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ÅSubstrates for RF

Physics of RF substrates
ÅCharge Balance
ÅTrap Passivation
ÅDynamic Effects (finite time constants)

Modelling (CPW lines) TCAD + T-line theory
Å Instantaneous substrate impedance
ÅCorrelation to measurements

Modelling of arbitrary layouts TCAD + EM simulations
ÅApproach and initial results



Introduction / Context / Motivation
ω  Non-linearity Recap

ω  {ǳōǎǘǊŀǘŜ wŜǉǳƛǊŜƳŜƴǘǎ ŀǘ wC



FiltersCircuit

Antenna

Filters

Signal Distortion / System Linearity

+

Non-Linear

Distortion

Imperfectfiltering

Non-ƭƛƴŜŀǊƛǘȅ Ґ ǎǇŜŎǘǊŀƭ άǎƳŜŀǊƛƴƎέΦ

Linearity Requirements by Network Standard

Ý Ever more stringent linearity specifications for FEMs

Ý adjacent band spectral contamination
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Sub-band 1 (2000 MHz )

Sub-band 2 (2010 MHz )



SubstrateRequirementsfor RF

Å Losses / coupling/ ⱬ▄██Å Losses / coupling/ ⱬ▄██
(TCAD+EM non-uniform material stack)

Å Linearity / HD      Ҧ ǘŀƭƪΩǎ ŦƻŎǳǎ

DUT

y = f(x)
Substrate FoMs:

~15 dB

█ ╜╗◑

Example of substrate impact:
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SubstrateRequirementsfor RF

Substrate FoMs:

Standard resistivity Si

Conductive bulk

+ + + + + + + + + + + + + + + + + + + + + + +

Semiconductors are non-linear by nature (field-effect).

Linearity depends on what the conditions 
are (ὲand ὴ) at the interface.
Ý TR is an interface passivationscheme.

█ ╜╗◑Å Linearity / HD

Å Losses / coupling/ ⱬ▄██
(TCAD+EM non-uniform material stack)

Standard-Si    vs.    High-Res.    vs.    Trap-Rich

6



0 2 4 6 8 10 12

10  

100  

1 k  

10 k  

100 k  

r
e

ff
 [
W

c
m

]

Frequency [GHz]
0 5 10

0  

10  

Frequency [GHz]

e r
,e

ff

 

 

Std  meas.

       Atlas TCAD

       HFSS full-wave
 

HR  meas

       Atlas TCAD

       HFSS full-wave
 

TR   meas.

       Atlas TCAD

       HFSS full-wave
 

DP  meas.

      Atlas TCAD

      HFSS full-wave

0 2 4 6 8 10 12
0  

1  

2  

3  

a
 [
d
B

/m
m

]

0 2 4 6 8 10 12

10  

100  

1 k  

10 k  

100 k  

r
e

ff
 [
W

c
m

]

Frequency [GHz]
0 5 10

0  

10  

Frequency [GHz]

e r
,e

ff

 

 

Std  meas.

       Atlas TCAD

       HFSS full-wave
 

HR  meas

       Atlas TCAD

       HFSS full-wave
 

TR   meas.

       Atlas TCAD

       HFSS full-wave
 

DP  meas.

      Atlas TCAD

      HFSS full-wave

0 2 4 6 8 10 12
0  

1  

2  

3  

a
 [
d
B

/m
m

]

0 2 4 6 8 10 12

10  

100  

1 k  

10 k  

100 k  

r
e

ff
 [
W

c
m

]

Frequency [GHz]
0 5 10

0  

10  

Frequency [GHz]

e r
,e

ff

 

 

Std  meas.

       Atlas TCAD

       HFSS full-wave
 

HR  meas

       Atlas TCAD

       HFSS full-wave
 

TR   meas.

       Atlas TCAD

       HFSS full-wave
 

DP  meas.

      Atlas TCAD

      HFSS full-wave

0 2 4 6 8 10 12
0  

1  

2  

3  

a
 [
d
B

/m
m

]

0 2 4 6 8 10 12

10  

100  

1 k  

10 k  

100 k  

r
e

ff
 [
W

c
m

]

Frequency [GHz]
0 5 10

0  

10  

Frequency [GHz]

e r
,e

ff

 

 

Std  meas.

       Atlas TCAD

       HFSS full-wave
 

HR  meas

       Atlas TCAD

       HFSS full-wave
 

TR   meas.

       Atlas TCAD

       HFSS full-wave
 

DP  meas.

      Atlas TCAD

      HFSS full-wave

0 2 4 6 8 10 12
0  

1  

2  

3  

a
 [
d
B

/m
m

]

0 2 4 6 8 10 12

10  

100  

1 k  

10 k  

100 k  

r
e

ff
 [
W

c
m

]

Frequency [GHz]

0 5 10
0  

10  

20  

30  

Frequency [GHz]

e r
,e

ff

 

 

Std  meas.

       Atlas TCAD

       HFSS full-wave
 

HR  meas

       Atlas TCAD

       HFSS full-wave
 

TR   meas.

       Atlas TCAD

       HFSS full-wave
 

DP  meas.

      Atlas TCAD

      HFSS full-wave

0 2 4 6 8 10 12
0  

1  

2  

3  

a
 [
d
B

/m
m

]

0 2 4 6 8 10 12

10  

100  

1 k  

10 k  

100 k  

r
e

ff
 [
W

c
m

]

Frequency [GHz]

0 5 10
0  

10  

20  

30  

Frequency [GHz]

e r
,e

ff

 

 

Std  meas.

       Atlas TCAD

       HFSS full-wave
 

HR  meas

       Atlas TCAD

       HFSS full-wave
 

TR   meas.

       Atlas TCAD

       HFSS full-wave
 

DP  meas.

      Atlas TCAD

      HFSS full-wave

0 2 4 6 8 10 12
0  

1  

2  

3  

a
 [
d
B

/m
m

]

Standard resistivity Si

Conductive bulk

High-Resistivity (HR) Si

Resisitivebulk

Conductive layer

Trap-Rich Silicon (TR)

Resisitive(poly-Si)

Resisitivebulk

Depletion junction substrate (DP)

P N P N P N

+ + + + + + + + + + + + + + + + + + + + + + +

SubstrateRequirementsfor RF

EM+ TCADcanbe combinedto simulatea rangeof RF
passiveson highlynon-uniformSi-basedsubstrates.

ÝSmall-signalmodellingOK!

What about large-
signalmodelling?
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SubstrateRF FoMsplotted vs bias

What about large-
signalmodelling?

Can 35 dB variation
over biasbe explained/
modelled?
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+ + + + + + + + + + + + + + + + + + + + + + + + + + + +- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Line Voltage

Time

Å Point DC

Å Amplitude RF

Å Fixed interface charge

Å Interface traps and 
trap-rich passivation

Å Dimensions of CPW

Å Frequency

Å Temperature

Answer: Yes !   
Ҧ aƻŘŜƭ ƻŦ ƛƴ this presentationvalidated

over manyparameters.

Full References:

ÅModelingof Semiconductor Substrates for RF Applications: Part I - Static and 
Dynamic Physics of Carriers and Traps,doi: 10.1109/TED.2021.3096777.

ÅModelingof Semiconductor Substrates for RF Applications: Part II - Parameter 
Impact on Harmonic Distortion,doi: 10.1109/TED.2021.3096781.
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ÅCan we predict HD of a given material stack?

ÅHow to model, taking into account all semiconductor effects

ÅGain physical insight into parameter impact (future substrate 
developments, IC design, etc.)

Motivation and Objectives of a Large-Signal SubstrateModel
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Physics of RF Substrates
ω  Quantitative Analysis and Understanding

ω  CǳƴŘŀƳŜƴǘŀƭǎ ƻŦ LƴǘŜǊŦŀŎŜ ¢ǊŀǇ tŀǎǎƛǾŀǘƛƻƴ
ω  5ȅƴŀƳƛŎ ŜŦŦŜŎǘǎ όŦƛƴƛǘŜ ǘƛƳŜ Ŏƻƴǎǘŀƴǘǎύ



Quantitative Charge Balance

Traps in polysilicon:

12

How doesTrap-Rich interface passivation work?



Charge compensation: HR vs. TR
╝█►▄▄ ὴώ ὲώÄÙ ÃÍ

╝◄►╪▬ ὔ ώ ὔ ώÄÙ ÃÍ

╝═▬▬■░▄▀ὠ ὔ ὅ ὠ ὠ ÃÍ

In all generality:

╝═▬▬■░▄▀╝█►▄▄╝◄►╪▬

In a HR:

╝═▬▬■░▄▀╝█►▄▄

In a «good» TR:

╝═▬▬■░▄▀╝◄►╪▬

For anyusualvalue of ὔ ὠ
13



Charge compensation: HR vs. TR In a HR:

ἶand ▬varystronglywith the appliedsignal ὠὸ

In a «good» TR:

ἶŀƴŘ▬ǊŜƳŀƛƴǾŜǊȅƭƻǿŦƻǊϦŀƴȅϦǎƛƎƴŀƭὠὸ

Concept of Fermi-level pinning

14



HR substrate

Large variations in ὲand ὴ

Ý Large variations in 
substrate impedance

Ý Highly voltage-
dependent (non-linear)

Charge compensation: HR vs. TR

Quasistaticanalysis
(DC or low-freq)

Donor Distr.

Acceptor Distr.

Fermi Level

Charges in the Semiconductor AppliedCharge

15

[ Movie Animation Not Includedin PDF Format ]



TR substrate

Small variations in ὲand ὴ

Ý Small variations in 
substrate impedance

Ý Little voltage-
dependency 

(at low freq. !!)

Charge compensation: HR vs. TR

╝◄╓
╝◄═

Donor Distr.

Acceptor Distr.

Fermi Level

Charges in the Semiconductor AppliedCharge

At RF, full description 
involvesὉ , Ὁ , 

Ὁ , Ὁ , etc.

Quasistaticanalysis
(DC or low-freq)

16

[ Movie Animation Not Includedin PDF Format ]



For Large-Signal SubstrateModellingΧ

Χ ƛƴǘŜǊŜǎǘŜŘ ƛƴ ǘƘŜ ōŜƘŀǾƛƻǳǊ ƻŦ ǎǳōǎǘǊŀǘŜ 
impedance with the applied voltage signal.

╩╝╛╥

17

== Substrate  
impedance ╩▼◊╫╥



Substrateimpedancevs. voltage

== Substrate  
impedance ╩▼◊╫╥

How does the substrate respond 
under large-signal excitation? Flip between these states in ~ ns ??

Can we use this ╩▼◊╫╥ transfer function, 
for any signal ╥◄?

18

╥╥ ╥

╥

▐▄ ▄

╥╥ ╥

╥

▄▄ ▄



Non-EquilibriumDynamics

╥◄ ╥

Color map
▪●ȟ◐

ὔ π ÃÍ

Voltage stepappliedto MOS device.

╥◄
Finite carrier 
response time

Strong-Depletion

Ⱳ▼◊╫

Too many majority 
carriers are repelled.

Thermal 
generation

Ⱳ◄▐

Available minority 
carriers are attracted.

ὔ ḯ
А

ὴώ ὲώÄÙ
╥◄ Њ ╥

19
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Non-EquilibriumDynamics

╥◄ ╥

ὔ ρπ ÃÍ

Color map
▪●ȟ◐

Voltage stepappliedto MOS device.

╥◄
Available minority 
carriers are attracted.

Thermal 
generation

Ⱳ◄▐Ⱳ▼◊╫

Too many majority 
carriers are repelled.

Partial -Equilibrium

ὔ ḯ
А

ὴώ ὲώÄÙ
╥◄ Њ ╥
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Non-EquilibriumDynamics

HR ” ρkʍcm (P-type), 
ὸ τππnm,ὔ ρπÃÍ

Ὢ ρȾὝ

Sinusoïdal ╥◄- RF analysis

ὔ ḯ
А

ὴώ ὲώÄÙ ÃÍ ẗἋ╝█►▄▄╘╝╣◄

At 1 MHz

As Ὢincreases: only a spatial rearrangement of existing available carriers through time
no (significant) generation/recombination 21



Non-EquilibriumDynamics RF analysis

” ɱÃÍ Ὢ

Standard Si ~10 5 - 15 GHz

HR with strongPSC < 50 5 - 15 GHz

HR with weakPSC 50 ς200 1 - 5 GHz

TR 10k 10 - 50 MHz

HD is maximum just after the end of the slow-wavemode █╢╦

22



Model to MeasuremetCorrelation



HD is maximum just after the end of 
the slow-wavemode █╢╦

Non-EquilibriumDynamics RF analysis

Observe these trends in measurements?

ÝWe set-up measurement benches at: 
50 MHz, 250 MHz, 900 MHz, 2.5 GHz 
and 5.4 GHz 

(each setup uses dedicated filters and power amplifier)

Hardware Validation

█╢╦ ╖╗◑

█╢╦ ╖╗◑

█╢╦ͯ ╜╗◑
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Substrateimpedancevs. voltage

╥╥ ╥

╥

╥╥ ╥

╥

ᴘ
╨
▼
◊
╫

╥▫■◄╪▌▄ ╥╓╒ ▼□╪■■▼░▌▪╪■█

╥╓╒ ■╪►▌▄▼░▌▪╪■█
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Measurements
Simulation

HR-SiO2 ὗ ψẗρπ ÃÍ

Substrateresponsein biasedHR

Voltage Signal: f = 900 MHz
A = 2.5 V
DC = +15 V

Substrate impedance variation 
gives rise to -35 dBm of H2 
distortion

26

[ Movie Animation Not Includedin PDF Format ]



Measurements
Simulation

HR-SiO2 ὗ ψẗρπ ÃÍ

Substrateresponsein biasedHR

Voltage Signal: f = 900 MHz
A = 2.5 V
DC = -15 V

HR-Al2O3 ὗ υẗρπ ÃÍ

Larger impedance variation 
gives rise to -12 dBm of H2 
distortion

27

[ Movie Animation Not Includedin PDF Format ]



Substrateimpedancevs. voltage

╥╥ ╥

╥

╥╥ ╥

╥

ᴘ
╨
▼
◊
╫

╥▫■◄╪▌▄ ╥╓╒ ▼□╪■■▼░▌▪╪■█

╥╓╒ ■╪►▌▄▼░▌▪╪■█

The substrateisalwaysout of equimibriumisresponseto a large-signal ὠ ὸ

The equilibirum╩▼◊╫▄▲╥ŎǳǊǾŜΩǎ ƛƴŦƻǊƳŀǘƛƻƴ ƛǎ ƛǊǊŜƭŜǾŀƴǘ Η

╩▼◊╫▄▲╥

╩▼◊╫╝▄▲╥

28



Non-EquilibriumDynamics 

-Dynamics of traps

5ƻƴΩǘ ƭŜǘ ŀƭƭ ǇǊŜǾƛƻǳǎ ǎƭƛŘŜǎ ƳƛǎƭŜŀŘ ȅƻǳ ƛƴǘƻ ǘƘƛƴƪƛƴƎ ǘƘŀǘΥ

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

Ý This statement is false !

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

ὲҩ

ὴҫ

ὔ ҩ

ὔ ҫ

Drift to/from other parts of 
the substrate

Requires capturing an electron

Requires capturing an electron
(equivalent to emitting a hole)

ὲand ὴmust vary 
first.
† and † are long, 

because ὲand ὴare 
low (TR)

29



Flat ╨▄▲╥ curves: DC Fermi-levelpinning

Non-flat ╨▪▄▲╥ curves: RFFermi-level variations

Modulation of the available carriers

Hardware Validation

Non-EquilibriumDynamics 

-Dynamics of traps

30

DC ╔╕pinning

RF ╔╕╠modulation

╨
▼
◊
╫╥

╥▫■◄╪▌▄╓╒╪▪▀Ⱦ▫►╡╕

╨▄▲╥

╨▪▄▲╥
C20 (20 ʍcm TR)
C23 (5 kʍcm TR)

Instantaneous ὣ ὠ curves 

do not followthe equilibrium 
ὣ ὠ curves. 



FurtherModel-Hardware Correlation

Ҧ aƻŘŜƭ ƻŦ ƛƴ this presentationvalidatedover manyparameters:

Full References:

ÅModelingof Semiconductor Substrates for RF Applications: Part I - Static and Dynamic Physics of 
Carriers and Traps,doi: 10.1109/TED.2021.3096777.
ÅModelingof Semiconductor Substrates for RF Applications: Part II - Parameter Impact on Harmonic 

Distortion,doi: 10.1109/TED.2021.3096781.

Å Point DC

Å Amplitude RF

Å Fixed interface charge

Å Interface traps and 
trap-rich passivation

Å Dimensions of CPW

Å Frequency

Å Temperature

Å DC bias

Å Amplitude

Ҧ aƻŘŜƭ appliedsolelyto CPW lines!

Ҧ Couldit be extendedto arbitrary passive RF layouts?

31



Model Extension to Arbitrary Layout Structures



Large-signal simulation methodology combining: 
Å a 2N-port EM simulation file Ὓ
Å an N-port EM simulation file Ὓ
Å N non-linear dipole admittances ὣ ὠ

33

Linear Si region 

(EM properties 

not dependent 

on ὠὸ)

Linear BEOL

NL Si interface
ὣ ὠ

Sim. 1

Sim. 2

Arbitrary layout simulation - A proposedapproach

EM 
ports
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Sim. 1: LinearBEOL

(a) Layout representation and 2N port definitions. (b) Material stack used for the BEOL EM layout simulation.

BEOL EM Simulation. 
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Sim. 2: LinearSi SubtrateRegions

Substrate EM Simulation. 

(a) Layout representation and N port definitions. (b) Material stack used for the Substrate EM layout simulation.



Two-port crosstalk layout and representation 
of the EM ports (N = 96).

Simulated S21 of the two-port crosstalk structure of using 2 approaches:

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

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

36

Initial validation of the approach
Under small-signal



Large-signalsimulationapproachusingADS
harmonicbalancecombining:

Å Two EM S-parameter files (BEOLEM
SimulationandSubstrateEMSimulation)

Å N non-linear surface admittance
elementsὣ ὠ.

37

Practicalimplementation

HarmonicBalance



Measured and simulated power of the output components of the crosstalk structure on samples B28and B67for a 
900 MHz input signal of power Pin. Low noise floor (-170 dBm) measurements courtesy of Incize.
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Model on arbitrary layout:     2-port crosstalk structure

Trap-Rich RFeSI80ϰ Trap-Rich RFeSI100ϰ



Measured and simulated power of the output components of the inductive meander line on samples B28and B67for a 
900 MHz input signal of power Pin. Low noise floor (-170 dBm) measurements courtesy of Incize.
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Model on arbitrary layout:     2-port Meander Line

Trap-Rich RFeSI80ϰ Trap-Rich RFeSI100ϰ


