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Introduction KYI

HICUM/L2 v2.24* is certainly the best physics based bipolar model available today in circuit
simulators [1]

But, on the other hand, HICUM/L2 is also certainly the only physics based bipolar model
which can be fitted with unphysical parameters!...

Demonstration...

* Application to the determination of the low collector current parameters C, Qpg, H g (equivalent to Ig and Vag of
the SGPM) for advanced SiGe HBTs developed in the framework of DOTFIVE project [2].

* In all this document, for simplicity HICUM/L2 v2.24 will be maned HICUM/L2
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C10: Qpg, Hyg| direct extraction procedure

Extraction flow (single-geometry approach) [3]

BE junction capacitance parameter extraction

Split of the BE junction capacitance

C410 and Qpg extraction assuming H g =1
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BE Junction capacitance parameter extraction

» For each Vgg, the BE junction capacitance is determined from cold S-

parameters measurements, in a given frequency range, using (average
value)
_ Im(Yq4e + Yige)

(Q)

jBE

» The parasitic capacitances Cpg (backend and spacer capacitances) are
determined from CAD tools.

» The model parameters, C;go, Vpg and Zg of the BE depletion capacitance
are directly extracted from a linear regression on the characteristic [4]

z
IN(Cpneas — Cpe) = IN(Cygo - Vpe )~ Ze - IN(Vpe— Vge)

Cpe and Vpg are chosen by dichotomy in order to maximize the magni-
tude of the correlation coefficient |r|, than Zg is deduced from the slope
and C jgq from the y intercept

Z: = —slope
intercept

Cieo = Z:
Ve
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In(Cjge - Cp)

Cge [fF]
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Results

Very accurate C(V) curve is obtained with the extracted parameters

_ +01 - —_ — _ —
Cieio =203 10" fF Vg =078V Zg =0.15 Ay =2.00 Cgeppg = 0.00 fF Cpp = 5.39 fF
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Split of the BE junction capacitance Kys

As the parameters are extracted on a single-geometry device, some assumptions are done
for the split (intrinsic/extrinsic part) of the BE capacitance

* We assume that the area component C gy is the same for the area and
peripheral parts.

* The split of the BE junction capacitance can be then defined by

Cy= XJBE'CjBE = Cyea-Ag

n/ E
: . A
C, = (1-Xygp)- CjBE = Cyep-Pe = CJEA‘§ i Pe I
that leads to
1 s )
XiBE = P
1+ T -r. - _E
2 ! AE Le .
* Application
rj (nm) 171 \ ) We g j
Lg (um) 9.86
We (um) 0.13 Pe = 2 (Lg +Wg)
XJBE 0.705 {AE = Lg-Wg
C,4 (fF) 14.29
C, (fF) 5.98
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C10 and Qpg parameter extraction IS7;

Expression of the collector current at low current densities and Vgc = 0V

Vee
Vr
Cipo-e

|~ = |+ =~ 1
C TF T Qpy + Hyg - Qug M

Extraction strategy
* From (1) we can write

Tee Vee
Cio- ¢! Cio e Qp
Qpo + Hygr - Qg = Ic and finally | Qg = Hye Io  Hyg (2)

* The internal BE depletion charge Q g, can be computed from the BE depletion capacitance
VBEe
Qg = j C,g,(V)dV which gives after integration

0

Qg = C Voei 1-(1 Vi) ) A (Ve -V
iei = Cjeio- 1_ZEi.|: - _VDE) } jei - (Ve —V))

where the auxiliary voltage V; is equal to Vgg in reverse and low forward bias.
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Vi NEeIE h



C10 and Qpg parameter extraction IS7;

Vee

Y
* Therefore, from (2), at low current densities, the internal BE depletion charge Qg vs. the quantity e T /lc is linear.

* The slope allows to determine C4o/H g, and the intercept Qpgy/H g

First %

* Despite H,g, affect | at low-medium current densities (equation (1)), to our knowledge, H g, can not be determined
in this range of currents. As consequence, only the ratios C4y+=C4o/H g and Qpp+=Qpo/H g, can be extracted.

» This method is very sensitive to the temperature which must be accurately known (regulated thermochuck).

Second %

» This method has been applied with success for several ST technologies. But, for devices having similar perfor-
mances than DOTFIVE technology, this method fails and gives a negative Qpg value (y intercept). Therefore the sa-

turation current Ig=C40/Qpq cannot be determined.
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Results ﬁ

Direct extraction gives negative Qpq value

lg =451 10"°A C;;=5.18 1071 A.C| Qpg =-1.15 10" fC | H,g, = 1.00 107
11 | | | | | | |

10.5
10
9.5
9
8.5
8
7.5
7

6.5 | | | | | | |
11 12 13 14 15 16 17 18 19

[exp(Vge/V1)l/Ic [1/aA]

Qug [fC]

9/26
Vi NEeIE h



Global optimization

As direct extraction failed: an inadequate
extraction strategy being always possible, glo-
bal optimization (Simplex algorithm) is used.

Optimization of C4g, Qpg and H g on the semi-
normalized collector current Icy, at low and
medium current densities and Vgc = 0V

* TO (low current transit time) and emitter resistance extracted
in previous step.
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Global optimization

As direct extraction failed: an inadequate
extraction strategy being always possible, glo-
bal optimization (Simplex algorithm) is used.

Optimization of C4g, Qpg an H,g, on the semi-
normalized collector current Icy, at low and
medium current densities and Vgc = 0V

* To (low current transit time) and emitter resistance extracted
in previous step.

Perfect results are obtained, with very small rms
error.

\'l NEIE 1
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Global optimization

But in fact we fell in the HICUM'’s black hole

\'l NEIE 1

I/lls-exp(Vge/(Vp)-1]
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Global optimization

But in fact we fell in the HICUM'’s black hole

A terrible trap for modeling engineers

* Physics based model
* Very good fit

* Unphysical model parameters
* Qpg = 102% underestimated
* | overestimated

C
s = =2 = 1.38x10 "'A
Qpy

\'l NEIE 1
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Global optimization

But in fact we fell in the HICUM'’s black hole

A terrible trap for modeling engineers

* Physics based model
* Very good fit

* Unphysical model parameters
* Qpg = 102% underestimated
* | overestimated

C
s = =2 = 1.38x10 "'A
Qpy

How to avoid this trap?

Ig=1.3810" A C;p=13810% AC Qpy=1.0010%fC
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Other trials KYI

As Qpg was underestimated, Qpg is now fixed

Ig=1.3810" A C;,=5.3810°A.C Qpy=3.9010"fC H,, =7.37 10"

to the value deduced from tetrode measure- eSS ———
ment, as suggested by TuD, (Qpg = 39 fC) and 0t i
only C4 and H g, are optimized 2wt -
z 3
! 10” |~ —
e
2 10°
Same anomaly P
< 10
* Physics based model - -
* Very good fit
107 ] ] ] ] ] ] ] ]
° Unphysical model parameters 0O 01 02 03 04 05 06 07 08 09 1
e Same C10/on and HJEllQPO ratios Vee [V]

. .
s overestimated Is=1.38 10" A C;;=5.3810%°AC Qpy=3.90 10" fC H,g =7.3710""
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Explanation Kys

Why global optimization fails?
C10, Qpg, Hyg| are optimized from the semi-normalized collector current |- over exp(Vgg/V7)
at low and medium current densities and Vgc = 0V

C1o
e Cio _ Qpyg _ A
Vee  Qpot Hyg - Qg ’ +h T+B- Qg
Vr Q.. JEI
e PO

Global optimization will give only the ratio A = C4¢/Qpg and
B = H,//Qpg, with the impossibility to distinguish C4( from
Qpg and H,g| from Qpg (2 equations, 3 variables)

This is confirmed from the trials we have done, an infinity
of C10, Qpg, Hyg| parameters can be found given the same

accuracy (but with non-physical parameters) if the ratios A
and B are preserved.

We hope that this ambiguity will be remove in the future
HICUM/LZ2 releases. Solutions are possible [6], [7].

o 16/26
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Other trials

As an unphysical value is obtained for Ig, now
|5 is fixed (y-intercept, 79.5 aA), Qpg is also

fixed to the value deduced from tetrode mea-
surement (Qpg = 39 fC) and only H g, is opti-

mized
* C4p is automatically calculated from C4q = 15.Qpg

And now?

* Physics based model
* Physical parameters

Is =79.5 aA
Cq0=3.1x1030A.C
Qpg = 39 fC

Hygi = 31.1

* Poor accuracy, especially where the transistor will be
used (around the f; peak)

\'i I i
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Conclusion

Io/[lg-exp(Vag/(V1))-1]

For advanced HBTs like DOTFIVE devices, the collector current cannot
be accurately reproduced with physics based parameters (C4g, Qpg, Hyg|)

using HICUM/L2.

Before the availability of new HICUM release, workarounds must be
found to solve this important model issue.

The slope of the normalized collector current is too small.

1 — T T T T T T T 1
0.8 I . How to improve (increase) the slope
o of the normalized collector current?
0.6 I = .
o 2 possibilities
04 ° _ * Play withe the charges Qg
/ * Play with the non-ideality factor Mcg
02 |- °°°°°OO _
Ooooo
0 ] ] ] ] ] ] ] ]

0O 01 02 03 04 05 06 07 08 09 1
Vge [V]
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First workaround

The principle was first suggested by Z. Huszka [5]

Use the fact that the BE junction capacitance can be split-
ted in 2 parts (Intrinsic C g and extrinsic C gp)

C g and its associated parameters are used for modeling

the Ic(Vgg) characteristic at low current densities

C, ep and its associated parameters are used for modeling
the fr characteristic at low current densities

For that C g g must be fixed to a small value in order that
the DC capacitance parameters of C g do not affect the fy

characteristics

{CJEIO = 0.1x CJEO_totaI
Ciepo = 0.9x CJEO_totaI

\'l NEIE 1

len

Ciep Cuel

C,g| parameters
7 “JE
Vel Zei» AsEl

1/2nfy

> C,gp parameters
Vbep Zep Ajep

N

C

1/lg
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First workaround

Very accurate results are obtained with phisical
model parameters

Today used in all ST model libraries

Possible limitation (f,,5x mModeling): Rg; must be

small, that is the case today for our advanced
HBTs. Still valid for THz devices?
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Second workaround

The second possibility to improved (increase) the
slope of the semi-normalized collector current is
to introduce the non-ideality factor Mcg

VBE \E{Lq}
| Coo-© lc _Cyp-e
Qpg + Hyg - Qe \_/\7BE Qpo + Hjg - Qe
T
e

Global optimization of C4g, Qpg, Hyg|, Mcf at low
and medium current densities (Vgg = 0.45-0.85 V)

* Medium currents allow to determine Qp (transit time parame-

ters known).
* Low current densities allow to determine C49 H g, Mcr

» Very good accuracy as with workaround 1, but with a different
set of model parameter (C1q, Qpg, Hyg|)

* Qp( closer than tetrode measurement (but not mandatory)
i IS (C10/Qp0) similar.

* Warning: in order to avoid an offset on the I-(Vg) characteris-
tics at 1-=0, Mcr parameter MUST be set to Mcg Unfortu-
nately this parameter does not exist in HHCUM/L2
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Comments Kﬁ

Despite these 2 workarounds solve the limitations of HICUM/L2 v2.24, for advanced multi-
100GHz SiGe HBTs, at room temperature,

unfortunately, the temperature dependence issue of the collector current (critical for bandgap
applications) is not solved with these approaches [6], [7].

Other workarounds are needed in order to make H g, (workaround 1) or Mg (workaround 2)

temperature dependent
» Temperature laws (quadratic law with 2 TCs) described outside the model using simulator script

alla 22/26
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Summary ﬁ

For HICUM/LZ2, the coupling between C,q, Qpg, Hyg| is a N!g]ﬁ”@‘g for modelling engineers
and still an issue for reliable (physical and accurate) parameter extraction.

A solution was proposed at the last HHCUM WS to overcome this problem [6]

Old formulation - strong impact of Qp New formulation - impact of Qpq only at high currents

L[ o 0.1°QP0_card
I QPO _card
« 10"QP0_card

04 06 08 1 04 06 08 1
VBE M VBEIV]

Strong limitations of HICUM/L2 v2.24 for modeling advanced SiGe HBT's

Workaround are proposed to solve these problems at room temperature but still exist at other
temperatures

nlo 23/26
\'l ' 1



Summary ﬁ

New official HICUM/L2 release will have to take into account all these limitations with

minimizing all extraction %

Solutions were presented at the last HICUM WS [6], [7], [8]

In the meantime, daily modeling engineer activities will still look like this...
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Summary ﬁ

New official HICUM/L2 release will have to take into account all these limitations with

minimizing all extraction %

Solutions were presented at the last HICUM WS [6], [7], [8]

In the meantime, daily modeling engineer activities will still look like this...

HICUM parameters
o O ®

o HICUM/L2

o 25126
Vi i h



References KYI

[1] M. Schroter, A. Chakravorty, “Compact Hierarchical Bipolar Transistor Modeling with HICUM”, World Scientific, Sin-
gapore, ISBN 978-981-4273-21-3, 2010.

[2] http://www.dotfive.eu/

[3] D. Berger, D. Céli, M. Schroter, M. Malorny, T. Zimmer, B. Ardouin, “HICUM Parameter Extraction Methodology for
Single Transistor Geometry”, proceedings of the BCTM, pp. 116-119, September 2002.

[4] Y. Getreu, “Modeling the Bipolar Transistor’, Tektronic.Inc, PP. 166-168, 1979.

[5] Z. Huszka, E. Seebacher, “IGICCR Part II: Full HICUM/LZ2 Extraction Flow with Self Heating”, Working Group Bipo-
lar (AKB) Meeting, October 2008, NXP, Hamburg, Germany.

[6] Z. Huszka, D. Céli and E. Seebacher, “A Novel Low-Bias Charge Concept for HBT/BJT Models Including Hete-
robangap and Temperature Effects - Part |: Theory and Model Implementation”, 10" HICUM Workshop, Dresden,
Germany, September 2010.

[7] Z. Huszka, D. Céli and E. Seebacher, “A Novel Low-Bias Charge Concept for HBT/BJT Models Including Hete-

robangap and Temperature Effects - Part Il: Implementation, Parameter Extraction and Verification”, 10t HICUM
Workshop, Dresden, Germany, September 2010.

[8] A. Pawlak, M. Schroter, A. Mukherjee, T. Kessler, “HICUM/L2 v2.30 Overview", 10t HICUM Workshop, Dresden,
Germany, September 2010.

o 2626
\'i 0 (D) |




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


