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General Remarks

« Objectives
- Concurrent engineering requires physics-based and predictive modeling strategy
- Generation of scalable models

« Single transistor fitting
- relies on a “golden” wafer which is

. e : c fex
typically very difficult to obtain, or —— ¢
IS simply not available. e

- often results in unrealistic/non- —c ZX _ CBe
physical parameter values. T BCx T CD
- can only produce the simple —L ? T
equivalent circuit shown to the rigt B 'BE | Cie __CdE
due to lack of sufficient geometry XZ T T
related information.
- usually provides a library with a E’
very limited number of transistors, [’} re
unless time and resource are
unlimited. E
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General Remarks (cont.)

« A process-based scalable approach

- enables extraction of an accurate physics-based equivalent circuit (see fig. below) with a
realistic representation of parasitic components.

- maintains physical values of extracted parameters, therefore enabling later shift on the
extracted parameters in accordance to process changes as well as statistical variation.

- enables efficient model generation of transistors with different configurations.

« The process-based

scalable —||—CSu |

methodology J.C' S S

described in this = BV e iTs S Iy
presentation has been % . ——C
implemented as a JE BCx £se ds|  Cug IBCiJ.CBC‘ AV

TV

Matlab toolbox called l

n %C G A
L

BY | B’
Bipax and used for B FBy ! — se [ Cae
produc.tion parameter \/ -FjEp p‘BEt Vi T T T
extraction. _

E

CEox BE P Rih Ctn
| E
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Brief overview of TRADICA - Model generation

« While initially being developed as a transistor dimensioning tool, TRADICA can

also be used as a model generation and prediction tool [1].
Model-specific
parameters

« TRADICA takes process-
Transistor

specific and model- Process-specific
specific parameters as well PCM I parameters
configurations

as geometry description to Data
generate model parameters
for transistors of various
configurations, which are
defined by emitter width
and length, number of

emitter, base, and Model parameters '
collector contacts

(stripes), and their spatial arrangement.

TRADICA

- Given specific parameters extracted from an arbitrary wafer, TRADICA can shift
model parameters for wafers subject to various process variations based on
respective process control monitor (PCM) data and analytical prediction
equations.

- Eliminating the need of a golden wafer
- Enabling predictive and statistical modeling
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TRADICA Geometry Dimensions from Design Rules

Base Emitter Base Collector
| b
sp
%»b bec bre
w b Bpm Peo! silicide " bkg | |
g ! | |
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Process-specific parameters

rsBios 'ssps F'spms 'sil: Pinched-base sheet resistance, base sheet resistance under

spacer (link resistance), poly-on-mono sheet resistance, sheet resistance of
silicided base.

'k ke, 'Ke» 'spl: base, collector, emitter contact and buried layer sheet resistance
Cieio» VpEi» ZEi» YjEis Ciepos VDEp: ZEP: YjEP: CiE related parameters

Cicio» Vocir Zci» Veteir Cicbo: Vbeb: Zeb: Veteb: Cicpor Vbep: Zeps Verep: Cjc related
parameters including punch-through voltages.

Cisios Vbsi» Zsis Cispos Vbsps Zsp: Ccs related parameters

Yc, Yg: Ratio of peripheral component to bottom component of specific collector

and base currents

Oc: Collector spreading angle

Temperature coefficients and bandgap

Tpo/Tip: Ratio of peripheral component to bottom portion of the low-current transit
time Ty.
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HICUM-specific parameters

C10: Qpos Jehs Ntes Nics NiEi, hjci: Transfer current parameters including GICCR HBT
model extension

JBEis: MgEj: JrEiIS: MRE;, IBCcs: Mpc: Base current parameters
rcios Viim» VpT: VcEgs: Critical current (I cx) parameters

To, d1on, Ty : LOW-current transit-time parameters

Tieo, O EMitter transit-time parameters

Thes, Opc: Collector high-current transit-time parameters

favL, dayL : Avalanche current parameters

Jgets, Opggt: Tunneling current parameters

Ag, Kg: Flicker noise parameters

Rin, Ciny: Parameters for self-heating

a7, Ogp: Parameters for modeling NQS effect
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SGPM-specific parameters

JS, NF, BF: Collector current and current gain parameters

VAF, VAR: Early voltages

JKF: Knee current density

JSE, NSE: Base recombination current parameters

TF, XTF, VTF, ITF: Transit-time/f + parameters

apo, JRB: Parameters for modeling the internal base resistance
EG: Bandgap

AF, KF: Flicker noise parameters

PTF. Excess phase (non-quasi-static effect in transfer current)
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Process control monitors for predictive modeling

Except obggy and owc all the parameters listed here are the percentage changes relative to
their values in the base-line process.

dObgq: emitter width change [ pm]

Orgpi: internal base sheet resistance change [%)]
Opci: Internal collector sheet resistance change [%0]
ON¢y: external collector doping change [%0]

Ow: Internal collector thickness change [ pm]
drspm: Poly-on-mono sheet resistance change [%]
Orgp: buried-layer sheet resistance change [%0]
Org: emitter resistance change [%]

dps,: Substrate sheet resistance change [%0]
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Bipolar Parameter Extraction Flowchart

Preparation & l - Collect design rules
- Perform Measurements

- Extraction of resistance

xtraction o and capacitance related
Process-specific param

parameters
- Check scaling

- Determine collector
spreading angle
- Extraction of transit
time parameters

xtraction o
HICUM transit time param

- Extraction of HICUM collector
and base current related
parameters

Extraction of HICUM DC param

- Extraction of SGPM collector

: and base current related
Extraction of SGPM param parameters

- Optimization to obtain
f+ related parameters

Model generation, e.g. Library - Use TRADICA to generate

model parameters

Verification of - Tune extrinsic base resistance
DC and f characteristics and - Tune transit time parameters
spot-freq y-parameters (on transistors with different

configurations simultaneously)

Verification of

- Tune NQS parameters:
frequency sweep y-parameters

excess phase...
(on transistors with different
configurations simultaneously)

- Check RF related performance
(on transistors with different
configurations simultaneously)

_ Verification of _
high-freq noise and distortion
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Process-specific parameter extraction - Base silicide and
poly sheet resistance

« Use two 3- (or 4-) terminal
contact chain structures with
different lengths, | ; and I».

short structure long structure

« Correct current spreading by
subtracting current of short
structure from that of long

one.

« Obtain corrected resistance 12
between terminals A and B,
Rag, and terminals B and C,
RBC bsil b bsn bsil b bsiI
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Process-specific parameter extraction - Base silicide and
poly sheet resistance (cont.)

Rgc—Ra

« Calculate the base poly sheet resistance as  r = B_and silicide sheet
EQ . 2b o]
. BC "pm Al O . .
resistance as rgg;, = = A where Al = 1,-1Js the length difference of the

sil
long and short structures.

- A similar structure with b ,,,=0 can be used to extract the specific base contact
resistance (and the silicide sheet resistance).
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Process-specific parameter extraction - Collector contact-
sinker resistance and buried-layer sheet resistance

« Use two 4-terminal collector
contact chain structures with
different lengths, | ; and |».

short structure long structure

« Correct current spreading by
subtracting current of short
structure from that of long
one.

4-terminal collector contact chain structure
A B C D

olle
ont

- -

Buried layer
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Process-specific parameter extraction - Collector contact-
sinker resistance and buried-layer sheet resistance (cont.)

Force current through terminals A and D, measure voltage at B and C, resulting in
resistance Rf, that contains no contact and sinker contribution. Buried layer

sheet resistance is then  rq, = RE2(AI/b,)
easure resistance directly between B and C giving Rgc = Rge +2RThe
AD
Rec~Rec

combined specific contact-sinker resistance is then ke = — 5 (bl

[Q [um?].
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Process-specific parameter extraction - Base pinch
resistance

« Use enclosed structures to ensure
current flowing under the emitter

[2]-[5].
« By using two structures with
different lengths (I gg), the corner

and fore-side current crowding can
be canceled ( Al = Igy,-1gg9)-

itter

« Measure bias-dependent total
resistance R for test structures
with various emitter widths (b g).

// MbEO \

Emitter

Collector
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Process-specific parameter extraction - Base pinch
resistance (cont.)

The extrapolation of total base resistance —— 15-Jan—1999

- Extract the bias-dependent base 300
sheet resistance values from the
slopes of the fitted lines at
different V gg. 200}

250~

« The external base link resistance % 150}
can be determined from the
extrapolated value,

Rox = Rkg * Rsii * Rom* Riini» Where Ry, 50 S N
0 0.01 0.02 003 004 005 0.06 0.07 0.08 0.09
Rsii, Rpm» and Ry are the base BEO/ALEO
contact, silicide, poly-on-mono, _ _
. . . Bias dependence of Rsbi and Rsbx
and link resistance, respectively. 5000 ‘ ‘
4000} &\@\Q\@\ﬁ\@\
£
\‘—_93000
% ratio=0.84125
= 2000 1
1000
0 (0] @ @ @ @ @ I
-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
VBE (V)
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Process-specific parameter extraction - Emitter contact

- Extract the emitter series and
thermal resistance for transistors
of various sizes using the
simultaneous r g-Rty extraction

method [6].

« Plotr g vs. 1/Ag to obtain the
specific emitter contact resistance

(in [Q tum?]) from the slope.

« Emitter resistance can also be
extracted using the modified open-
collector method [7], in which self-
heating effect is insignificant.

resistance
Simultaneous -rty extraction
revs. /A
50 ‘ ‘
40+
‘301
S
20t o
101
O 1 1 1 1
] 0.2 0.4 0.6 0.8
1/AE (1/um?)
Rip VS. 1/Asc
2000 ‘ ‘
1500
=
$.1000
2
500
OO 0.62 0.64 0.66 0.68 011 0.i2 0.14

1/ABC (1/um?)
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Process-specific parameter extraction - Cjg and Cgox

_14 Bottom peripheral separation of CBE

Components to be considered:

Ciei D Azo» CigpUPeos and Cgqoy O Pgy,

1.€. Cgg = Ao LCEio* Peo HCjepo * CeOX

Measured test structures: a large
area transistor, measured with CV
meter, and several long-stripe
transistors with different P/A
ratios, measured with s-parameter
technique.

Obtain C jg; for each bias from the
zero x-axis interceptand C g, from

the slope. ; 55
o . Vee V]
Optimization to obtain the 1.5 <10 . o
corresponding parameters.
q
— 17
g
0.5
0
-0.5 0 0.5
VBE [V]
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Process-specific parameter extraction - Cjc and Ccox

Bottom peripheral separation of CBC

Components to be considered: L 5“0_ 7
CiciUAscr Cicp U Paes and C.oyOPgo

- ~ _ —_— 1, —
€. Cac = Agcicio* Pec HCjcpo* Ccox) E, 7

Measured test structures: a large 0srE :
area transistor, measured with CV ) | | | , |

meter, and several long-stripe 0 0.2 0.4 08 08 1 1.2

transistors with different P/A
ratios, measured with s-parameter
technique.

Obtain C j¢; for each bias from the _ Ceoc
zero x-axis interceptand C jc, from oz} -
the slope.

Optimization to get the
corresponding parameters.

3 -2.5 -2 -1.5 -1 -0.5 0] 0.5
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Process-specific parameter extraction - Ceqg

Components to be considered:  C;q;0Aa0d  C;g,0Pd€.  Ccs= Acs[Cisio* PesCismw

Measured test structures: a large area transistor, measured with CV meter, and
several long-stripe transistors with different P/A ratios, measured with spot-
frequency s-parameter technique.

Obtain Cjg; for each bias from the zero x-axis interceptand C ;g from the slope.

Note that P ~g can be larger than the value from design rules (or mask) due to
additional contributions at the perimeter (depending on process).

Optimization to obtain the corresponding parameters.
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Extraction of transit-time from f+

Extract 1; from f 1 [8]
Plot 1/(2 ift) versus 1/1 ..

Extract low current 14, T4g, from the

intercept of the straight lines at low
current with y axis and applying

1 c ..
Tf = m——(RCX‘F RE)CCB—%nT, glVlng

To-
Obtain At at high current densities

from the difference between the
straight lines and 1/(2 1) data.

Then the transit-time as a function
of I and V g can be obtained as

Ti(le Vep) = Ty + ATl Vep) -

151

1/2T[flJ [ps]

1/2T[fT VS. 1/Ic

1 1.5 2
1/ [1/mA]

20 25
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HICUM-specific parameter extraction - Transit-time

T Vs JC, AE=0.45um x 14.00um

« Extract 149 vS. Vg from low-current
T;. (cf. next page)

20
« Extract| ok vs. Vg from , e.g., T;

inflection points [9]. 1o

T [ps]

10

30 T T .

25

20

[GHz]

fT

-3 -2 10—1 , (¢} 1
IC/AE [MA/um?]
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HICUM-specific parameter extraction (cont.) - Low-
current transit-time parameters

« Low-current transit-time Ty
parameters ( Tg, d¢on, and T,,) are

Fitting of Tyg
obtained through optimization of

the Tqy Vs. Vg curve. B
« Geometry scaling of 14 is realized z:
through the ratio of peripheral

component to bottom portion of the >2r
low-current transit time Ty, Tpo/'l'io 51t
[10]. 2,
H4.9
4.8
4.7
4.6

N 015 1 v 1..5[\/] 2 215 3

CEi

TYL/MS 2/5/99, Page 24/34



HICUM-specific parameter extraction (cont.) - Critical
current Ik and high-current transit-time parameters

« lck parameters (r cio, Viim», VpT1, @nd
VEgs) are obtained through
optimization of the | ~x vS. Vg
curve.

Fitting of | -k
0.02

« Geometry scaling of | <k Is realized 0,018}

through the collector spreading
angle dq. d¢ can be obtained by 0.016

comparing the | -k values extracted

from transistors with different
emitter sizes at a given V. g [10].

0014}

o A

0.012

« Then perform optimization to obtain
high-current transit time 0.01F

parameters ( Tgrg, 9rfer Thess Ohe)-
0.0081

0.006 | | | | |
0 05 1 15 2 25 3
Veg IV
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HICUM-specific parameter extraction - DC characteristics
parameters

Gummel plot

- Extract Q po fromr gy, vs. bias

« Extract c10 at low collector current

density (e.g. VBE=0.6.. 0.7V), wherethe  “E,,
influence of series resistance is E

negligible.

Jor

« Extract | ;,, from high collector current

« Extract | ggj and m gg; from medium
base current

0.6 0.7 0.8 0.9 1
VBE V)

Current gain IC/IB

« Extract | gg; and m gg; from very low
base current region

120

100k
- Extract h jc; from forward Early effect

« Geometry scaling is realized through = 6ol
Yc and yg (ratio of peripheral
component to bottom component of
specific collector and base currents)

!
-4 -2 0

10 10 5
‘]c [MA/umM?]
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SGPM-specific parameter extraction - DC and Transit-
time parameters

Because SGPM couples f 1 characteristics with intrinsic current-voltage
characteristics, transport parameters need to be extracted first.

Extraction of SGPM transport parameters is similar to that of HICUM.

SGPM f1 parameters TF, XTF, VTF, and ITF are obtained from optimization, which is
often a lengthy process.

Geometry scaling is realized through  y- and yg (ratio of peripheral component to
bottom component of specific collector and base currents) and Oc (collector
spreading angle).
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Model verification

« Model verification is performed simultaneously on transistors with different
configurations to confirm the accuracy of the scalable model generation.

« Model verification can also be used to tune parameters which can not be precisely
determined from previous steps (e.g. parameters for NQS effect).
« For design of RF applications, verification of a model should include
- DC characteristics: Gummel plot, transconductangeogtput conductance,g

- f1 vs. & at different \&g
- y-parameters @ freq=constant vs.al different \Gg

- y-parameters vs. frequency for different bias conditions
- Temperature dependence

- Noise (low and high frequencies)

- Distortion

« A process-based scalable parameter extraction methodology and its result when
applied to industrial high-speed bipolar process are presented. For more results
please refer to the material presented to the Compact Model Council CMC on Dec.
10, 1998 [11].
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HICUM - DC Verification
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HICUM - f+ verification

HICUM f+ characteristics HICUM f+ characteristics
Ago=0.4pumx14 pm Ago=1.1pmx14pm
fT fT

30 ¥ ¥ ¥ 30 y y y
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HICUM: Spot-frequency y-parameters vs. JC @ freg=1.0GHz
Vce=0.5, 0.8, 1.5, 3.0 V

Re(yll) [mA/V] . Re(-y12) [mA/V] . Re(y21) [mA/V] Re(y22) [mA/V]
10 10
o
10
10°
10°
-2
10
102}
— 10— ‘ 102 -
10 :IZO 10 :IZO 10 :IZO 10
[mA/um ] [mA/um ] [mA/um ]
Im(y11l) [mA/V] o Im(— y12) [mA/V] > Im(y21) [mA/V]
: ; : - - 10
100 ........................
10_1 .......
-4 -4 -4 10_2 -4
10 JZO 10 JZO 10 JZO 10 JZO
[mA/um ] [mA/um ] [mA/um ] J [mA/um ]

TYL/MS 2/5/99, Page 31/34



HICUM: Frequency-sweep y-parameter verification

_ _ _ 2 4 _ 2
VBE—O.86V VCE—O.8V JC—O.11549mA/um JB—O.0008423mA/um

~ Re(yll) [A/V s Re(yl12) [A/V] i Re(y21) [A/V > Re(y22) [AIV
10 : : — 10 : :
10°°} 2L
103} L
4 : -2 : 4 ol :
10 ~10 10 10
10° 10° 10™° 10° 10° 10™° 10° 10° 10™° 10° 10° 10™°
Freq [HZz] Freq [HZz] Freq [HZz] Freq [HZz]
Im(y11) [A/V] « 1BEy12) [AV] Im(y21) [A/V] « 1By22) [AV]
0015 R Co O X X ii‘““: O R 8 X iiiiiii; X ii‘““: D
S oo
Sy G o
0.01 e
A
0.005|
2 L. .
10° 10° 10™° 10° 10° 10™° 10° 10° 10™° 10° 10° 10™°
Freq [HZz] Freq [HZz] Freq [HZz] Freq [HZz]
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HICUM: Frequency-sweep s-parameter verification
V,.=0.86V V__=0.8V J_=0.11549mA/um? J_=0.0008423mA/um?

05 N

Re(s1l) [—]
oo

0.2

0.15} o

Re(s12) [——]

0.5
10°

0

10° 10"
Freq [HZ]
Im(sl1l) [—]

—0.2} TN
_o4l i

—06l

—-0.8

10° 10"
Freq [Hz]
Im(s12) [——]

o1l o

b 0.081 SRR
loos|
ooal

002} i/

10°

10° 10"
Freq [HZz]

0

10°

10° 10"
Freq [HZz]
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10°  10%
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D

1010

10°
Freq [HZz]

| _01 oL Y
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08 oL
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10 10
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