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Introduction
The method presented in this document is not new. It was first described in 1976 by I. Getreu [1]

Beginner modeling engineers are sometimes (and even often) confronted with extraction problems
due to the volatility of knowledge over time.

This document is dedicated to them, with the objective of extracting the parameters describing the
voltage behavior of junction capacitances.

After reviewing possible extraction problems of junction capacitance parameters, the method pro-
posed in [1] will be re-explained and applied to the extraction of parameters of the BE, BC and CS
junction capacitances of bipolar transistors from C(V) data.

It is assumed to have accurate and well de-embedded C(V) data coming either from measurements
using LCR meter or Vector Network Analyzer (VNA).

A dedicated measurement setup is introduced to optimally distribute the measurement points in a
given voltage range.
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Insufficiently accurate initial guess (1/2)
Initial conditions

Extracted parameters
• Nelder-Mead method

Comments
• Initial conditions too far from the true values of model parameters

lead to wrong parameters after the optimization

• It is explained slides 10 and 18 why it is important to plot the charac-
teristic ln(CjBE) vs. ln(1 - VBE/VDEi)

CJEI0 VDEI ZEI

10 fF 0.9 V 0.5

CJEI0 VDEI ZEI

30.3 fF 6.13 V 0.93
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Insufficiently accurate initial guess (2/2)
Same initial conditions bu use of another optimizer

Extracted parameters
• Grid search method

Comment
• This example demonstrate that the choice of the optimizer is important

• Some optimizers can be less sensitive to wrong initial values

CJEI0 VDEI ZEI

10 fF 0.9 V 0.5

CJEI0 VDEI ZEI

29.8 fF 0.72 V 0.12
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Accurate initial guess (1/2)
Initial conditions

Extracted parameters
• Nelder-Mead method

Comment
• Using global optimization, precise initial conditions are very important

to obtain accurate results (to avoid falling into local minimums)
 l

CJEI0 VDEI ZEI

30 fF 0.8 V 0.3

CJEI0 VDEI ZEI

29.8 fF 0.78 V 0.13
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Accurate initial guess (2/2)
Impact of the optimizer [2]
• Worst results in red
• Best cases in green
• The very best result in bleu

Comment
• A robust optimizer is a key point for obtaining accurate model parame-

ters

Optimizer CJEI0 VDEI ZEI
rms 
error

Grid search 30.2 fF 0.87 V 0.25 3525 10-5

Steepest descent 29.9 fF 0.83 V 0.14 2.270 10-5

Nelder-Mead 29.9 fF 0.77 V 0.13 1.227 10-5

Differential Evolution (DE) with Global and 
Local (GL) mutations, and Self Adaptive 
Weight Factors (SAW)

29.9 fF 0.78 V 0.13 1.243 10-5

DE with different muta-
tion strategy

current to pbest/
1/bin 29.9 fF 0.81 V 0.14 1.830 10-5

best of rand/2/bin 29.9 fF 0.78 V 0.13 1.232 10-5

best/1/bin 29.9 fF 0.78 V 0.13 1.573 10-5

rand/1/bin 30.0 fF 0.92 V 0.15 23.47 10-5

Simplex 29.9 fF 0.78 V 0.13 n.a.
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Wrong V range
V range
• VBEmin = -1 V, VBEmax = 0.6 V (instead of 0.4 V)

Initial conditions

Extracted parameters
• DE/SAW method

Comment
• A wrong V range, used for the optimization of model parameters, on

the C(V) characteristic, leads to inaccurate and unrealistic model
parameters (ZEi too small)

• In order to be not impacted by the diffusion capacitances, it is sug-
gested to used a Vmax value around 0.4 V.

CJEI0 VDEI ZEI

30 fF 0.8 V 0.3

CJEI0 VDEI ZEI

29.6 fF 0.59 V 0.078
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The danger of global optimization
V range
• VBEmin = -1 V, VBEmax = 0.7 V 

Initial conditions

Extracted parameters
• Nelder-Mead method

Comment
• Extracting parameters over a wrong range of V can lead to an acceptable fit of the C(V) curve but with unrealistic parameters

(AJEi too high, ZEi too small).

AJEI CJEI0 VDEI ZEI

2.5 30 fF 0.8 V 0.3

AJEI CJEI0 VDEI ZEI

12.1 29.3 fF 0.65 V 0.085
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Global optimization with correct V range
V range
• VBEmin = -1 V, VBEmax = 0.5 V 

Initial conditions

Extracted parameters
• Nelder-Mead method

Comment
• Global optimization with correct V range give the right results

• The increase of the capacitance for V > 0.5 V et not due to the
depletion capacitance but to the impact of the diffusion capaci-
tance.

AJEI CJEI0 VDEI ZEI

2.5 30 fF 0.8 V 0.3

AJEI CJEI0 VDEI ZEI

2.51 29.9 fF 0.71 V 0.12
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Junction capacitance parameter extraction (1/2)
The model parameters are extracted from C(V) data obtain either with LCR meter (large devices) or
from S-parameters measurements using VNA.

Model equation

 (1)

Parameter to be determined

Extraction strategy [1]
• Linearization of equation (1)

 (2)

Parameter Signification

CJ0 Zero-bias depletion capacitance

VJ (VD HICUM) Built-in potential

MJ (Z HICUM) Grading factor

CP Parasitic capacitance
© I. Getreu  [1]

Cmeas
CJ0

1 V
VJ
------–

 
 
 MJ
---------------------------- CP+=

Cmeas CP– ln CJ0 ln MJ 1 V
VJ
------–

 
 
 ln–=
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Junction capacitance parameter extraction (2/2)
• Iteration on (VJ, CP) in order to minimize the target function 1 - |r|,

where r is the correlation coefficient (|r| = 1 when the data point are
perfectly aligned)

• When 1 - |r| is minimum, VJ and CP are known, the characteristic

 is linear, the slope allows to deter-

mine MJ and the intercept to determine CJ0

Pros
• No need sophisticated optimizers
• No need initial conditions
• No iteration needed (once VJ and CP are known), direct extraction using simple linear regression
• Allows to validate the measurements, equation (2) must be linear
• Allows to validate the extracted parameters, equation (2) must be linear

Cons
• None

Cmeas CP–    vs.   1 V
VJ
------–

 
 
 lnln

VJ and CP Min 1- r=

MJ slope–=

CJ0 eintercept=




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Measurement setup
In order to minimize the number of points in the [Vmin, Vmax] range
• especial when this range is large

And to have the maximum number of point in the region of the C(V) curve where the curvature is
maximum
• i.e. where the built-in potential and the grading factor have their most impact.

Instead of using a linear variation for the applied voltage V, it is better to use an exponential depen-
dence as described in appendix A
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Application to the BE junction
Parameter extraction (HICUM/L2 model)
• 2 steps parameter extraction

• VJ (VDEi) optimization for 1-|r| minimization 
• Then linear regression for CJEi0, ZEI determination

CJEi0 VDEi ZEi

29.9 fF 0.770 V 0.133

Optimal
built-in 
potential

Linear regression
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Application to the BC junction
Parameter extraction (HICUM/L2 model)
• 2 steps parameter extraction

• VJ (VDCi) optimization for 1-|r| minimization 
• Then linear regression for CJCi0, ZCi determination

CJCi0 VDCi ZCi

25.6 fF 0.615 V 0.248

Optimal
built-in 
potential Linear regression
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Application to CS junction (1/4)
Parameter extraction (HICUM/L2 model)
• 2 steps parameter extraction

• VDS optimization for 1-|r| minimization 
• Then linear regression for CJS0, ZS determination

Comments
• Although the C(V) curve looks good, the ln(CjCS) vs. ln(1 - VSC/VDS)

characteristic is not linear

• As this transistor is isolated with deep trench (DTI) there is in parallel to
the CS depletion capacitance a parasitic oxide capacitance which must
be taken into account

CJS0 VDS ZS

8.21 fF 0.326 V 0.212
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Application to CS junction (2/4)
Parameter extraction (HICUM/L2 model)
• 2 steps parameter extraction

• VDS and CSCP0 (oxide capacitance of the DTI) optimization for 1-|r| minimization 
• Then linear regression for CJS0, ZS determination

CJS0 VDS ZS CSCP0

3.78 fF 0.341 V 0.580 4.36 fF
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Application to CS junction (3/4)
Optimized VDS (VJ) and CSCP0 (CP), black point, corresponding to the minimum of the target function
1 - |r|
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Application to CS junction (4/4)
Comments
• By taken into account the parasitic oxide capacitance of the DTI

• the fit of the C(V) curve is better (look at the relative error)

• and now the characteristic ln(CjCS- CSCP0) vs. ln(1 - VSC/VDS) is
linear, which validates the model used and the extracted parame-
ters
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Summary (1/2)
Whatever the strategy used for the determination of the parameters of the depletion capacitances
• Junction capacitance at zeros bias, CJ0
• Built-in potential VD (HICUM model) or VJ (SGP model)
• The grading factor Z (HICUM model) or MJ (SGP model)

At the end of the extraction step it is important to plot the characteristic ln(Cmeas - CP) vs. ln(1 - V/VJ)

This characteristic, in the extraction range, must be linear. 

If it is not the case, it may be due to 
• either to measurement issues (mainly due to de-embedding)
• or to problems with the test structure or technology. What you are

measuring is not a pure depletion capacitance.
• or to extraction issues

• Optimizer not robust enough
• inappropriate extraction range 
• initial values too inaccurate in case of global optimization
• wrong estimation of parasitic capacitances

The proposed extraction strategy is not only valid for
BJTs but also to all junction capacitances of integrated
devices
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Summary (2/2)
Hints
• If the built-in potential is too low (< 0.3 V) or if the grading factor is too small (< 0.1), that corresponds to an under de-embedding

 

• Parasitic capacitance in parallel with the depletion capacitance

• In the opposite, if the built-in potential is too high (> 1.0 V) that corresponds to an over de-embedding
• Too important parasitic capacitance removed

• It could be interesting to extend the C(V) measurements for positive voltages (greater than 0.5 V and up to around 0.8 V) in order
to see the impact of the BE and BC diffusion charges

• Validation of the extracted transit time parameters T0, TR, TSF 

Any comments or questions are more than welcome (didier.celi@st.com)
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Appendix A: Optimized applied voltage variation

The determination of the model parameters describing the bias dependence of junction capacitances
are determined from a linear regression on the characteristic

 (3)

 

If a linear scale is used for the applied voltage V, the distribution of the points, equation (3), is not li-
near, too many points in reverse, not enough points in forward mode. 
• This is especially true if the V range is large.

To overcome this problem, it is proposed to have points regularly distributed on characteristic (3)
• Maximum number of points where the curvature is maximum
• Better determination of VJ and MJ

The number of points NBP is fixed (20 by default), as well as the voltage range [VMIN,VMAX]

Let us define

  with VD = 0.75 V is used as default value, CP is assumed equal to zero.

Cmeas CP–    vs.   1 V
VJ
------–

 
 
 lnln

X0 1
VMIN
VD

------------–
 
 
 ln=

Xn 1
VMAX

VD
--------------–

 
 
 ln=










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• The measurement step STP is given by 

• the x axis values vary linearly from X0 to Xn according to

   where 

It is now possible to compute the values of the applied voltage V

• V is such  this leads to 

For model parameter extraction, the point at V = 0 V must be added 

STP
Xn X0–
NBP 1–
-------------------=

x X0 n STP+= n 0 NBP[ , ]

x 1 V
VD
-------–

 
 
 ln= V VD 1 e

X0 n STP+
– =
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Examples

Applied voltages for BE depletion capacitance measurements 

• As forecasted, It can be noticed that the number of point is maximum (without increasing the total number of measurement
points) in the region where the curvature of the C(V) characteristic is maximum, which is better for an accurate determination of
the built-in potential and of the grading factor.

V 1– 0.5[ , ]
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Results
Old VBE step New proposed VBE step
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Applied voltages for BC depletion capacitance measurements V 3– 0.5[ , ]
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Results
Old VBC step New proposed VBC step
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