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Motivation: Sub-mm-Wave Applications

Microwaves
MF, HF, VHF, UHF, SHF, EHF

Visible X-ray y-ray

100 108 108 109 1012 101° 1018 1021 1024
kilo mega giga tera peta exa zetta yotta
Example Radio Radar 77 Optical Medical Astrophysics

industries: communications communications imaging

Frequency (Hz)
The part of the electromagnetic spectrum ranging from 100 GHz to 10 THz

is largely unexploited and offers large unlicensed bandwidth for high resolution

imaging, sensitive radars, broadband wireless communication, spectroscopy,

material characterization, etc.
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Motivation: Sub-mm-Wave Applications
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On-going electronic development towards low-cost, small-size and efficient signal

sources to close the so-called "Terahertz Gap”.
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Motivation: Transistors for Sub-mm-Wave

Electronics

‘ Terahertz gap

20 nm GaAs mHEMT
Cost

25 nm InP HEMT

- m— ST
fr(THz) Adequate models 5 Cost _
A DOTSEVEN SiGe HBT 1 Potentially s High
0.7 Cost ./ - Adequate models
—m Low [ No
0.6 Adequate models
—— 130 nm InP HBT
05| [RFSOICMOS @ @ Cost |
Cost GaN HEMT — ST
0.4 o Low .\Cost Adequate models ._
Adequate models s High .\ Y es
03 o Yes Adequate models 35 nm InP HEMT
. ;. 1 [ TPotentially Cost )
— RS
02| [Pre-2010 SiGe BiCMOS| |DOTFIVE SiGe BiCMOS Adequate models &
Cost Cost — No
o Low W Low
0.1 Adequate models Adequate models
o Yes T Y es
01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 fur(THz)

M. Bozanic and S. Sinha, Sensors,
19, 2454, May. 2019.
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Motivation: Transistors for Sub-mm-Wave
Electronics

Reported saturated output powers
of power amplifier MMICs

—~ 50
g Of the various transistor families InP based
=
%" 40 ~ transistors (InP HBT & InP HEMT) offer the
2 .
g 2o best prospect for sub-mm-wave electronics
5
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(Log) Frequency (GHz)

V. Camarchia et al., T-MTT,
Vol.68, No. 7, July 2020.
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Transferred Substrate InP HBT Technology:

FBH Development

FBH's transferred-substrate InP DHBT MMIC process targets high-
power applications from mm-waves to sub-mm-wave frequencies....

Optional Diamond layer for thermal spreading

— G2 Metal
NiCr Resistor
——— G1 Metal
MIM- it
Capacito ! BCB

InP HBT
Bond interfdee ™ =

GD Metal

TS
3" Silicon substrate

cross-section not to scale

Schematic cross-section of FBH’s InP
HBT transferred-substrate technology

Process specs [6]:

3 gold metal layers in BCB

compatible to flip-chip and wire
bonding

thin-film resistors & capacitors
transfer to Si-Substrate

Optional thermal spreading layer with
diamond

TSV for substrate mode suppression

0.8 ym node DHBTs with f;/f,,~350
GHz and breakdown voltage > 4.5V

[6] N. Weimann et al. “SciFab - a wafer-level heterointegrated InP
DHBT/SiGe BiCMOS foundry process for mm-wave applications,” Phys.

Status Solidi A, vol. 213, no. 4, pp. 1244-1245, 2016.
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Transferred Substrate InP HBT Technology:
Best Case Using InP/GaAsSb DHBT

EXTRACTED UNITY-GAIN FREQUENCIES

parameter o

iterative method [3]

comp. i
0.0 0.6 1.0  single pole  —20 dB/dec
. no 368 370 371 373 370
Jr (GHz) yes 374 372 371 376 373
e (GHZ) 541 531 524 540 525
yes 555 535 524 545 531

N. Weimann et al., “Transferred-Substrate
InP/GaAsSb Heterojunction Bipolar Transistor

Technology With

max

~0.53 THz,” IEEE Trans.
Electron Devices, vol. 65, no. 9, pp. 3704—
3710, Sept. 2018.
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Transferred Substrate InP HBT Technology:
FBH Road Map

Goal
o f .~ 500 GHz with stepper technology
o f__.>1000 GHz with e-beam technology
Approach 1200 FBH's MMIC technolo

pp - N 1100 - Commerciacl;l\E’IMIC tec%]!lgology /7
o Sca||ng tO 100 nm 1000 L Usually no advanced MMICtechnology.

Influence of de-embedding procedure
900 (Bolognesi)

| |
800 - O
H B ]
700 - l . FBH - current
600 - ! development

500 ® *

(GHz)
EEEe

max

e Base contact optimization

e New Epitaxial structure
e Improved thermal properties

Maximum frequency of oscillation f

u
] . 400 |- . O "
with diamond ol £ w .
200 ¢ H
100
0 ITEETRRTA RN RN WA A PRI [ T W R TR T W " 1 "
1000 800 600 400 200

Emitter Width (nm)
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Characterization of Sub-mm-Wave InP HBT
Devices using Thin-Film Microstrip Line Test
Structures

device-under-test:

1% 0.3 X6 um?InP
HBT type B1

11 Johansen et al., Impact of 4 May 2021
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Setting the Reference Planes for

Characterization

il

Reference planes

or model extractio

i

Approach:

* On-wafer multiline TRL (mTRL) calibration procedure
to set reference planes directly at device terminals’?

* Thin-film microstrip lines to avoid slot modes and
other resonances

* Z,normalization using embedded resistor structure

'R. B. Marks, A Multiline Method of Network Analyzer Calibration,
IEEE Trans. Microwave Theory and Techn., July 1991.

2D. F. Williams and R. B. Marks, Transmission Line Capacitance Measurement,
IEEE Microw. Guided Wave Letts., Sept. 1991.
12
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On-wafer Multi-Line TRL Calibration
Structures -1

Thru structure Reflect structures (use short or open)

It is seen that it would be meaningful to define the reference planes at a distance

of 126 um from the pads and let the thru have a length of 40 um.

13 Johansen et al., Impact of 4 May 2021
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On-wafer Multi-Line TRL Calibration
Structures - 11

The reference planes for the line structures are all located at a distance of 126 um

from the pads.

Line structures: (MS150), MS420, MS1250, MS1950, MS2850, MS8500

14 Johansen et al., Impact of 4 May 2021
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On-wafer Multi-Line TRL Calibration
Structures - III

Embedded resistor structure

This structure is used to estimate the capacitance per unit length and

thereby to set the characteristic impedance Z,,.

15 Johansen et al., Impact of 4 May 2021
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Characterization of Downscaled Sub-mm-Wave
InP HBT Devices

WinCal-Calibration B1- 48 (n TRL-30Ohm ERNGO3-KT S=3))
40

o | Il
indeplf MAKE524 85

T
indep(f =338 BG

35—

30—

25—

g -
=& md

B frag=2186GHz
o_|dB(u=27 635

3
S—freq=3956GHz
dB(h21 =18 595

I
1E9 1E1D 1EN 1E12

freq, Hz

Measured with 110 GHz GGB pico-probes
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WinCal-Calibration B1- 46 (mTRL-500hm({ENGO3-X7 555)) WinCal-Calibration B1- 456 (LRMp(ENGD3-X7 555))
A 1
s o i § f MAX S \| f_MA}{
35| N indep(f_MAX)=3715G 3 _ indep(f_MAX)=363 1G
. —
a0 “m2 FT 3:_~_"\“\ fT
\\ indep(f T)=338.8G \ m2 indep(f T)=354 BG
5 : 25 AN
=38 1, =35 w
wlm; 20— @ :I%% \!._
<3 mé N &J\ S a0
5"freq=21.55GHz ™ (A
10_]dB(u)=24 376 GO’ o
m3 ' 1$ . .
5-freq=39.55GHz * /'f Ly -
_ldB(h21)=18.985 (x4 & . | | MBX
1E9 1E10 IEI11 1E12 O 1EQ 1E10 1EM 1E12
_ freq, Hz ’sé - freq, Hz
0
WinCal-Calibration B1- 456 (mTRL-500hm{104-783-107}) &CQO’ WinCal-Calibration B1- 456 (naLRM(104-783-107))
g N f_MAX 3'5?'?&] y _MAX
35— = indep(f MAX)=346.7G 3!4?; indep(f MAX)=346.7G
30— ; f_T 30—_’7/-’_-%‘3:‘?"“&\ 2 _f__T
indep(f_T)=295.1G 9 S indep(f T)=2051G
25 \ 25 2, N
=355 \?rf“\ =55 % \’?\‘;‘W\
TS 20— v _lms 20 /0] S
~ o8 m4 Ny - m4 N AN
15freq=21.55GHz Bk 15freq=21 55GHz S
10 dB(u)=24.175 10 dB(u)=23.948
m3 \ ma .
5 freq=39.55GHz 5freq=39 55GHz N
| B(h21)=17.984 #IMAX . dB?m £17 986 HIAX
1E9 1E|1El 1E|11 1E12 1ES 1EI1D 1E]11 1E12
—_— freq, Hz _ freq, Hz
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Characterization of Downscaled Sub-mm-Wave

INnP HBT Devices

Other research groups report similar behavior!

frequency, GHz

IT. Hoshi et al.,IEICE Electronics Express,
Vol. 16, No. 3, 1-6, 2019.
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2M. Urteaga et al., Proceedings of the IEEE,
Vol. 105, No.5, pp. 1051-1067, June 2017
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Characterization of Downscaled Sub-mm-Wave

InP HBT Devices

19

h21 _fit
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On-wafer probing creates strong

ripple in Mason’s gain:

U - (521 /812) = 1I°
2k| Sy /Sia| — 2 Re [Sy, /8]

_ =[S0 = [Snl® + 818 — SxSpf’

k
2| 812 8]

In agreement with literature this could
be explained by increased influence from
parasitic probe coupling effects in an
on-wafer environment as the [S,, | of
down-scaled devices is small and hence

easily corrupted.
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Calibration Issues Investigated by EM -,

Modeling

4-port EM simulation setup
using GGB pico-probes or
Cascade infinity probes —

internal ports at transistor

terminals

TEMS | Loplh Roblf
L - o

> Port 1

20

03x6um2 (model response)

m3
. indep(m3)=549.5G
\

™.
TENG03-X07 (GaAsSb base). .

m4
indep(m4)=346.7G

-
AN
“ s

11 = 1 x 0.3 X|6 pm? AN
X = 55 A  rdms
il I ‘ Cyl
{1—Xq]Cq 1E9 1E10 1E1 1E12
I | freq, Hz
11 freq_fit
active part
exif) clf) cft | TFMS
q'——/?'r\— [ }—oCollector
Xpbtpr__ “‘Xph}cpb:[__ jf“‘xpc?cpc jfxpccpc
= = Lpel{f}l = =
Rpelf)

\ reference model

Y

Port 3 L[“ Port 4

Reference model

On-wafer probing environment

Port 2
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EM-Simulation Assisted Extraction Procedure for

i

InP HBT Small-Signal Reference Model Extraction!

TFMS bifl Rpbif

Base@M
KebCpb_—  (1-Xpp!C

L TR é

)Equ
U—){qlcq
] 1
11
active part
Loexif)
=i

Rpelf)

I-pem T

Rpclf) clf) | TFMS
—{_+—oCollector
U —XpdCpe jfxpccpc

« The reference planes for model extraction are set by
multi-line Through-Reflect-Line (TRL) calibration

procedure using on-wafer standards

+ The extrinsic parasitic network representing device
electrodes and via transistions can be extracted from

3D EM-simulations of the passive device structure

« The intrinsic model representing the active device can

be extracted using low-frequency S-parameters only

Table 1. Parasitic model parameters (elements in parenthesis are extracted from cut-off mode measurements)

Cop [fF] Xop C, [fF] X, Coe [F] Koo
46 (5.6) 0.36 L3 0.15 2.0 (L.7) L.0
Lop( f— o) [pH] Ron( F=0) [£2] R oe [/ ~/HZ] Lpel f— c0) [pH] Roe( £=0) [£2] Repe oc [©2/~/Hz]
22 1.45 L1E-6 0.3 0.0 0.0
ch( f— oo] [pH] Rpc( f=0) [€2] Rpc,ac [Q/\/ﬁ] chx( f— o) [pH] Lrems [wm] Wrems [wm]
0.0 0.35 6.0E-7 1.7 10.0 116
1T. K. Johansen et al., EM Simulation Assisted Parameter
Extraction for Transferred-Substrate InP HBT Modeling,
21 Int. Jour. Microwave and Wireless Tech., May 2018. Johansen et al., Impact of 4 May 2021
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Reference Model Compared to mTRL Calibrated
Data using GGB Pico-Probes

reference mOdeI EXPHBT-CE:1x03x56um2

) GHz?

)

Mason's Gain [dB]
=]
|

Ul i =17
. | | Nli=son =1 W

f |
1EB 1E9 1E10 1EM BE 11

. . Fraquency [Hz]
ENG3-X07 Small-Signal Modeling

(EXPHBT-CE 1x0.3x6 um2 (type B1): Vce=1.3V, [c=8.9mA)

EXPHBT-CE: 1x 0.3 x56um?2
1
11— i
1]1: f;nax ~ U(f) Xf
1

11—

M= = IR 0000 fa O O o -~ 00
SowmDmomomDmomowmo
MMMMMMMmMmMMmMmMmmmmm

512

Overshoot? ,V
Undershoot?

\\
Frax_model
Froas [

ey (50.00MHz to 110.06H) fred (50.00MHz to 110.06Hz)

//—\ freq, GHz
/NN / 3
\
-1z -0 & 6 4 2 z 4 8§ 8 10 12 j
Q@J

\ /

e 7 Johansen et al., Impact of 4 May 2021
Treq (50.00M Hz ta 110,05+ freq (50.00MHz a 11 0.06HZ) calibration Procedure
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Reference Model Compared to mTRL Calibrated
Data using Cascade Infinity Probes

reference model

EXPHBT-CE: 1 x03x56um2

40
i T
e .
il %‘ 30— \\\ fmax>500 GHZ?
= 7% 5
te o ,Ln \
2 ]
2 N
o 10— N
= N
S U rejme = 1T
o I I T I =
ENG3-X07 Small-Signal Modeling 1E8B 1E9 1E1D TE11 BE11

(EXPHBT-CE 1x0.3x6 um2 (type B1): Vce=1.3V, 1c=8.3mA) Frequency [Hz]

4 _\ i EXPHET-CE: 1% 03 x58um2
N s B
T 7BE1- L
\ L e A
: o .
” ! ” Tt s0ENH
/' ==, 435E11—
e ,
\ 32 33N Overshoot?
S 28E1H
— 1850
freq (50.00M Hz to 67.00GHZ) freq (50,001 Hz to 67.00GHz) %8511&: Undershoot?
DD |\||||||||\||||||||‘|||\|||\||||\|

" e o 10 20 a0 40 50 &0 70
/ﬁgf_\\ / freq, GHz
)

zzzzzz

. T

e Johansen et al., Impact of 4 May 2021
Treg (50.00MHz 10 67 00GHZ) freq (50.00M He to 67.00GH?) calibration Procedure
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GGB Pico-probes Without Neighbour Coupling:
Ceramic Carrier + Open Boundary

MTRL calibration procedure using CST simulated (MS150), MS420, MS1250,
MS1950, MS2850, MS8500, Thru, Short, Open and Load

03 xBum2 (after mTRL cal with known Z0) 0.3 =B um?2 (after mTREL cal with known Zo)
L 40 . VOE1Z ~
R M N mge (488 b s soer1-] ENG03-X07 (GaAsSb bapé)
2 AR ma 80E11 AE =1 % 0.3 x 6 gy’
= = indep(m4)=316.2G —w 0BT+ VCE = 1.3V 7
TTUy 25 2 FuBT 5 0E11-] IC =8.9 mA s
ol EE oo = S 2ex B
E|E|§§|EI§§—% 20 glg:ljg—t 50E11—
Z2F=ST T 15 L:Ltgg 4DE11
as=l ENGO03-X07 |(GaAsSh ka = 3.0E11]
"7 AE =1 =x 0.3 x 6 pm* \\\\ EUE”__
54 VCE = 1.3V <7 1.0E11—
=8.9 ma ~Indn3 :
. IC 8.9 m?-'l | S~y 0.0 : I . I T T T T T T T
1E9 1E10 1EM 1E12 o 20 40 B0 20 100 120
freq, Hz freq, GHz
freq_fit
. . Y H H
Solid lines (blue): mTRL corrected model — dB(U) MASON'’s gain up to 80 GHz well predicted!
Solid lines (red): mTRL corrected model - dB(h,,) Strong increase above 80 GHz not predicted
Dottet lines (black): mTRL corrected measurements (neighbour coupling?). Measurements are
Dashed lines (blue): model reference — dB(U) only valid up to 110 GHz.
Dashed lines(red): model reference - dB(h,,)
24 Johansen et al., Impact of 4 May 2021
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Cascade Infinity Probes Without Neighbour
Coupling: Ceramic Carrier + Open Boundary

mTRL calibration procedure using CST simulated (MS150), MS420, MS1250,
MS1950, MS2850, MS8500, Thru, Short, Open and Load

0.3 xfium2 (aﬁ:ermTHLcalu.l'rth kriown Zﬂj 03 x6um? (aﬁ:ermTRLcalu.l'rth krown Zl:lj
o F: bn =  1OEM2
-t (5] - I‘-l
3 \}a'\k\, ndepiin 31=436.5G ' st ENG0O3-X07 (GahsSh bhase) -t
— o na BIEN T B{E = 1 x 0.3 x 6 o
g ndeplmd =333 55 — TOEN— VCE = 13U fin i
EERE. o pi, e IO RO N e ]
EI E'Eﬁﬁt%g m| in EEI E;%»,—_ 5J:|E11—: == 1
E%EE': = s % l.—.t‘-ﬁ +0E11—|
SowD ENGHZ-{D1| (Gafi=5b bLa £% N
7 B == 1 x 0.3 x &6 = EN 20EH ]
5| 'Ir:E —3:'.5'31..'“l \“3{2'413 10E1—]
. == L i B
o I I ¥ oo T T T T T
=] 1E10 1E11 1E1Z o Z0 i a1 = im 1
freq, He freq, G He
freq_it
Solid lines (blue): mTRL corrected model — dB(U) Initial drop in MASON’s gain around
Solid lines (red): mTRL corrected model - dB(hy,) 15 - 20 GHz predicted! Overshoot
Dottet lines (black): mTRL corrected measurements frequency upshifted and of too low
Dashed lines (blue): model reference — dB(U) amplitude (neighbour coupling?).
Dashed lines(red): model reference - dB(h,,) Measurements are only valid up to
67 GHz.
25 Johansen et al., Impact of 4 May 2021
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Summary

26

Characterization and modeling issues for downscaled sub-mm-wave
InP DHBT devices related to the on-wafer measurement environment
has been investigated:

A full 3D EM simulation approach is proposed to analyze the effect of the
on-wafer measurement environment on the characteristics of the
downscaled sub-mm-wave InP DHBT devices, in particular Mason’s gain

While the results obtained using GGB pico-probes in connection with
multi-line TRL on-wafer calibration can be reasonable well predicted
the reason for the corruption has not yet been deeply analyzed

The results obtained using Cascade infinity probes are well predicted in
the lower frequency range but may require a more careful modeling of
the on-wafer measurement environment

Johansen et al., Impact of 4 May 2021
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