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IAF Competences in Millimeterwave-Technology

Eraunhoeter
IAE

Circuit Design
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- Modelling

=l Layout

Technology
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Module-Design und -manufacturing
Bonding, waveguide transitions
Hybride development
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Cooperations in mm-Wave Technology
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IAF mMHEMT-Technology: Processing

MESA

wet etched MESA

MESA OHM

GeAu Ohmic contacts

GATE

MESA OHM

PtTiPtAu e-beam gate

GATE

MET1 MESA OHM

1. Metall

100 nm technology

50/35 nm
technology
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SiN
GATE
MET1 MESA OHM

250 nm SiN passivation

SiN
BCB
GATE

MET1 MESA OHM

250 nm SiN passivation on BCB
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IAF m-HEMT Technology: Electrical Parameters

In,Ga, ,As Channel /metamorphic buffer/ GaAs

35 nm 50 nm 100 nm
X (%) 80 80 65
R, (Qmm) 0.03 0.05 0.07
R¢ (Qmm) 0.10 0.15 0.23
Ry (@/mm) 250 250 400
I max (MA/MM) 1600 1200 900
Vg (V) 1.5 25 4
O max (MS/MmM) 2500 1800 1300
f. (GHZ) 550 380 220
f__ (GHz) ~700 ~500 300
Z Fraunhofer
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220 GHz Low-noise Amplifier Modules (2006)
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50 nm W-band Low-noise Amplifier
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e two-stage cascode LNA
e grounded coplanar waveguide (GCPW) e 20 dB gain (80 - 100 GHz)
e 50 nm gate length mHEMT * 1.9 dB noise figure

® 0.75 x 1.5 mm? chip size
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Small-Signal Amplifier Performance Summary

M gain/stage 100 nm (cascode)
12 . . | A gain/stage 50 nm (common source)
N ® gain/stage 35 nm (common source)
O NF 100 nm
101 A A NF 50 nm
1 |
8 i
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g '
4- o 2 *
24 & :
0

100 150 200 250 300
freq [GHZ]
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IAF Lumped Element mHEMT-Model

R, * T,
Cgs_l_ : Coa

1

T :Ov—T

T, —®— T,

—I——1
— covers wide bias range Rs gLSI I% Rd

= covers frequency range from 0.3 to 220 GHz ds

= scalable from 10 pm to 120 pm
= variable finger number

— proper noise description

= T=300 K
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Extraction Tool LARA
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gl &.Parameters

Bias 0

["'Cos 0 |435E-4
[T Ros 0 |0.00ED
[" Cgd 0 [2.00E-4
["'Rgd 0 |0.00ED
[T Cds0 [173E4
[~ aDsS_0 [gacE2
M0 [7E1

" tautd_ 0 [372E-4

Bias 4

["'Cas 4 |gafE-2
["'Ros 4 |0.00ED
[~ Cgd 4 [158E-2
["'Red 4 |0.00ED
[T Cds 4 |o.00ED
[T'aDS_ 4 |-23EA
[Tad 4 [-1.13E0
[~ taubd_4  |0.00E0

LCR Shell 2

[" Cpogs 2 [7.24E6
["'Cpad 2 [124E6
[~ Cpds 2 [354E6
[~ Lg2 1.259E-1
[TLd.2 9.97E-2
[ Ls 2 B.EIEE
“Weight

[~ lowkeg [0.00ED
™ highfreq |3,00E1
[ frdecay  [3.33E-2

I~ freenter  [4.50E1
[ fwidpar  [0.00ED

Dev: 3.7447 fitting setz 1 ta 12

Bias 1

["'Cos 1 |683E-2 [T Cos 2 [495E41
["'Ros 1 |0.00ED ["'Ras 2 |0.00ED
[T Cgd 1 |2.97E-1 [T Cgd 2 |1.21E1
["'Rod_1 |0.00ED ["'Rad_2 |0.00ED
[T/Cds1  [-1.30E41 [T'Cds2  [1.27E4

[~ aD5_1 |288E0
[Tlad 1 [-374E0

" taukd_1 [0.00ED [ taukd_2  [0.00ED
Bias b ACCess

[T Cas 5 13341 [Tg 232E2

["'Ros & |0.00ED [ rac 0.00E0

[T Cgd5  [1.51E41 " Rb 211E-1

LARA Model Scripts

Bias 2

["'Regd & |0.00ED
[T Cds5 |0.00ED
[T'aDS_5  [-1.78ED

[~ g &

-317E-2

[~ tautd 5 0.00ED

LCR Shell 4

[ Cpgs 4 [9.78E-6 [~ ZLin 5.00E1
[" Cpad 4 [212E6 [~ ADin 0.00E0
[ Cpds 4 [3.49E-6 [~ Zlout  [500E1
Lo 4 352E-2 [~ ADout  |0.0DED
[ Ld 4 5 20E-2 " Fdep £ 30E -1
[~ Ls 4 2.01E-3 [~ tauln_4 |1.45E0
[ tauOut_4 |1 45E0
[~ tauln 2 [145e0
[~ tauOut_2 [1 4560

Port T

parameter field

[~ aD5_2 |155E0
[TaM 2 [a73ED0

_|o] x|
Bias 3

["'Cos 3 [211E-3
["'Ras 3 |[000ED
[T Cgd 3 |1.21E0
["'Rad 3 |0.00ED
[T'Cds.3  |000ED
[T gDS_3 |5.89E0
[TaM 3 [-417E0

[ tau_3  [000ED
MNoise Temperatures
[~ 710 2A7E2
[ Tas Z97EZ
[ Tg 297E2
[ 7d ZA7E2
[CTs ZA7EZ

[T/ Tds 0 |126E3
[T Tds 1 [-272E0

[ Tds 2 [331E-
[T Tds 3 |-436ED
[T Tds 4 [483E-2
[T Tds &  |953E-1
[T kTnF  [-473E-2
[T kTw 1.16E0
Geometry
[~ wdo 1.00ED
[ id0 1.00E-1
[ ith 0.00E0

[ pth 0.00ED

e
il

o

[Tl

[P BiasallnF_Nc1_TP_correctRbBest_N2.mps - Editar

Datei Bearbeiten Format Ansicht 7

=18l

pt file
parameter

Ls_2=6.E3E-&

! END

VAR LCR_Shell_d
Cpgs_4=3.78E-6
cpad_4=2.18E-¢
Cpds_4=5.49E-¢
Lg_4=3.92E-2

Ld_4=5.28E-2

faudut = Liheth
END
VAR Geometry

VAR weight
Towfreg=0.00E+0
highfreq=3.00E+1
frdecay=3.236-2
Troenter=4,50E+1
frwidpar=0. 00E+0

END

BLOCK Parasitics
WEot=hg

Rig=I rg‘*wco\:/an\zwgc/nF
omega=2=pi=freg

yl= J*Umaga*(dEWta(ﬂF 2)*Cpgs_z+del ta(nF-4)*Cpgs_4)
yi=]*omega*(delta(nF-2)+Cpds_z+delta(nF-4)*Cpds_4)
yI=jvomegar(del tafnF-zI+Cpgd_2+del ra(nF-4)*cpgd_4
zl=Rg+i*omega*(delta(nF-z)*La_2+del ta(nF-41%La_4]*Wtot
zz=fb/Wcot+j*omega*(deltalnF-2)*Ld_z+deltalnF-4)*Ld_4)*wrot
z3=Rb/MWEot+*omega*(deltalnF-2)*Ls_z+deltafnF-43+Ls_d4)*wrat
Leni=300%(del ta(nF-z)*tauIn_2+del ta(nF-4)*fauln_d4J
Lenz=300*(del ta(nF-z)*tauout_z+del ta(nfF-4)*tauout_4)
AM1=A4T(21,22,23)

AM2=AdpT L, v, ¥3)

AMI=fAdEra(freg,leni,ZLin,1,A0in,Fdep,0)
AMi=AdKet(freg, Len2 ) zLout, 1, ADoliE, Fatp; 00

AM4FS=AMS T AN3 *ANZ " AM1

BLOCK Intrinsics
wds=[vOS-uda) AVdd
Ido=idowrot
id=IDn/Ido
TdsFac=(1+kTweWtot)* (1+kTnF*(nF-21)
Tds=Tds 0+ (1+Tds_1*¥vds+Tds_2*1d+Td5_3*VdsA2+Tds_a*idA2+Tds_5*vds*id)
Cgs=Cgs_0¥ (L+Cgs_1+wds+Cqs_2+1d+Cgs_2#UdsAZ+Cqs _d+idA2+Cgs_G +Uds+id])
cgd=Cgd_0*(1+Cgd_1*vds+cgd_z+*id+Cad_2evdsAz+Cgd_4vidAz +C0d_sewids*id)
Cds=Cds_0*(1+Cds_1*vwids+Cds_2*ideCds_2evidsAz+Cds _4%idAz +Cds_Sewids+*id)
gH=gM_0 [ 1+gM_1*4/ds+gW_2 %1 d+ghl_3 *\dsA2 +gM_d4%1dA2+gh_5 *vds=id)
gOS=qD05_0*(1+005_1*Wds+qDs_2+10+g05_2 *UdsAz+gDS_d+idA2+00S_E *Wdsid)
TauM=tauM_0i*(1+tauM_1+vds +TauM_2 #1 d+EauM_2+yds AZ+taub_d¥i dA2+taum_E*uds +id)
RO5=RO5_0¥[L+RQ5_1*Vds+RO5_2*id+R05_I*vWidsAZ+RO5_4¥idAzZ +R05_S*vwids*id)
Rgd=Rgd_0*(1+Rgd_1+*vds+Rgd_2+*id+rad_2*vidsAz+rgd_4+%idA2 +Rad_s*vwids+*id)
yG5=]*omega*Cgs /(1+j*omega*Rgs *Cgs )
ya0=3*omega*Cgd/ ( 1+ *omegasRgd+Cgd)
YaM= [gM/[1+J*umega*Rgs*cgsjj/[u]*omega*taumj
yDS=gDs+Jwomegarcd
Y1n—(wtut*sD)*CZXZN((yGSfyGD) (-yG0), (¥GM-yGD) , (yD5+yG0))
YM=Embedy (AM3FS, vind

BLOCK NOISE_DEF
UGSH=sqQrt[(ROS/WEOTI*Tas)+]%0
i05H=sgri((gos*Wtot)*Tds *TdsFacl+j*0
uRgH=s grE(RgsTg)+3%0
uRdN=5 grE((RbMEOT)*Td)+jw
uRsN—sqr‘\:((Rb/Wtot)*Tsjﬂ*U
i0xH=sgr(To)+j*

ND

model
equations

BLOCK HOTSE_GENERATOR
111N=(yGS"WEOL ) "LUGSN
121 M=(YGM*WEO L) "UGSN+iDSN
Tiv=Cvecz (111N, 121N)
Zi=ImuCaxz (vin)
vr=Embedy (AN, Yin)
Urv:cvecz((uRgNmRij CURAN+URS M)
IFN=YPerCLA50)=UryT (21 7 I1v)]
Adres t=AW4 AN T = AN2
MiN=H1NEMbed(Adrest, vr)
IxN=MiN"IrN

| END
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ADS Model Verification
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NF50 Measurement at W-Band

28V - Drive
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Noise Figure Analyzer
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Electron Temperature vs Bias (T=300K)

4500

4000—

3500—

3000+

2500—

2000— ___—

1500—=

0.05

0.10 0.15 0.20 0.25 0.30 0.35 0.40

Drain current density [A/mm]

Hot electrons in high field region of transistor

0.05

0.10 0.15 0.20 0.25 0.30 0.35 0.40

Drain current density [A/mm]

\

TeelK]

TeelK]

4500

4000—

3500—

3000—

2500—

2000

0.5

0.6 0.7

Drain Voltage [V]

0.8 0.9 1.0

0.5

0.6 . 0.7 0.8 0.9
Drain Voltage [V]

~ Fraunhofer

IAF

M.Seelmann-Eggebert

1st RadioNet-FP7 Eng. Forum WS,

IAF mMHEMT

Lz=100 nm
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Short Channel HEMT

@
Source Gate
T
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Lumped Element mHEMT-Model and Low Noise
Technology Criteria

Technological Low Noise Criteria

= high electron mobility (gps, 9y, Cgs_l_
= low sheet resistance (R,R,) -1
= low contact resistance (R,R,) TA

= low gate line resistance (Rg)

= High Gain (small channel distance) ._-

= Temperature?? Rs

Tmin — \/TAmbientTChanneI f / 1:max

~ Fraunhofer
IAF

1st RadioNet-FP7 Eng. Forum WS,
M.Seelmann-Eggebert

17




Assessment of Minimum Noise Temperature for mHEMT

TrinlK]
3
\
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Assessment of Minimum Noise Temperature for mHEMT

Tmin[K]
NFmin[dB]

100 // / | L,=50 nm
1 : f =500 GHz
PR T, ,=300 K

— 0.1
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s |
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o

10

; 4 for f<<f_
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Assessment of Minimum Noise Temperature for mHEMT

: | £
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Assessment of Minimum Noise Temperature for mHEMT

Tmin[K]

100

10

0.1

Quantum Limit
@1 GHz

9
1000
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mHEMT-Performance at Cryogenic Temperatures

Noise Temperature (K)

40 35
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Test in Hybrid Amplifiers
- First stage : 4x40 mHEMT
- Gate Length 100 nm

&

IR . Lu;
Close to Best INP-HEMT performance
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Temperature Dependence S-Parameters

o

factor gM,gDS
—— factor Cgs,Cgd,Cds

__ small signal elements:
" - gw0ps increase by 20% (vsat)
- C46,Cgd,Cds increase by 8% (dielectric)

'/I/ﬁi;eﬁdr | ?j F raun h Ofe r Max-Planck-Institut
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mHEMT Small Signal Model and T-Dependence of Noise Sources

G 140 b {400
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Changes RT-performance vs Cryo (T=15 K) Temperature (°C)
- Ryheet decreases  (-55%)
- R, increases (+10%)

- Ry decreases (-66%)

\
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Extended IAF Lumped Element mHEMT-Model

- 9ospy Te
= covers wide bias range AI IC7

= covers frequency range from 0.3 to 220 GHz

= scalable from 10 pm to 120 pm

= variable finger number Assumptions Noise
= proper noise description - Noise Temperature R.,Ry,R, ambient

= 15K <T<300K - Electron Temperature T. not affected

~ Fraunhofer
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Model: Noise Performance vs. Temperature

F2x40: LG=50 nm; id=150 mA/mm;Vd=1 V; f=20 GHz
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Influence of Output Conductance on Noise
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Influence of Output Cond. on SS-Performance
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Technological Improvements?

Idea for Sensitivity Test:

- Increase Contribution of Noise Sources by 10%

- Use model to calculate noise parameters

ANF . [%] | AR, [%]
R, +2.8 +2.2
R, +1.6 +2.6
Ry +0.3 +0.0
Jps +4.9 +5.5
—

~ Fraunhofer
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Influence of Gate Leakage on Noise
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Influence of Gate Leakage on SS-Performance
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Influence of Gate Leakage on Noise
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Influence of Gate Leakage on SS-Performance
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Influence of Gate Leakage on SS-Performance
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Influence of Gate Leakage on Noise
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T,.., with Gate-Leakage
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Conclusions

e Scalable/bias-dependent cryo-model
— Large temperature variations for access resistances
— Slight increase of intrinsic conductances/capacitiies

e Gate Leakage

— affects Ty, and S,
— critical for C- and X-band LNAs
— Little effect in W-band

e Potential for Cryo-Optimization ?
— Large Decrease of R ,R;,gps necessary to achieve small
decrease in T,

— R4 can be significantly increased without noise
deterioration

\
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