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Background & Motivation

OTHz gap

mhuge bandwidth, high data rate, applications in high
spéed communication

OIII-V transistor speed

mInP HEMTs with £ .. >1THz, amplifier even work at
1THz by NGC

B Few COTS modules available

OFoundry process
B/0nm GaAs mHEMT
m/ _>400GHz wl
lamplifiers beyond 100GHz 1THz TMIC Amplifier by NGC




Background & Motivation

OPDK model

monly verified up to 50GHz
munknown uncertainty for THz
mhigh risk and costly redesign

OEvaluation of devices is necessary
mfor beyond 100GHz design

® small components value sensitive to variation and
modeling error

W passives and transistors
® passives: EM helps but need calibration and verification

® transistor modeling as an integral part of the amplifier
design flow



Test Chip

OTest structures for evaluation and modeling
mcompact design
® Ix3mmA2

BCPW environment
® G-G 40um, signal trace 20um for 500hm TXL
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Typical Test Structures

OmHEMTs 4
OResistors | &
OCapacitors &
Olnductors
OTXLs...
OGSG pads

/7/5-100um
O0200um

separation



Devices Characterization

OOn-wafer banded s-parameters
measurements

B 100um GSG probes

B10MHz~67GHz(x3)
mVNA frequency extenders
® /5GHz~110GHz(x2) o] |
® 10MHz~110GHz e S
® D:110GHz~170GH DRI E)  Tas bewan)
® G:140GHz~220GHz

W6 setups measurement systems in 5 labs
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Devices Characterization

OMeasured on
probe station with:

mdies glued on
copper carrier by
silver epoxy

Bmto mimic the
targeted working
environment
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[1]P. Manuel, S. Fregonese, A. Curutchet, et al, @
EuMC, Py 167(2015). eh g

Devices Characterization

OCalibration and De-embedding[1] 2
m1st tier calibration using LRRM with ISS =

mOPEN/SHORT/PAD dummies for OS, POS de- &
embedding “

mon-wafer m%ciline TRL calibration

; /%
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01 1 Comparison of calibration and de-

=3 embeddlng effect on transconductance
0
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Devices Characterization
OCalibration and De-embedding

BPOS up to 67/GHz

EMTRL is used in other bands

® generally effective

mSome problems
® discontinuities .
® unreal artifacts
® Incorrect sign
® originate from data

1
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05
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05
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Adopted calibration and de-embe dmg' /
applled on transconductance for reference
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Measurement Non-idealities

ORaw S;; of PAD
dummy
mespecially obvious =

for magnitude of
s-parameters

ORef[2]

mParasitic scattering
and coupling

Degrees

[2]M. Seelmann-Eggebert, M. Ohlrogge, R Webber, et
al, MTT, 63(7), p.2335(2015).
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Parasitic Scattering &

Coupling

Ofull test chip EI\/N' S

simulation
B@200GHz

Bunwanted cou
to adjacent test
structures

E Field [¥/m]

4, BEYFE+HEE
Z,1997E+B6

3. 4GE3E+A5S
1.3867E+B5
1. 8216E+B5
5. 5Z54E+aY4
2,998 ZE+a4
1. B18ZE+a4
3. 7571E+B3
4, 7391E+B83
Z.3B4EE+B3
1. 3G79E+83
7. 5189E+AE
4, 64 7E+BZ

pling

Mresults in degraded

data
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Parasitic Scattering & g
Coupling .
OSome characteristics and test structures are ;?ﬁ
less sensitive %
mEffective inductance, capacitance, phase of %’
transmission terms <

mlong transmission line o

® Effective L, Phase .

;|

GHz

05
0
-0
-1 |

] 20 40 =] 80 100 120 140 160 180 200
GHz

220
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Modeling Methodologies

OConsidering the data degradation up to
220GHz

OFollowing strategies are used:

mSystematic calibration of EM simulation

® For parasitics extraction and measurement
veritication

mFeeding network modeling
® replace de-embedding and on-wafer calibration

mRecursive Modeling[3] of mMHEMT

® previously extracted equivalent circuit model(ECM)
used recursively in later extractions

[3]Babak Heydari, Dissertation, UCB/EECS (2008).
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Modeling Methodologies

OModeling in flowchart

Meas, Sim
PAD,SHORT,OPEN

N

—

Characterization
Data

EM Calibration

ECM of feeding
networks

d

ECM of mHEMT

~

R,

Meas
L of SHORT, LINE
C of OPEN, CAP

<

Meas
Low freq for intrinsic
High freq for extrinsic
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EM Calibration
OSystematic EM calibration[4] 2
mSimplified process cross-section profile i
mbased on measurement data of SHORT, LINEs b

..,
CI

and Caps structures
mHFSS and Momentum

. Metal 1.25um
® Materials parameters
. MiM Metal | S15N4 0.15um
® thickness <02 0.80m

| MiM Metal

S13N4 0.15um

[4]K. Takano, K. Katayama, S. Mizukusa, et al, ICMTS, p.
230 (2015).
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EM Calibration Results

1#[9@
Gtz
5t
mSi;N,, SiO, dielectric from 2 Caps 5
mverified up to 170GHz X
1e-12
8e-13 |
Ge-13 |
de-13 | ¢
_ 213
£ 9 | f(-..\j
O -2e13 - I
_4&_13 i Metal 1.25um
-E'E-"-IEI i MiM Metal SiI3N4 0.15um
ses I y—
1e-12 | v ' -
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EM Calibration Results

OTransmission lines 2]

mConductivity from effective resistance i

mGaAs substrate dielectric from LINEs X
BHFSS and ADS similar results

: p——
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d -
08 -
D& -
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0 20 40 ] 20 100 120 140 160 180 200 220
GHz
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EM Calibration Results

O02000hm Resistor

mThin film metal resistor
mverified up to 110GHz

Chm

180 J
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140 -
120 -
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80 -
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Feeding network modeling

O02x20um mHMET with feeding parasitics
mReference planes
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Feeding network modeling

OFeeding network modeling

mbased on PAD, SHORT and OPEN dummy
structures
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Feeding network modeling

CH SFRR TSN
davD 1O Jeuan yolessay zusyela|

OExtraction recursive

W Each extracted ECM is used as part of
the subsequent ECM

® PAD->SHORT->OPEN




OPAD dummy
BmEM vs. data

.Cpg' de
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Feeding Networks Results

OSHORT dummy
BEM vs. dat
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Feeding Networks Results
OOPEN Dummy = [ -
mEM vs. data UJ e
.Cpgl'cp92
BC,,Cag1 .
Je-14
2.5e-14 I,-\J-ﬂ
2e-14 : . ::_ *__.:. e ~ |
2 15e14 - el "p
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0 -
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Recursive Modeling

OMHEMT model
mPi-network embedded in the feeding ECM
mused raw measurement data as targets




Extrinsic Elements Extraction

OCold-FET for terminal parasitics

msource parasitics and res at G,D ignored

OL,. Lge

mRecursive methods, fitting to raw data(>110GHz)

yX AN N— —Y Y < > .
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Intrinsic ECM Extraction

Olntrinsic elements

mstarting value: extracted from low frequency de-
embedded data(<110GHz)

mthen fitting together with feeding network ECM

o Lkge . ke
- . 9 Y ~ .
< p *f 71 ANN— o < >
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Meas vs. Sim Results
OMHEMT 2x20um V =0V Vd—].V(cIose to peak

transconductance)
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Meas vs. Sim Results

OMHEMT 2x20um V,=0V V4=1V
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Meas vs. Sim Results
OMHEMT 2x20um Vg=OV V=1V
.CdS' 1/Rds
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Meas vs. Sim Results
OMHEMT 2x20um Vg:OV V=1V
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Summary

OTest chip & Characterization
mCompact, CPW style

mOn-wafer banded measurements with non-
idealities

OModeling Methodologies & Results

BMEM calibration for parasitics extraction and
verification of measurement

BFeeding network modeling instead of de-
embedding and calibration

BmRecursive modelinlg of mMHEMT up to 220GHz,
to be used in amplifier design
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