KATHOLIEKE UNIVERSITEIT A. N I I DG
L EUVE N LEADING BEYOND S-PARAMETERS

Using Large-Signal Measurements
for Transistor Characterization and
Model Verification
In a Device Modeling Program

Maciej Myslinski!, Giovanni Crupi?, Marc Vanden Bossche?,
Dominique Schreurs’, and Bart Nauwelaers’

1 Katholieke Universiteit Leuven, Belgium,
2 University of Messina, Italy,
3 NMDG N.V., Belgium.

12/16/08 Ist International MOS-AK Meeting 1
San Francisco



LEUVEN Outline 2 NMDG

* |Introduction

« Large-signal measurement data in a device
modeling program

- Example: IC-CAP
* Transistor characterization
- Example: MOSFET
 Model verification

- Example: Angelov model
* Results

e Conclusions

12/16/08 Ist International MOS-AK Meeting 2
San Francisco



KATHOLIEKE UNIVERSITEIT

LEUVEN Introduction »NMDG

LEADING BEYOND S-PARAMETERS

» Large-signal network
analyzer (LSNA)

- Amplitude and phase —O—
of all harmonics and "

intermods up to 50 GHz &

- Realistic signals:
1-tone, 2-tone, N-tone
up to +40 dBm ‘

- DC, small-signal,
large-signal SR
behavior ‘ | ‘

- Non-50 Q) environment T | | E%

- Sampler/Mixer-based )
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e Large-signal on-wafer
measurements

- Device:

* Frequency sweep

 RF power sweep S
« DC bias sweep

- De-embedding l

|_

structures:
* Frequency sweep Device
5 J=ll.
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LEUVEN LSNA data in IC-CAP . ANMDG

L
'ETIE
Iy Za1-Zaz Liaw Lat Z22-Za12 1
r 2 < —
. + ﬁde-embedded T—l_‘ N
 Data processing | pur |
- De'embedd|ng V1 RETRREE - Yoot Yo v,
- Transformation to the 21z
program specific — 1 - .
format Y, — Y-parameters of open

Z; — Z-parameters of short, after de-
embedding of open effects.

MDM files L= L= Vvt Y- (v - v)Y, = - v - vT,

: L= b= WXt Y)- (vi-v)Y, =i, -v,Y,,-vY,
Viaw= Vi7" byl ™ baulis

Vo= Va ™ bawlon ™ baulis

N—
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LSNAZICCAP_FET_device1: (/LSNA2ICCAP_FET_device1/FET_devicel_fund2/15NAdataset is A
. File Edit Measure Extract Simulate Optimize Data Tools Macros ‘Wwindows Help
1
F m ﬁlﬂ ﬁ& 19|
u n d a STHE
JJLguns \Dmml] Mndaﬁ’ Ms MnRﬁHah\es %ﬂmﬁnde U lems |
[ ] n
I m I emen t a tl on in t h e o i s @ B Qmp| arrMeasured Data
FET_device_fundi IE
LENAdataset
[ ] [ ] FET_devicel_fund2 Simulate Input
FETLSmia:sT:nda o olbvate | Made Mme
[P e + Mode: |m Sweep Type HB
—_— - Node: GROUND Sweep Order: 2
Import Data cBm(d)watts(VW): W Yalug: 4.000G
m Resistance: 50.00 Order: 5
— 1 Funet: 1
r r ] Import Create. unit [ [ ves] |
p rog ra et | Compliance: 0.000 Mode: P
—_— Sweep Type: LIST Param Narme: param1 To Node
New Output Sweep Order. 1 Unit From Node: n2
= #0f Values: 16 Siveep Type: LIN unit
|| Valle 1° -10.47 Sweep Order: 3 Type: &
View. Walue 2: -3 620 start 300.0m —F
M Value 3: -8 790 stop:  300.0m
re a a wWalue 4: -7 820 #of Points: 3
e a S u Valle 5: -6 660 Step Size: 300.0m
Walue 62 -5.960
.
Walue 8. -3.990 Mode: P
Value 9: -3 000 Param Name: param? It npLit
wvalue 10: -2.050 Uit Mnde Mot
‘alue 11; -1.060 Sweep Type: LIST + Node n1dut + Node: NNUI
Walue 12: -50.00m Sweep Order: 4 - Node: n1 - hode: n2
Walue 13: 320.0m #0f vValues: 3 unit Unit:
Walue 14: 1.950 “aluge 1@ 100.0m Compliance: Compliance: 0.000
Walue 151 2910 alue 20 600.01 Sweep Typer CON
Value 16: 3.910 Walue 3° 900 ﬁ Value: 0.000
Add Rename.
Detach... | Orgarize
Active Setup:  JLSNAZICCAP_FET_deviced JFET_devicel_fund2jL SNAdataset Status:
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. File Edit Measure Extract Simulate Optimize Data Tools Macros Windows Help
~ » 1
= | 3| Lo|%

DUTsSetups | Circuit | Model Parameters | Madel Variables | Macros | Model GUI ltems |

L] n
Select DUT/Setup
[ ] I I l I I l I I I l I I 5 FET_devicel y
p e e a I 0 I e LNAdata i Measure ¢ Simulate | Instrument Options | Setup Yariabl

= FET_devicel_fundl Execute Select Transfoim: Function

LSNAdataset M anindex
eVI¢ :e I I lo e II I BN W 1 SNA2ICCAP Library: (/LSNA2ICCAP_Library/Repository/shelf is Active):5
Fille Edit Measure Extract Simulste Optimize Data Toolks Macros  Windows  Help
o ! il
= /XD 2| %|

p I O g I a I I I DUT=Betups | Cicuit | Madel Parameters | Madel Variabies | Macios | Madel GUI iems |

Select DUT /Setup
= Repositon
shelf

B3

Brows,

B

Measure / Simulate | Instument Optiors | Setup Varisbles ~ Extract / Dptimize: \P\ms | Setup GUI Items

Ewecute | Select Transfom: Function - [Fragrame
_TuneFast | [YCB

! This transform reTurns the SPECTIUWM OF ChE QUTpML ~
ngzf::ﬁ"‘ | for a given measurement conditions
Rosns PhRefPhasor 0
ToTimeSwesphect ! Reguired inputs:
Hew. Totw/avetom ! 1. the relative path to the current setup
! 2. the nawe of the output datasset to process
View. ! 3. the number of frequency sweep points
g

— - e
r n e . the current index of the input power level
a a O Ce S S I —_— UPDATE_EXPLICIT
Mo | LINPUT "Type in the relative path to the current Setup”,currsetup

LINPUT "Type in the neme of the output dataset to process", currvar
GET_REAL "Type in the nuwber of fregquency sweep points",nofpts

[
— GET_REAL "Type in the index of the input power level”,powindex
LINFUT "Type in the nawe of the phase reference gquantity”, phrefvar
GET_REAL "Type in the phase reference harmonic frequency index™”, phr

GET_REAL "Type in the desired phase reference value in degrees”,phr
GET_REAL "Type in the characteristic impedance used to convert volt

COMPLEX outspec.B[noipts]

Active Sel ind=0

WVHILE ind<nofpts
iccap funcivalj (currsetup) £"/CalcMainIndex", "Execute”, powir
cure_index=lookup var (val§ (currsetup) &"/wain indsx")
outspec. N[ ind] =USERC_data_w_check (1, 1,val (curr_index),val§
outspec. [ ind] =USERC_data_w_check(i,1,val{curr_index) ,valji
ind=ind+1

END VHILE

! get the phase reference phasor

Add Rename. < >
Detach... | Organize.

Active Setup:  [LSNAZICCAP_Library/Repository/shelf Status:
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LSNAZICCAP_FET_deviced: (ALSNAZICCAP_FET_device1/FET_de
. Flle Edit Measure Extract Simulate Optimize Data Tools Macros ‘Windows Help

SE X0 P =22 %

DUTsSetups | Cicuit | Model Parsmeters | Mods| Variables | Macros | Model GUI ltems |

FE

@)

Select DUT/Setup

L] n
[ ] = FET devicel Test Cicuit | DUT Parameters | DUT Varisbles | DUT GUI liems |
LSNAdsta_display
=) FET_devicel_fundl Parse P

LSNAdataset ; Here cowes the wain part related to the measurement-based excitation.
= FET_device1_fund2 lmpot Texd.. | [ These comwands are passed directly to the ADS hpeesofsim simulator
LSNAdataszt

(] [ ]
= FET_device_fund3 : Derine variables
e V I ( :e rn O e I n g P feone. 70-50

#echo parami=0.3
#Hecho paramz=0.1

: Add DAC with the large-signal measurement data
I O I a I I I #Huselib "cke" , "DACH
#echo DAC:lsna File="C:/users/default/1sna2iccap/FETdemo/FET_devicel fundz_vi.cic” 4

#echo Type="citi” InterpMode="value_lookup” \

#echo iWari="VDS" iVall=parem? H
#iecho i¥ar2="VGS" iValZ=par=ml I eS
#iecho iVari="freq” iVali=freq \

#echo iVar4="RFPower” iVald=pin \

; Access measured variables
fecho vi=file{lsna, "w1"}
#echo ii=file{lsna, "ii"}
#echo vZ=file{lsna, "w2"}
#echo iz=file{lsna, TiZ"}
#lecho al=(v1+Zo7il)/2
Hecho az=(vz+Ioi2)/2

Add voltage sources
#echo V_Source:vportl nz 0 V[1]=0 ¥_A11=v1 FundIndex=1
;Hecho ¥_Source:vportZ nd 0 V[1]=0 ¥_All=v2 FundIndex=1

; or add power sources

#iecho R:Rportl ni0Z nZz R=50

#echo V_Source:pinportl nl0Z O W[1]=0 V_All=2*al FundIndex=1
#iecho R:Rport2 nl04 nd4 R=50

#echo V_Source:pinport2 ni04 0 W[1]=0 V_A11=2%a2 FundIndex=1

Add Rename:
Drganize.

[ ]
I I n k tO S I m l l IatO r Active Setup:  JLSNAZICCAP_FET_devicelJFET_devicel_fundz Status:
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Selecting display domain
Selecting measurement conditions

uuuuuuuuuuuuuuu

4.000G -
7 100G -0 Max. 391 Min. 03
. . 5.000G
I I Ip el I Iel I a IOI l II I e Frequency Domain V1] | Frequency Diemain (48] | Time Domain | Pawer Demain | Dynamic Traiectries |

Eli=2l
[ 5] ET] -

device modeling
program

|
HEIEEE
HEIEEE

- Graphic user
iInterface

12/16/08 Ist International MOS-AK Meeting 9
San Francisco



¥31"3Y] Transistor Characterization .2NMDG

e On-wafer DUT:

- MOSFET

- Open & Short de-
embedding
StrUCtureS 0008 1 0.'2 | 0.'4 | 0.|6 | 0.|8 | 1.'0 | 1.2

 LSNA measurements:
-f:2,4,5GHz 0010 ]
— Pin: -10 —- +4 dBm -
B VGS: 03’ 06, 09V _0'0050:.0 02 04 06 08 10 12
~V_:01,0.6,09V

IDS [A]

IDS [A]
o
o
o
o
Ll

VGES [V]
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 Angelov MOSFET e
model i Igd® Intrinsic c1rcu1t:

+  Vgde — :
1 R4 drain

- Neglected self-heating 4 R P L

. . . . : @ lds | Cgq :
and intrinsic non quasi ool BT I
static effects, = e ® T

- Capacitance mode, s

- Extracted from DC and
S-parameter model Angelovi 1 Angelov 810 P31=054852 Romin=0konm

Igmod=1 Lsb0=0 P41=1.71519 Crf=35.3284fF
Capmod=1 Vitr=4 P111=0.001 Rcin=0kOhm
measuren |entS Ipk0=0.0066 Vsb2=0 1j=0.0025 Crfin=0fF
Vpks=0.84 Cds=28.331fF  Pg=0.0002  Rth=50
Dvpks=0.027 Cgspi=2.6fF Vjg=0.9 Cth=0
P1=25 Cgs0=5fF Rg=22.4 Teipk0=0
_ Tu N ed aroun d . P2=0.1 Cgdpi=4.5446fF Rd=10.7 Tcp1=0
. P3=6.2 Cgd0=5.06055fF Rs=11.2 Teegs0=0
Alphar=2.5 Cgdpe=0fF Ri=0 Tccgd0=0
V _O 6 V V _O 9 V Alphas=0.5 P10=1 Rgd=0 Telsb0=0
-J. y -VJ. y Vkn=0.5 P11=1.71519  Lg=0pH Tere=0
GS DS Lambda=0.1 P20=0.2 Ld=0 Teerf=0

Lambda1=0.07 P21=0.54852 Ls=0 Tnom=25

— Lvg=0 P30=0.25 Tau=0ps
f.=4 GHz
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LEUVEN Results 2 NMDS

f=4GHz, V_=06V,V_ =09V, RF power: -10.47 — +3.91 dBm

M | arge_signal_measurement_and_simulation_results_for_FET ~-vice1:6

Min. 10,47

Plot LSMNAZICCAP_FET_device 1/FET_device1_fundZ/LSNAdatasethv111_waverorms Plot LSMNAZICCAP_FET_dewice 1/FET_device1_fundZ/LSNAdatasetnv2i2_waverorms
20 15 1.2 15

14

v Y [E+0]

L ' .9, . .
200 300
time = [E-12] time = [E-12]

Plot LSMAZICCAP_FET_device1/FET_device1_fund2/LSNAdataset’a 101 _waveforms Plot LSMNAZICCAP_FET_device 1/FET_device1_fundZ/LSNAdatasetazb2_waverorms
800

05 1.0 G 20 T oo LA 200 300
VItV [E+0] time s [E-17] time s [E-12]
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LEUVEN Results 2 NMDS

f=4GHz, V_=06V,V_ =09V, RF power: -10.47 — +3.91 dBm

M | arge_signal_measurement_and_simulation_results_for_FET ~-vice1:6

Min. 10,47

Plot LSMNAZICCAP_FET_device 1/FET_device1_fundZ/LSNAdatasethv111_waverorms Plot LSMNAZICCAP_FET_dewice 1/FET_device1_fundZ/LSNAdatasetnv2i2_waverorms
20 15 1.2 15

05 1.0 14
v Y [E+0]

. . i 9. . . .
200 200 300
time = [E-12] time = [E-12]

Plot LSMAZICCAP_FET_device1/FET_device1_fund2/LSNAdataset’a 101 _waveforms Plot LSMNAZICCAP_FET_device 1/FET_device1_fundZ/LSNAdatasetazb2_waverorms
800

05 1.0 15 20 ® g 00 LA “m e
VIV [E+0] time s [E-17] time s [E-17]
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LEUVEN Results 2 NMDS

f=4GHz, V_=06V,V_ =09V, RF power: -10.47 — +3.91 dBm

M | arge_signal_measurement_and_simulation_results_for_FET ~-vice1:6

Min. 10,47

Plot LSMNAZICCAP_FET_device 1/FET_device1_fundZ/LSNAdatasethv111_waverorms Plot LSMNAZICCAP_FET_dewice 1/FET_device1_fundZ/LSNAdatasetnv2i2_waverorms
20 15 1.2 15

14

v Y [E+0]

L ' .9, . .
200 300
time = [E-12] time = [E-12]

Plot LSMAZICCAP_FET_device1/FET_device1_fund2/LSNAdataset’a 101 _waveforms Plot LSMNAZICCAP_FET_device 1/FET_device1_fundZ/LSNAdatasetazb2_waverorms
800

IIII|IIII|IIII|IIII L
05 1.0 15 20 © 1] 200 ® 200 300

wilD Y [E+0] time s [E-12] time s [E-12]
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LEUVEN Results 2 NMDS

f=4GHz, V_=06V,V_ =09V, RF power: -10.47 — +3.91 dBm

M | arge_signal_measurement_and_simulation_results_for_FET ~-vice1:6

Min. 10,47

Plot LSMNAZICCAP_FET_device 1/FET_device1_fundZ/LSNAdatasethv111_waverorms Plot LSMNAZICCAP_FET_dewice 1/FET_device1_fundZ/LSNAdatasetnv2i2_waverorms
20 15 1.2 15

14

v Y [E+0]

L ' .9, . .
200 300
time = [E-12] time = [E-12]

Plot LSMAZICCAP_FET_device1/FET_device1_fund2/LSNAdataset’a 101 _waveforms Plot LSMNAZICCAP_FET_device 1/FET_device1_fundZ/LSNAdatasetazb2_waverorms
800

IIII|IIII|IIII|IIII L L
05 1.0 15 20 © 1] 200 ® 200 300

wilD Y [E+0] time s [E-12] time s [E-12]
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LEUVEN Results 2 NMDS

f=4GHz, V_=06V,V_ =09V, RF power: -10.47 — +3.91 dBm

M | arge_signal_measurement_and_simulation_results_for_FET ~-vice1:6

Min. 10,47

Plot LSMNAZICCAP_FET_device 1/FET_device1_fundZ/LSNAdatasethv111_waverorms Plot LSMNAZICCAP_FET_dewice 1/FET_device1_fundZ/LSNAdatasetnv2i2_waverorms
20 15 1.2 15

14

v Y [E+0]

L ' .9, . .
200 300
time = [E-12] time = [E-12]

Plot LSMAZICCAP_FET_device1/FET_device1_fund2/LSNAdataset’a 101 _waveforms Plot LSMNAZICCAP_FET_device 1/FET_device1_fundZ/LSNAdatasetazb2_waverorms
800

IIII|IIII|IIII|IIII L 1 L
05 1.0 15 20 © 1] 200 ® 200 300

wilD Y [E+0] time s [E-12] time s [E-12]
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LEUVEN Results 2 NMDS

f=4GHz, V_=06V,V_ =09V, RF power: -10.47 — +3.91 dBm

M | arge_signal_measurement_and_simulation_results_for_FET ~-vice1:6

Min. 10,47

Plot LSMNAZICCAP_FET_device 1/FET_device1_fundZ/LSNAdatasethv111_waverorms Plot LSMNAZICCAP_FET_dewice 1/FET_device1_fundZ/LSNAdatasetnv2i2_waverorms
20 15 1.2 15

14

v Y [E+0]

. ' 14, . .
200 200 300
time = [E-12] time = [E-12]

Plot LSMAZICCAP_FET_device1/FET_device1_fund2/LSNAdataset’a 101 _waveforms Plot LSMNAZICCAP_FET_device 1/FET_device1_fundZ/LSNAdatasetazb2_waverorms
800

IIII|IIII|IIII|IIII L
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LEUVEN Results 2 NMDS

f=4GHz, V_=06V,V_ =09V, RF power: -10.47 — +3.91 dBm

M | arge_signal_measurement_and_simulation_results_for_FET ~-vice1:6

Min. 10,47
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. ' 14, . .
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LEUVEN Results 2 NMDS

f=4GHz, V_=06V,V_ =09V, RF power: -10.47 — +3.91 dBm

M | arge_signal_measurement_and_simulation_results_for_FET ~-vice1:6

Min. 10,47

Plot LSMNAZICCAP_FET_device 1/FET_device1_fundZ/LSNAdatasethv111_waverorms Plot LSMNAZICCAP_FET_dewice 1/FET_device1_fundZ/LSNAdatasetnv2i2_waverorms
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L ' .9, . .
200 300
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IIII|IIII|IIII|IIII L
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LEUVEN Results A NMDGS

LEADING BEYOND S-PARAMETERS

Self biasing effect

Min. 10,47

Plot LSMNAZICCAP_FET_device 1/FET_device1_fundZ/LSNAdatasethv111_waverorms Plot LSMNAZICCAP_FET_dewice 1/FET_device1_fundZ/LSNAdatasetnv2i2_waverorms
20 15 1.2 15

i28DC mA (mis) [E+0]

. ' 14, . L
200 300
time = [E-12] time = [E-12]

Plot LSMAZICCAP_FET_device1/FET_device1_fund2/LSNAdataset’a 101 _waveforms Plot LSMNAZICCAP_FET_device 1/FET_device1_fundZ/LSNAdatasetazb2_waverorms
800

o

i20t) & (mis) [E-3]

Sin
in (R

P i e M T H T AT N B RV R IR A B ! - .
0o 05 1.0 15 20 “ 0 200 200 300

wilD Y [E+0] time s [E-12] time s [E-12]
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LEUVEN Results LA NMDGS

Harmonic AM-AM
distortion AM-PM

Self biasing effect

Min. 10,47

PFlot LSNAZICCAP_FET dewice1/F ET_device1_fund2/LSHAdatasetAZ0C_Pin PFlot LSNAZICCAP_FET device1/FET_dev 21_fund2/L3HAdatazet/Fout_Pin PFlot LSMAZICCAP_FET_device1/FET, awvicel_fundZ/L3HAdataset/ishd_shiPhi

] I R A O AT T T T T T T I 77T 2 T TTTT 170.0

o

IIII|I
- B
oo

i28DC mA (mis) [E+0]

=
in
o
o
=]

Al to PM deg (mis) [E+0]

b
[=])

AM to AM dE (mis) [E+0]
oo

i2@DC maA (mis) [E+0]

o

i20t) & (mis) [E-3]

S
n T T 1T

oLl 1l Livialiig
15 70 -15 -10 -15 -10 5 0

VIV [E+0] Input power dBm [E+0] Input power dBm [E+0] Input power dBm [E+0]

' ' ' NEREENEN ol b b Al
III||IIII|IIII|IIII|IIII _5 D _15 _10 _5 D 5

PoutiE@ 10 dBrm (rm/s) F‘oput@QfDIdBm (mfs) Pout@3f0 dBm (mfs) Pgut@tlfodBm (m/s) [E+D]
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LEUVEN Results LANMDG

M | arge_signal_measurement_and_simulation_results_for_FET_device1:10

File Options Cptimizer Plots  Windows  Help

Fundamental Frequency RFPower [dBm] VGS [V] VDS [V]

|4.000G ~|

L I I N Y | Max‘ 3_31 1 l. 3 I '. A 1 '
Curmrent Walue: £ Current Value: 115 Current Walue:

Frequency Domain (V1] | Frequency Domain (48] | Time Domain  Power Domain | Dynamic Trajectores

CAP_FET_dewice | /FET_device1_fund2/LSNAdataset/Pout_Pin

170.0

-10 5 0 5 -10 5 o 5 -10 ) 0

Input power dBm [E+0] Input power dBm [E+0] Input p dBm [E+0]
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LEUVEN Results SNMDGS

LEADING BEYOND S-PARAMETERS

[ | Large signal _measurement_and_simulation_results _for FET_device1:10
File Options Optimizer Plots  Windows  Help

Fundarnental Frequenc_l,l RFPower [dEm] VG5 Nl VDS N]
|4.000G |

bin. 10,47 [ 10O 00O Max 391 M. 0.3 1 : -0 in. 0. '
Curment ' alue: 391 Curent Value: 06 Current Walue:

Freguency Domain 1) | Frequency Domain [4B)] | Time Domain  Power Domain | Dynamic Trajechones

Plot LS CAP_FET_dewice l/FET_dewicel_fund2fLSNAdztaset/Pout_Pin
.0
=)
[10]

|;§
=
S
=
o
=
=
=
=
1]
=

-10 ! 0 ‘ ! 0
Input power d Input power dBm [E+0] Input p dEm [E+0]
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LEUVEN Results LANMDG

[ | Large signal measurement_and_simulation_results_for_FET_device1:10
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* | arge-signal measurements + device modeling
program =

- Complete large-signal device
characterization and model accuracy
assessment under realistic signals,

- Simple access and improved usability of
the measured data,

- Model comparison and optimization.
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