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OUTLINE

©® Introduction
® 16 errors terms methodology and definition of its standards

© Error terms analysis

©® Results: SiGe HBT measurement
© SOLT vs on-wafer TRL and on-wafer 16-T up to 220 GHz
© Influence of error model up to 330 GHz

©® Conclusion
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INTRODUCTION

Off-wafer calibration procedure

Vector Network Analyzer (VNA)

Reference plane
after calibration

Off-wafer EAN

calibration on N 3
ISS \/

Impedance Standard Substrate

Open-Short de-embedding

On'Wafer . “Complete" OPEN (at M1) or PSO / PTSO

de-embedding «  “Complete” SHORT @t m1)
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INTRODUCTION

On-wafer calibration procedure

after calibration

: On-wafer TRL -
E— e———- &

Cal I b ratl 0 n THRU 95um LOAD LINE 215um / 625 pm
Z0 correction

On-wafer * “Complete” SHORT (@tm1)
de-embedding «  “Complete” OPEN (at m1)
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Choose ref. plane & apply
SO or OS de-embedding
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Impact of test structure and probes on calibration ?

Example N°1: Global Foundries Example N°2: [HP & Infineon
50 ]
40 | ] i Me—— U¥2x freq
Tan | -
30 ]
el | O~
©20
o N
10 ‘::\ ;' ~ ——Infineon measurement 3
C -ZOdB/ dec fitS ‘\::\ ®  —o—|HP measurement :
0 C | S WO i WA 1 S T GO i (e IO I 1 I“l"‘J 111 VBE=0-89V, Vce=0.25V. T=300 K :
1 10 100 1000 %0 10 20 30 40 50
Freq (GHz) Extrapolation Frequency (GHz)
Mason’s and H21 vs frequency for a Si Ge HBT from Global Mason'’s and H21 gain-bandwidth product vs frequency for
Foundries [5] the same SiGe HBT measured at IHP and Infineon [6]

= Measuring FOMs of miniaturized transistors becomes a challenge when their fy;,x >> 100 GHz
= Parasitic from EM probe coupling ~ intrinsic element of the transistor
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Impact of test structure and probes on calibration ?

© Measuring the same device with two different probes

® Measuring the same device with off-wafer or on-wafer calibration

400 400 . GGE Pico. 110 GHz |
s __\1
350 350 He E
N N
I T
e I Q
% 300 % 300 K E
= =
250 HICUM - - - 250 E
EM-SPICE TRL EM-SPICE TRL ——
Measure TRL = ! Measure TRL
EM-SPICE SOLT EM-SPICE SOLT ——
Measure SOLT ° ° Measure SOLT
200 1 L 1 1 1 200 1 1 1 Il 1
0 20 40 60 80 100 120 0 20 40 60 80 100 120
freq (GHz) freq (GHz)

mm=) Influence of probes is not removed by calibration
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Impact of test structure and probes on calibration ?

Bordecux

0
__-15¢
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T F ey el
o _agl o el J
o 30
E
m:g 45 DUT: Transistor-open
- Fooee Measurement
! == |ntrinsic EM Sim.
60 —— EM Sim, with Probe Madels (b)

Worst case example : 90um inter-probe distance

0 100 200 300 400
Frequency (GHz)
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500

Transistor open

E Field [kV/m]//‘_‘\ >

(a)

S ©)

@ 220 GHz

10

:
'/‘/(a, K j _/.,, E u d LJ ‘ Probes couplings need to be calibrated

See Yadav et al., IEEE THz, 2020 [4]

QO




16 error terms model

€50 and ey; models leakage within the VNA

Port Match: ... === - Error terms find using SVD
*v11r %22 . . .
Directivity: €50,€33 * Implementation in ICCAP using

Python and PEL
Leakage: €30,€03:,€31,€13:€21,€12:€20,€02 [1] J. V. Butler et al., IEEE Trans. MTT 1991, doi:

. Ly 10.1109/22.106567
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Design of test structures for on wafer calibration

BiCMOS 55nm layout

Floorplan Thru

length=64.5um

Reference plane
Position of wave port
for EM simulation

E——
o —

o— —

5 test structures used for 16T calibration:
» Thru, Short M8, Open M8, Load, Load-Short

Microstrip line cross-section

3 lines available for TRL calibration
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Verification of propagation mode establishement for TRL

E Field [V/m]
Max: 7 583E+06

3.0E+06
27E+06
24E+06
2.1E+06
1.8E+06
1.5E+06
1.2E+06
9.0E+05
6.0E+05
3.0E+05
0.0E+00
Min: 1.518E-01
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E Field [V/m]
Max_7 583E+08 EM f Id
3.0E+06 Ie
. 27E+06

| 24408
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0.0E+00

110 GHz

0 :
mode 1 ——

E Field [V. -10 pmode 2 ----

Max 5.232; 50 'lT'IOde 33— --

=
18 M
10 5, -40
90 ™ .,.“
a6 E -50 .-

Min:_0.000

....

v

freq [GHz]

- Dd

first 3




Definition of standards

Build intrinsic test
structure in EM simulator
using layout and BEOL

definition Adjust physical

parameters in EM
simulator and update EM
& 16T cal. if need

Feed EM simulator
parameter using DRM

Perform raw SOLT.ISS + POPS

on wafer-TRL

measure ments 0 on wafer-16 Terms

EM sim. —

-10 |

Apply TRL and 16T «
simultaneously and verify
consistency

(lines & error terms) 25k

15 |

20

phase(Sy+) [deg]

30 |
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Results: verification (1/3)

Pad-open (no used for calibration)

Reference plane for
SOLT

Cqq [fF]

Refeirence pilane for
TRL and 16T
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8 0.8
' %:9@ ' :?9@55 " SOLTISS o
" on wafer-TRL -
7 WM @969 7 0.6 on wafer-16 Terms
& i EM sim. —— i
6 E O§ - 0.4
&
0.2 E . -
5F féﬁ - PA‘! i
4k i L 07 T "
(o}
; S02fF %y .
B SOLT-ISS o ] _
on wafer-TRL = 0.4 |
2 b onwafer-16 Terms  x - -
I EM sim. 0.6 % x5
an = -. 8
'08 B @ @
T _1 1 1 1 %&Br
0 50 100 150 200 0 50 100 150 200
freq [GHz] freq [GHz]

mmmmm) 16T performs better than

SOLT and is more accurate
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Results: verification (2/3)

Load-open and open-load (no used for calibration)

Reference plane for

oF—7 T T . oF T T T T 1
S11-16 Terms = S11-16 Terms =
10 F 512-16 Terms = 10 L 51216 Terms *
10 522-16 Terms  * 0.5 10 §22-16 Terms - 0.5

EM sim. EM sim.

fesvm——— fm;"'ﬁ\r‘gﬂh 0

1
&
o
Mag(S44)

Mag(S+4), Mag(S12)
S
&
on
Mag(S2z)
Mag(S12), Mag(S2o)
&
o
1

0 50 100 150 200 0 50 100 150 200
freq [GHz] freq [GHz]
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I I
I !

Reference plane for
TRL and 16T
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Results: verification (3/3)

Transistor-short (no used for calibration)

Reference plane for

SOLT
5 1 1 1 1 1 1 1 1
SOLT-ISS + POPS  + 14 F SOLT-ISS + POPS +
on wafer-TRL " on wafer-TRL n
on wafer-16 Terms  x on wafer-16 Terms =
4 F EM sim. B 12 F EM sim. -
1F -
— — il
= =% o
@ N oY Iy
% 06 ~ +++‘ - :‘ - X ;"
mE '. + #h%+}$ Fg&& » X
0.4 PRELARTT Wy W
1F - br i A
02 > ™ ]
‘ 1
1
i 0 1 1 1 1 0 1 | 1 L
- : 0 50 100 150 200 0 50 100 150 200
. freq [GHz] freq [GHZ]

Reference plane for:
- TRLand 16T
- SOLT after pad-open/pad-short de-embedding

ims )T R
Bordeaux IMA

4




Results: transistor S parameters (2/2)

Measurement performed at Vg=0.9 V and Vz=0V

0 I I | 1 1 1 1 1
SOLT-ISS - 14 - .
A onwaf-TRL =
-2 F¥onwaf-16 Terms = o
& Hicum L2 sim. 12 N
— -4 — 10 F 91 —
m m m
D, S, S,
= = 8F 1
o © & &
> ks 6 F d o5
© @ ®©
E 8} £ S
4t W1 s -
SOLTISS o - SOLT-ISS = SOLT-ISS &
-10 | | onwaf-TRL = 5L onwaf-TRL  ~a% on waf.-Tw
on waf.-16 Terms x on waf.-16 Terms « % on waf.-16 Terms
Hicum L2 sim. Hicum L2 sim. Hicum L2 sim, ——
_12 1 1 1 1 _40 d 1 1 1 0 1 1 1 1 _20 1 1 1 1
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
freq [GHz] freq [GHz] freq [GHz] freq [GHz]

De-embedding is :
e transistor-short/transistor-open for TRL and 16T
e transistor-open/transistor-short for SOLT-ISS
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Results: transistor S parameters (2/2)

Measurement performed at Vg.=0.9 V and Vz=0V

0 1 1 | 100 I 1 1 1 1 80 ] 1 1 | 0 ] 1 1 ]
SOLT-ISS © SOLT-ISS © SOLT-ISS © SOLT-ISS ©
20 onwaf-TRL = | onwaf-TRL = onwaf-TRL = ! onwaf-TRL =
on waf-16 Terms ~ x | on waf.-16 Terms ~ x 160 K onwaf-16 Terms = | 20 F4 onwaf-16Terms = =
40 Hicum L2 sim. 80 Hicum L2 sim. - Hicum L2 sim. 3 Hicum L2 sim.
60 140 40
T -8 = I § B0
%) %) o 120 )
g 100 2 & 3 -80 |
2 2 8 100 o 5
S 120 S =3 a o
L)
-100 | @ .
-140 80 %0%%
-120 | e
-160 - ok i 60 > LY
-180 1 1 1 1 1 1 1 1 1 1 1 1 -140 1 1 1 %
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
freq [GHz] freq [GHZz] freq [GHz] freq [GHz]
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Results: transistor FOM measurement (1/2)

Transit frequency extraction: H21 current gain * frequency

Pra N
SOLT N On-wafer TRL On-wafer 16 error terms
U Vgg=07V o 500 © Vgg=07V o T
500 = BE= - - BE=V. - - Vee=0.7V -
VeeEo75v Vgge=0.75V = >00 VeeEo.75v =
VBE=0 8V o VBE=0'8 V o VBE=0_8 V o
V\E}E oosg \\; x V\?E=9-083\\; * Vge=0.85V =
400 8e=0-2 - 400 F BE=V-2 Y - 400 | VBE—0-§i¥ -
= 300 | < 300 | [
=3 L N - - ~ - -
T N N 300
o) : O, W o)
= = =
200 - 200 | - = 200
0 0 1 1 | i 0 1 1 1 3
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
freq [GHZ] freq [GHZ] freq [GHZ]
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Results: transistor FOM measurement (2/2)

Maximum oscillation frequency extraction: Power gain'2 * frequency

‘9 .
SOLT N On-wafer TRL On-wafer 16 error terms
| | || | | | ] | | || | | | ] | | L] | | | |
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VBE=0.85 A\ L] o VBE=0.85 A\ L] VBE=0.85 V
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% sim ——
= ; P
— — 3’* —
T 300 T 300 i S 4 T 300 -
% % =
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Conclusion

© 16 errorterms algorithm has been implemented in ICCAP using SVD (Python & PEL code)
Specific standards have been designed in BiCMOS from STM
© Definition of reference standards has been done using EM simulation and TRL measurement

© TRL is efficient if crosstalk can be neglected (often not the case for high density Si techno.)
© Otherwise, the 16 error-terms are recommended

©® Outlooks: see the 16T calibration applied on BiICMOS 55X HBT (fy.x> 500 GHz) (see it at IEEE
RWW2025 ) showing almost no-band discontinuity on measurement up to 500 GHz
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