighted with mobility

only, strong increase when weighted with ni

• Electric field and mobility “moves” together
with Δρeff

Δρ q p p0–( ) n n0–( )–[ ]=
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A HICUM extension for medium current densities Additional slides
Additional slides
background for hf0

• Weighting factor increases with Ge-gradient, approximately 1 for constant Germa-
nium

• Assumption: Qf0 is weighted equal to Qp0
• Incorrect value for Qp0 but correct value for τf0, weighting needed for either of them
• Incorrect value for c10, needed weighting for Qp0 modeled with hjEi(VBE), weighting for Qf0 is

needed

• Assumption: different weighting for Qp0 and Qf0
• Caused by increasing minorities in base near the BE-junction
• Different weighting due to gradient of ni
 © AP 19



A HICUM extension for medium current densities Additional slides
Additional slides
quick-fixes by XMOD
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• Quick-fix for medium injection

• DC-capacitance, extraction of parame-
ters for CjEi based on transfer current
for high VBE, based on C(V) for low VBE

• Adjusting τ0 to get correct transit times

• Leads to “bumps” in gm, since CjEi for-
mulation leads to a constant value for
high voltages
 © AP 20
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	Introduction
	• Goals: apply and verify HICUM Level 2, Version 2.23 to advanced SiGe HBTs with (fT,fmax)>300 GHz
	• DotFive (http://www.dotfive.eu/): development of SiGe HBTs with 500 GHz operating frequency ® need of accurate compact model
	• Especially for DotFive transistors insufficient accuracy with HICUM for transfer current at medium current injection (using meaningful parameters)
	• Quick fixes are available at expense of non-physical formulations and parameters
	• Need for a physics-based model formulation
	• Small number of parameters
	• extraction as simple as possible

	• Presented here:
	• HICUM extension in the formulation of the transfer current
	• physics-based equation with only two additional parameters


	Observation of the effect
	measurements on DotFive transistors
	• No reasonable approximation for gm possible
	• Fits only possible with non-physical parameters, e.g. “DC-capacitance”, i.e. adjusting capacitance parameters to DC collector current rather than to C(V)-measurement



	Observation of the effect
	1D device simulations

	HICUM extension
	GICCR
	• Background GICCR, simplification VBC=0 V and low injection


	HICUM extension
	background
	• Bias dependence of hjEi by
	• electron mobility ® weak influence
	• intrinsic carrier density ® strong influence

	• Bias dependence of c10 can be covered by appropriate parameters


	HICUM extension
	model equations
	• Assumption
	• Abrupt doping profile
	• No mobile carriers in the
	BE SCR
	• Graded germanium content

	across whole SCR for VBE=0 V

	• Calculation of the SC

	with
	• Intrinsic carrier density

	for 0<x’<xp0

	HICUM extension
	model equations
	• Weighting factor hjEi

	with
	this leads to

	HICUM extension
	generalization
	• Replacing the square root by the HICUM parameter zEi
	• Model parameters
	• VDEi and zEi, already used in HICUM, extracted by C(V)-measurements for BC-short
	• HICUM parameter hjEi reused as hjEi0, weighting factor for very low VBE
	• newly introduced parameter ahjei


	with %

	HICUM extension
	extraction methodology (I)
	• Starting point -> standard extraction for c10 and hjEi, Qp0 known from device simulation or tetrode structures, CjEi parameters known from C(V)-measurements
	• Known to lead to a negative hjEi (for high VBE)
	• Use VBE as low as possible to avoid this (works otherwise as well) to get a starting solution for c10 ® (1)
	• Calculate hjEi(VBE) with known QjEi and IC, c10 and Qp0 and use a fitting procedure for the model equation (for high voltages) ® (2)
	• Calculate a new c10 with hjEi from model equation for low VBE ® iterate for c10 ® (3)



	HICUM extension
	extraction methodology (II)
	• Same basics as methodology (I) but without the iteration
	• “False” extracted c10’=c10*h0’ leads to a weighting factor for Qp0
	• But in transfer equation, there is no weighting factor ® influence on hjEi(VBE)-curve
	• Extraction of the hjEi(VBE) curve ® fitting with known Qp0 and QjEi



	Implementation and results
	model equation
	• Implementation of bias dependent hjEi
	• calculation as function of VBEi
	• numerical problems for VBEi³VDEi and VBEi=0 V
	• Fixed by linearization for VBEi®0 and VBEi=VfEi
	with , limitation voltage for CjEi
	• Turned on for ahjEi>0, turned off for ahjEi=0




	Implementation and results
	device simulations
	• Very good results for modeling simulated values of hjEi


	Implementation and results
	experimental results: DotFive transistors

	Summary and outlook
	Development of a physics-based equation for hjEi with one additional parameter
	Introduction of a weighting factor for the low-current minority charge
	Very accurate results for simulation and measurement
	• To be done yet: further verifications (distortion, numerical stability, temperature dependence of parameters)
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	Additional slides
	influence of bias dependence of electron mobility on hjEi
	• Space charge
	• Effective increase of space charge
	• For profile with strong Ge-gradient:
	• effective increase of space charge is almost constant, moves towards junction
	• Strong increase for weighted space charge
	• Almost constant when weighted with mobility only, strong increase when weighted with ni
	• Electric field and mobility “moves” together with Dreff



	Additional slides
	background for hf0
	• Weighting factor increases with Ge-gradient, approximately 1 for constant Germanium
	• Assumption: Qf0 is weighted equal to Qp0
	• Incorrect value for Qp0 but correct value for tf0, weighting needed for either of them
	• Incorrect value for c10, needed weighting for Qp0 modeled with hjEi(VBE), weighting for Qf0 is needed

	• Assumption: different weighting for Qp0 and Qf0
	• Caused by increasing minorities in base near the BE-junction
	• Different weighting due to gradient of ni



	Additional slides
	quick-fixes by XMOD
	• Quick-fix for medium injection
	• DC-capacitance, extraction of parameters for CjEi based on transfer current for high VBE, based on C(V) for low VBE
	• Adjusting t0 to get correct transit times
	• Leads to “bumps” in gm, since CjEi formulation leads to a constant value for high voltages
	• HOW? ni is independent to the operating point
	• BUT! width of space charge region is not

	• Dependence on ni
	• Graded germanium ® graded ni
	• Space charge width increases with VBE
	• Average ni decreases with increasing space charge
	• Leading to an increasing weighting factor
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