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SignalDistortion/ SystemLinearity

Subband 1 (2000 MHz )
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Network Linearity ITP3 [dBm)]
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Y adjacent band spectral contamination 3G 65
4G LTE 72

Y Ever more stringeniinearity specifications for FEMs 4G LTE + CA Up to 90

Linearity Requirements by Network Standard



SubstrateRequirementdor RF

Input spectrum (x) Output spectrum (y)
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SubstrateRequirementdor RF

: : : CPW li
StandardSi vs. nghRes VS. Tap—Rlch Input spectrum (x) y = f(l)I:)e Output spectrum (y)
SubstrateFoMs ] | | L1
P | > H2
A L coupling/ | | 1 *H 3
0Sses couplin >
e .Z'II | fy £, 2f 3f,
(TCAD+EM noeaoniform material stack) ) )
Ideal linear transfer function: y = f(x) =a-x

Real non-linear transfer function: y=f(x)=a-x+b-x*+cx*+ ...

A Linearity / HD

Semiconductors are nelnear by nature (fieleeffect).

Linearity depends on what the conditions
are € andn) at the interface.
Y TR is ainterface passivatioscheme.
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SubstrateRequirementdor RF
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EM+ TCADcan be combinedto simulatea range of RF
passive®n highly non-uniform Stbasedsubstrates

Y Smaltsignalmodelling OK!



SubstrateRFFoMsplotted vsbias
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Answer. Yes !

b a2 RS this gdenkionvalidated A Amplitude RF A Dimensions of CPW

a IS grasen nvallgate .

A Point DC A Frequency
over many parameters ] ]
A Fixed interface charge A Temperature

Full References:
A Modelingof Semiconductor Substrates for RF Applications: P8&tatic and A Interface traps and

Dynamic Physics of Carriers and Trdp$,10.1109/TED.2021.3096777. trap-rich passivation
A Modelingof Semiconductor Substrates for RF Applications: RaPaiameter

Impact on HarmoniBistortiondoi: 10.1109/TED.2021.3096781.
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Motivation and Obijectives of a Larg8ignalSubstrateModel

A Can we predict HD of a given material stack?

A How to model, taking into account all semiconductor effects

A Gain physical insight into parameter impact (future substrate
developments, IC design, etc.)
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Quantitative Charge Balance
How doesTrap-Rich interface passivatiowork?
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Trap Distribution Density [cm~3eV!]

Log scale

E, EGA  EGD
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Charge compensation: HR vs. TR

HR

TR

HR(1) Without Traps

With Traps TR(1)
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Charge compensation: HR vs. TR
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Charge compensation: HR vs. TR

Charges in thé&emiconductor AppliedCharge

=== Donor Distr.
"== Acceptor Distr.

- — Fermi Level HRsubstrate

Large variations ia andn

Y Large variations in
substrate impedance

[ Movie Animation NotIncludedin PDF Format ] .
Y Highly voltage

dependent (noHinear)

Quasistaticanalysis
(DC orow-freq)
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Charge compensation: HR vs. TR

Charges in thé&emiconductor

=== Donor Distr.
"== Acceptor Distr.
- = Fermi Level

[ Movie Animation NotiIncludedin PDF Format ]

AppliedCharge
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TRsubstrate

Small variations ia andn

Y Small variations in
substrate impedance

Y Little voltage
dependency
(at low freq. )

Quasistaticanalysis
(DC orow-freq)

At RF, full description
involvesO ,0O
@) , O , etc.



For LargeSignalSubstrateModellingX

X AYUSNBaldSR Ay GKS 0SKI
impedance with the applied voltage signal.
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Substrateimpedancevs. voltage

i1l I} i1l
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Bias Voltage V. [V] Can we use thigsy, () transfer function,
be \ for any signal( 4 ?

——

How does the substrate respond ___ ?
under largesignal excitation”? ( — Flip between these states in ~ ns ?7?

[
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Strong-Depletion

Non-EquilibriumDynamics (3 — |
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Non-EquilibriumDynamics (9

Voltagestepappliedto MOSdevice
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Non-EquilibriumDynamics Sinusoidakr( 4 - RFanalysis

HR” p kmem (Rtype),
0 T TTmm, 0 pmt A
) Metal 41011
Oxide
2.10'! Q  pTyY
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Non-EquilibriumDynamics RFanalysis

Zpias DC ground & RF floating.

HDis maximumjust after the end of the slowwave model" -

" [mA] Q
Standard Si ~10 5-15 GHz
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In the slow-wave mode, the BOX
impedance linearizes the overall
substrate impedance.

Carrier inertia dampens
impedance variations at
high frequencies 29
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Non-EquilibriumDynamics RFanalysis

HDis maximumjust after the end of
the slowwave model“ _

Observe these trends in measurements?

CPW line
y =1f(x)
1

1 =1

fo

Input spectrum (x) Output spectrum (y)

&h [r—
>
e
A 4

Y We setup measurement benches at:
50 MHz 250 MHz 900 MHz 2.5 GHz
and5.4 GHz

(each setup uses dedicated filters and power amplifier)

H2 at +15 dBm

H2 at +15 dBm

of H1 |dBm|

of H1 |dBm|

HED1 Meas.

«««+« HRD1 Sim.

“e,] |==—HRD1 Meas.

sees HRDI1 Sim.

sy, |===HRDI1 Meas.
4 |*===+« HED1 Sim.

(-15V)
(-15 V)
(0V)
(0V)
(+15 V)
(+15 V)

100 M 1G

10 G

Fundamental Frequency [Hz]

"

e P01 Meas.

7’
Pad — = P01 Sim.
f/'
2" .

100 M 1G 10 G

Fundamental Frequency [Hz]

Hardware Validation

e B2 8 Neas.
seee B2R Sim,
e B 67 Meas.

=== BA7 Sim.

100 M

1G

Fundamental Frequency [Hz]

10 G

-120

H2 at +15 dBm
of H1 [dBm|

_—
Ly
o
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Substrateimpedancevs. voltage
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Measurements
- =« == Simulation

HRSIO2)

[ Movie Animation NotlIncludedin PDF Format ]
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Substrateresponsen biasedHR 100
Voltage Signal: f=900 MHz é)
i A=25V —
o0k DC=+15V S
10
g
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7= 40
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10M
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100 k

10k

1k

p [Qcm]

[ Movie Animation NotlIncludedin PDF Format ]

- =« == Simulation

3

4

t [Sns]

Time = 0.031 ns

6 7 8 9 10

Substrateresponsein biasedHR

Voltage Signal: =900 MHz
A=25V
DC =15V

Larger impedance variation
gives rise ta-12 dBmof H2
distortion

V 100 p

2 10p

Measurements ~ HRSIO2) pip m A
HRAI2030 vip m A
A
PSC e- M A'a': :n:‘ My T
Induced h+
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2
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Substrateimpedancevs. voltage
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Non-EquilibriumDynamics

-Dynamics of traps

52y Qi fSG Fff LINBOA2dzz af ARSa YAAfSIR &2dz Ayi2 0KAY]

TR substrates are very linear, because ionized traps provide the
compensation charge so that free carriers do not have to.

Y This statement is false !

To compensate for a change in applied charge® , there are
four compensation mechanisms:

Y Drift to/from other parts of
ne the substrate
. _ _ ¢ andr must vary
L @ Requires capturing an electrom | first.
0 ¢ Requires capturing an electrorg- | T andT are long,
(equivalent to emitting a hole because andr are
low (TR)
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Non-EquilibriumDynamics

-Dynamics of traps

- - FIatiL- {r) curves: DC Fermievelpinning

—— Nonlat 4, .(IIT) curves: RFFermtlevel variations
Modulation of theavailable carriers

Instantaneousy (W) curves
do not followthe equilibrium
@ (w) curves.

% - i. fm C20 (20mcm TR
=|> | S g kT M C23 (5kcm TR
R [ —_— SR N

rom <kl Mol

C20 meas. (20 2cm)
C21 meas. (130 Q2cm)
C22 meas. (650 {2cm)
=23 meas. (5 kf2cm)
C24 meas. (10 k€2cm)

C20 sim. (20 Q2cm)
""" C21 sim. (130 Qcm)
""" C22 sim. (650 Q2cm)
----- C23 sim. (5 kf2cm)
----- C24 sim. (10 kQ2cm)

Hardware Validation

pinning I—V'(a)

100 k -
E 10k
]
S 4—| DC |F=I
= S

S

100 -

10 :

-15 -10 -5
20 |

-100

H2 at +15 dBm of H1 [dBm]

| (b)




Further Model-HardwareCorrelation

M a 2 RS this grésentatibnvalidated over many parameters

A Amplitude A Dimensions of CPW
A DC bias A Frequency
A Fixed interface charge A Temperature

A Interface traps and
trap-rich passivation

Full References:

A Modelingof Semiconductor Substrates for RF Applications: P&tatic and Dynamic Physics of
Carriers and Trapsloi: 10.1109/TED.2021.3096777.

A Modelingof Semiconductor Substrates for RF Applications: RaPaitameter Impact on Harmonic
Distortiondoi: 10.1109/TED.2021.3096781.

M a 2 BRppliedsolelyto CPWines!

HCouldit be extendedto arbitrary passive RFyouts?
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Model Extension to Arbitrary Layout Structures




Arbitrary layout simulation - A proposedapproach

- > o1 >
T T
=] =]
= =N
Linear BEOL << + b
Sim. 1 Vil V2| V3 Vi Vs Vn_2|Vn-1| Vi
[ [ ® T T ® ® L ]
1 2 3 4 5 N-2 N-1
Ref
1+N 2+N 3+N 4+N 5+N 2N-2 2N-1 2N
NL Si interface E
W 3 =2 3| =] = > =
Ol INCH IR NG IR o S
| | | | | o= | Vsub
= B IS I I~ B~ B K T —
HEEIE ks
Linear Si region <| | ¢| €| < R
(EM properties
not dependent 1T 2 3 4 5 . ~. N Ref
on x(0))
Sim. 2

Largesignal simulation methodology combining:
A a 2N-port EM simulation fil€Y
A anN-port EM simulation fil€Y

A Nnonlinear dipole admittance& () -



Sim. 1.LinearBEOL

BEOL EM Simulation

S

IANNINY
AONNNNNW»
QONNNNNW |
\\\\\\\\\\\\\\\\\\\\\\\ i BEOL-layer
A&\\\\\\\\\\\\\w' 2N / i 1 N Dielectric 2
W / i SUB-layer |——
MY / |

Ports in “BEOL-layer”
[ ] Ports in “SUB—layer

Dielectric 1

A&\\\\\\\\\\\\%\* IND 7
W 74
AW /

PN N P\ \
AW / : LT AN / |
/ 7 y: 4 [/ 7
£ 4 LT L =
L AN ) /5N /6N _J |
/ 1+N / E L B3N ) i Material Stack A
(a) (b)

BEOL EM Simulation

(a) Layout representation and\Pport definitions. (b) Material stack used for the BEOL EM layout simulati
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Sim. 2:.LinearSiSubtrateRegions

Substrate EM Simulation

| [ ]Ports in “SUB-layer” ‘ i
i VOID
LNTT7 ALY K 7T |
L / g £ i / i SUB-layer —— —
/ 7 y: 4 [ 7 ;
/ / g / / i Silicon
/ 4 LT £ 4 |
[ 4 LT Vi 4 |
/ 4 V. 4 Vo 4 |
Vo 4 £5/ £ 5 T ;
£ 1 / E £ 3 / i Material Stack B
(a) (b)
Substrate EM Simulation
(a) Layout representation anhl port definitions. (b) Material stack used for the Substrate EM layout simula
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Initial validation of theapproach

&

& L3

Two-port crosstalk layout and representation

&

*

Undersmallsignal

® &

& ® ® & ® & ®

of the EM portsN =96).

*

® &

——Single EM simulation
=== Reconstructed from two EM simulations i

I
S
|

-100 | u ENEEEI

100 k 1M 10 M 100 M 1G 10 G
Frequency [Hz]

SimulatedSaof the two-port crosstalk structure of using 2 approaches:

1. A single EM simulation and six pins to excite the two GSG ports o
the structure.

2. Combining two separate EM simulations employing respectNely
ports and A ports, that are then reconnected together to model the
entire layout and materials.
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Practicalimplementation

HarmonicBalance

LargesignalsimulationapproachusingADS
harmonicbalancecombining

A Two EM Sparameter files (BEOLEM
Simulationand SubstrateEM Simulatior)

A N nonlinear surface admittance
elements®  (w).

@

+
4

3 :

VIV2V3

VIV2V3IV4VEVEVT VB VS V10

|§$1 HARMONIC BALANCE |

Yarl VAR
Ysurf norm
Gsurf norm(V)=Go0 + Go1*V + Go2* V"2 + Go3*V"3 + God*V"4
Csurf_norm(V)=Col +(Co1)*V + Co2*V"2 + Co3*V"3 + Cod*V"4

Y1 n1pl

VB VI V10

p1 p2 p3 pd p5 pb p7 pd p9 p10

n1tn2n3 nd nd n6 n7 n8nd n10

:

!

L =]
o B = B = B = - T = 5y

— N = - o O

P10

Substrate EM Simulat

—

O1]

SDD3P
Ysurf 1
[[1.0]=(Csurf_norm(_v3y*_0*(_v2H{_v1)*Gsurf_norm{_wv3))*Al
F[2,0]1=- w2
F[21=v1£ 0
C[l]= VAR
Cport[1]= Area_1
Al1=50e-6%40e-6

SDD3P
Ysurf 2
[[1.0]=(Csutf_norm(_v3)*_0*(_v2)H(_vD)*Gsurf_norm(_+3))*A2
F[2,01=- w2
F[21=v1£ 0
C[l]= VAR
Cport[1]= Area 2
A2=80e-6%40e-6
SDD3P
Ysurf 3
[[LO]=(Csurf_norm(_v3)* 0*(_v2)H_v1)*Gsurf_norm{_v3))*A3
F[20]=-_+2
F[21]=vIA O
C[1]= VAR
Cport[1]= Area_3
A3=50e-6%40e-6
SDD3P
Ysurf 4

[10=Csurf norm( v3)*f 0*( v2)H v1)*Gsurf norm( v3)*A4
F[2.0]=- v2

F[21]=v14£ 0
Cl= VAR
Cport[l]= Area 4

A4=30e-6*40e-6
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Model on arbitrary layout: 2-port crosstalk structure

TrapRich RFeSI&0 TrapRich RFeSI1£0
(a) Sample B28 Sample B67 (b)
20 F ] i 120
na  Measurements
0 — EM+ Y;urf,f?'t(V) 0
PO S ® » E S T N e ® LI -20 - =20
+ s * * e e \ s / = ] I -
401 o, \f‘_, o | =i P g~ 1-40
o) o | * * " ° . . & —_— H3 —_
. . E -60L 1 - 160 E
& ® m m
» - IS Py E 'E‘
-80 -
® - - » - ESIr S s s + + g
2 B 2100
* ® T —120
@ 1-140
’ b I ’ -160
-180" : : : ' : ' ' ' -180
-10 0 10 20 30 -10 0 10 20 30

P. [dBm] P. [dBm]

Measured and simulated power of the output components of ¢hesstalk structureon sample®2sandse7for a
900 MHaznput signal of powePn. Low noise floor-L 70 dBm) measurements courtesylotize
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Model on arbitrary layout: 2-port Meander Line

TrapRich RFeSI&0 TrapRich RFeSI1£0

Measured and simulated power of the output components of ithductive meander lineon sample®2sandBe7for a
900 MHznput signal of powePn. Low noise floor-{ 70 dBm) measurements courtesylotize
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