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Introduction / Context / Motivation
• Why linearity?
• Substrates for RF

Physics of RF substrates
• Charge Balance
• Trap Passivation
• Dynamic Effects (finite time constants)

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

Modelling of arbitrary layouts TCAD + EM simulations
• Approach and initial results



Introduction / Context / Motivation
•  Non-linearity Recap

•  Substrate Requirements at RF



FiltersCircuit

Antenna

Filters

Signal Distortion / System Linearity

+

Non-Linear

Distortion

Imperfect filtering

Non-linearity = spectral “smearing”.

Linearity Requirements by Network Standard

 Ever more stringent linearity specifications for FEMs

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

Sub-band 2 (2010 MHz )



Substrate Requirements for RF

• Losses / coupling / 𝝆𝒆𝒇𝒇• Losses / coupling / 𝝆𝒆𝒇𝒇
(TCAD+EM non-uniform material stack)

• Linearity / HD      → talk’s focus

DUT

y = f(x)
Substrate FoMs:

~15 dB

𝒇𝟎 = 𝟗𝟎𝟎𝑴𝑯𝒛

Example of substrate impact:

5



Substrate Requirements for RF

Substrate FoMs:

Standard resistivity Si

Conductive bulk

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

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

Linearity depends on what the conditions 
are (𝑛 and 𝑝) at the interface.
 TR is an interface passivation scheme.

𝒇𝟎 = 𝟗𝟎𝟎𝑴𝑯𝒛• Linearity / HD

• Losses / coupling / 𝝆𝒆𝒇𝒇
(TCAD+EM non-uniform material stack)

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

Conductive bulk

High-Resistivity (HR) Si

Resisitive bulk

Conductive layer

Trap-Rich Silicon (TR)

Resisitive (poly-Si)

Resisitive bulk

Depletion junction substrate (DP)

P N P N P N

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

Substrate Requirements for RF

EM + TCAD can be combined to simulate a range of RF
passives on highly non-uniform Si-based substrates.

Small-signal modelling OK !

What about large-
signal modelling ?
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Substrate RF FoMs plotted vs bias

What about large-
signal modelling ?

Can 35 dB variation
over bias be explained/
modelled?
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+ + + + + + + + + + + + + + + + + + + + + + + + + + + +- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Line Voltage

Time

• Point DC

• Amplitude RF

• Fixed interface charge

• Interface traps and 
trap-rich passivation

• Dimensions of CPW

• Frequency

• Temperature

Answer: Yes !   
→ Model of in this presentation validated

over many parameters.

Full References:

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

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

• How to model, taking into account all semiconductor effects

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

Motivation and Objectives of a Large-Signal Substrate Model

10



Physics of RF Substrates
•  Quantitative Analysis and Understanding

•  Fundamentals of Interface Trap Passivation
•  Dynamic effects (finite time constants)



Quantitative Charge Balance

Traps in polysilicon:

12

How does Trap-Rich interface passivation work?



Charge compensation: HR vs. TR
𝑵𝒇𝒓𝒆𝒆 = න

0

𝑡𝑄

𝑝 𝑦 − 𝑛 𝑦 dy cm−2

𝑵𝒕𝒓𝒂𝒑 = න
0

𝑡𝑄

𝑁𝑡𝐷
+ 𝑦 − 𝑁𝑡𝐴

− 𝑦 dy cm−2

𝑵𝑨𝒑𝒑𝒍𝒊𝒆𝒅 𝑉 = 𝑁𝑜𝑥 + 𝐶𝑜𝑥 𝑉 − 𝑉𝑀𝑆 cm−2

In all generality:

−𝑵𝑨𝒑𝒑𝒍𝒊𝒆𝒅 = 𝑵𝒇𝒓𝒆𝒆 + 𝑵𝒕𝒓𝒂𝒑

In a HR:

−𝑵𝑨𝒑𝒑𝒍𝒊𝒆𝒅 = 𝑵𝒇𝒓𝒆𝒆

In a « good » TR:

−𝑵𝑨𝒑𝒑𝒍𝒊𝒆𝒅 ≈ 𝑵𝒕𝒓𝒂𝒑

For any usual value of 𝑁𝐴𝑝𝑝𝑙𝑖𝑒𝑑 𝑉
13



Charge compensation: HR vs. TR In a HR:

𝐧 and 𝒑 vary strongly with the applied signal 𝑉 𝑡

In a « good » TR:

𝐧 and 𝒑 remain very low for "any" signal 𝑉 𝑡

Concept of Fermi-level pinning

14



HR substrate

Large variations in 𝑛 and 𝑝

 Large variations in 
substrate impedance

 Highly voltage-
dependent (non-linear)

Charge compensation: HR vs. TR

Quasistatic analysis
(DC or low-freq)

Donor Distr.

Acceptor Distr.

Fermi Level

Charges in the Semiconductor Applied Charge

15

[ Movie Animation Not Included in PDF Format ]



TR substrate

Small variations in 𝑛 and 𝑝

 Small variations in 
substrate impedance

 Little voltage-
dependency 

(at low freq. !!)

Charge compensation: HR vs. TR

𝑵𝒕𝑫
+

𝑵𝒕𝑨
−

Donor Distr.

Acceptor Distr.

Fermi Level

Charges in the Semiconductor Applied Charge

At RF, full description 
involves 𝐸𝑄𝐹𝑛, 𝐸𝑄𝐹𝑝, 

𝐸𝑄𝐹𝑡𝑟𝑎𝑝1, 𝐸𝑄𝐹𝑡𝑟𝑎𝑝2, etc.

Quasistatic analysis
(DC or low-freq)

16
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For Large-Signal Substrate Modelling…

… interested in the behaviour of substrate 
impedance with the applied voltage signal.

𝒁𝑵𝑳 𝑽

17

== Substrate  
impedance 𝒁𝒔𝒖𝒃 𝑽



Substrate impedance vs. voltage

== Substrate  
impedance 𝒁𝒔𝒖𝒃 𝑽

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

Can we use this 𝒁𝒔𝒖𝒃 𝑽 transfer function, 
for any signal 𝑽 𝒕 ?

18

−𝟏𝟎 𝑽𝟎 𝑽 𝟎 𝑽

𝟎 𝑽

𝒉+𝒆− 𝒆−

+𝟏𝟎 𝑽𝟎 𝑽 𝟎 𝑽

𝟎 𝑽

𝒆−𝒆− 𝒆−



Non-Equilibrium Dynamics

𝑽 𝒕 = 𝟎− = −𝟏𝟎 𝑽

Color map
𝒏 𝒙, 𝒚

𝑁𝑜𝑥 = 0 cm−2

Voltage step applied to MOS device.

𝑽 𝒕
Finite carrier 
response time

Strong-Depletion

𝝉𝒔𝒖𝒃

Too many majority 
carriers are repelled.

Thermal 
generation

𝝉𝒕𝒉

Available minority 
carriers are attracted.

𝑁𝑓𝑟𝑒𝑒𝐼𝑁𝑇 ≜න
0

1 µm

𝑝 𝑦 − 𝑛 𝑦 dy
𝑽 𝒕 = +∞ = +𝟏𝟎 𝑽

19

𝒉+

𝒆−



Non-Equilibrium Dynamics

𝑽 𝒕 = 𝟎− = −𝟏𝟎 𝑽

𝑁𝑜𝑥 = 1011 cm−2

Color map
𝒏 𝒙, 𝒚

Voltage step applied to MOS device.

𝑽 𝒕
Available minority 
carriers are attracted.

Thermal 
generation

𝝉𝒕𝒉𝝉𝒔𝒖𝒃

Too many majority 
carriers are repelled.

Partial-Equilibrium

𝑁𝑓𝑟𝑒𝑒𝐼𝑁𝑇 ≜න
0

1 µm

𝑝 𝑦 − 𝑛 𝑦 dy
𝑽 𝒕 = +∞ = +𝟏𝟎 𝑽

20

𝒉+

𝒆−𝒆− 𝒆−

𝒆− 𝒆−



Non-Equilibrium Dynamics

HR 𝜌𝑆𝑖 = 1 kΩcm (P-type), 
𝑡𝑜𝑥 = 400 nm, 𝑁𝑜𝑥 = 1011 cm−2

𝑓 = 1/𝑇

Sinusoïdal 𝑽 𝒕 - RF analysis

𝑁𝑓𝑟𝑒𝑒𝐼𝑁𝑇 ≜න
0

1 µm

𝑝 𝑦 − 𝑛 𝑦 dy cm−2 𝟐 ⋅ 𝐀 𝑵𝒇𝒓𝒆𝒆𝑰𝑵𝑻 𝒕

At 1 MHz

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



Non-Equilibrium Dynamics RF analysis

𝜌𝑒𝑓𝑓 Ωcm 𝑓𝑆𝑊
Standard Si ~10 5 - 15 GHz

HR with strong PSC < 50 5 - 15 GHz

HR with weak PSC 50 – 200 1 - 5 GHz

TR 10k 10 - 50 MHz

HD is maximum just after the end of the slow-wave mode 𝒇𝑺𝑾

22



Model to Measuremet Correlation



HD is maximum just after the end of 
the slow-wave mode 𝒇𝑺𝑾

Non-Equilibrium Dynamics RF analysis

Observe these trends in measurements?

 We 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

𝒇𝑺𝑾 ≈ 𝟓 𝑮𝑯𝒛

𝒇𝑺𝑾 ≈ 𝟏𝟓 𝑮𝑯𝒛

𝒇𝑺𝑾 ~ 𝟏𝟎𝑴𝑯𝒛
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Substrate impedance vs. voltage

+𝟏𝟎 𝑽𝟎 𝑽 𝟎 𝑽

𝟎 𝑽

−𝟏𝟎 𝑽𝟎 𝑽 𝟎 𝑽

𝟎 𝑽

ℜ
𝒀
𝒔
𝒖
𝒃

𝑽𝒐𝒍𝒕𝒂𝒈𝒆 𝑽𝑫𝑪 + 𝒔𝒎𝒂𝒍𝒍 𝒔𝒊𝒈𝒏𝒂𝒍 𝒇𝟎

𝑽𝑫𝑪 + 𝒍𝒂𝒓𝒈𝒆 𝒔𝒊𝒈𝒏𝒂𝒍 𝒇𝟎

25



Measurements
Simulation

HR-SiO2 𝑄𝑜𝑥 = +8 ⋅ 1011 cm−2

Substrate response in biased HR

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

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

26
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Measurements
Simulation

HR-SiO2 𝑄𝑜𝑥 = +8 ⋅ 1011 cm−2

Substrate response in biased HR

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

HR-Al2O3 𝑄𝑜𝑥 = −5 ⋅ 1011 cm−2

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

27
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Substrate impedance vs. voltage

+𝟏𝟎 𝑽𝟎 𝑽 𝟎 𝑽

𝟎 𝑽

−𝟏𝟎 𝑽𝟎 𝑽 𝟎 𝑽

𝟎 𝑽

ℜ
𝒀
𝒔
𝒖
𝒃

𝑽𝒐𝒍𝒕𝒂𝒈𝒆 𝑽𝑫𝑪 + 𝒔𝒎𝒂𝒍𝒍 𝒔𝒊𝒈𝒏𝒂𝒍 𝒇𝟎

𝑽𝑫𝑪 + 𝒍𝒂𝒓𝒈𝒆 𝒔𝒊𝒈𝒏𝒂𝒍 𝒇𝟎

The substrate is always out of equimibrium is response to a large-signal 𝑉𝑅𝐹 𝑡

The equilibirum 𝒁𝒔𝒖𝒃𝒆𝒒 𝑽 curve’s information is irrelevant !

𝒁𝒔𝒖𝒃𝒆𝒒 𝑽

𝒁𝒔𝒖𝒃𝑵𝒆𝒒 𝑽

28



Non-Equilibrium Dynamics 

-Dynamics of traps

Don’t let all previous slides mislead you into thinking that:

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

 This statement is false !

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

𝑛 ↗

𝑝 ↘

𝑁𝑡𝐴
− ↗

𝑁𝑡𝐷
+ ↘

Drift to/from other parts of 
the substrate

Requires capturing an electron

Requires capturing an electron
(equivalent to emitting a hole)

𝑛 and 𝑝 must vary 
first.
𝜏𝑡𝑛 and 𝜏𝑡𝑝 are long, 

because 𝑛 and 𝑝 are 
low (TR)

29



Flat 𝒀𝒆𝒒 𝑽 curves: DC Fermi-level pinning

Non-flat 𝒀𝒏𝒆𝒒 𝑽 curves: RF Fermi-level variations

Modulation of the available carriers

Hardware Validation

Non-Equilibrium Dynamics 

-Dynamics of traps

30

DC 𝑬𝑭 pinning

RF 𝑬𝑭𝑸 modulation

𝒀
𝒔
𝒖
𝒃
𝑽

𝑽𝒐𝒍𝒕𝒂𝒈𝒆 𝑫𝑪 𝒂𝒏𝒅/𝒐𝒓 𝑹𝑭

𝒀𝒆𝒒 𝑽

𝒀𝒏𝒆𝒒 𝑽
C20 (20 Ωcm TR)
C23 (5 kΩcm TR)

Instantaneous 𝑌𝑛𝑒𝑞 𝑉 curves 

do not follow the equilibrium 
𝑌𝑒𝑞 𝑉 curves. 



Further Model-Hardware Correlation

→ Model of in this presentation validated over many parameters:

Full References:

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

• Modeling of Semiconductor Substrates for RF Applications: Part II - Parameter Impact on Harmonic 
Distortion,doi: 10.1109/TED.2021.3096781.

• Point DC

• Amplitude RF

• Fixed interface charge

• Interface traps and 
trap-rich passivation

• Dimensions of CPW

• Frequency

• Temperature

• DC bias

• Amplitude

→ Model applied solely to CPW lines !

→ Could it be extended to arbitrary passive RF layouts ?

31



Model Extension to Arbitrary Layout Structures



Large-signal simulation methodology combining: 
• a 2N-port EM simulation file 𝑆𝐵𝐸𝑂𝐿
• an N-port EM simulation file 𝑆𝑆𝑈𝐵
• N non-linear dipole admittances 𝑌𝑠𝑢𝑟𝑓 𝑉

33

Linear Si region 

(EM properties 

not dependent 

on 𝑉 𝑡 )

Linear BEOL

NL Si interface
𝑌𝑠𝑢𝑟𝑓 𝑉

Sim. 1

Sim. 2

Arbitrary layout simulation - A proposed approach

EM 
ports
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Sim. 1: Linear BEOL

(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: Linear Si Subtrate Regions

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-signal simulation approach using ADS
harmonic balance combining:

• Two EM S-parameter files (BEOL EM
Simulation and Substrate EM Simulation)

• N non-linear surface admittance
elements 𝑌𝑠𝑢𝑟𝑓 𝑉 .

37

Practical implementation

Harmonic Balance



Measured and simulated power of the output components of the crosstalk structure on samples B28 and B67 for 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 RFeSI80™ Trap-Rich RFeSI100™



Measured and simulated power of the output components of the inductive meander line on samples B28 and B67 for 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 RFeSI80™ Trap-Rich RFeSI100™
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Model to hardware correlation



~15 dB

𝒇𝟎 = 𝟗𝟎𝟎𝑴𝑯𝒛

Example of substrate impact:

41

Next steps: Simulate such substrate impact



Conclusion and Take-Aways



• Stringent linearity specification for advanced 
telecommunications

• Overall RFIC linearity affected by the substrate

Conclusion

43

• Account for static and dynamic behaviours of 
carriers and traps 

• Large-signal modelling is a challenge

• Under non-equilibrium transient RF signal 
excitations

Take-Aways

Large-signal CPW model (2D cross-section coupled with 
T-line theory) developed in TCAD with good results

Need for specially optimized/engineered RF substrate 
solutions

The physical phenomena associated to Parasitic Surface 
Conduction and to trap-rich passivation was reviewed

Dynamic effects and trap/carrier inertia (time constants) were highlighted

The concept of instantaneous substrate impedance out of equilibrium was 
introduced, accounting for such effects

• Combining TCAD transient instantaneous 
surface impedance descriptions with full EM 
simulations of linear material regions

• Modelling of arbitrary RF layouts

• Promising initial results

Interest of such Modelling:

1. Support the development of future/novel RF 
substrate solutions

2. Evaluate the linearity impact of the substrate 
in an RF module during IC design

Work starting with an EDA company at the end of 2021



Thank you for 
your attention

Contact: martin.rack@uclouvain.be

mailto:martin.rack@uclouvain.be


Backup Slides



Quantitative Charge Balance

free carriers & ionized traps

14



Traps for RF performance

As 𝑵𝑻 increases:

• Interface Fermi level moves deep.

• Ionized traps provide the majority of the 
compensation charge.

• Substrate impedance 𝝆𝒆𝒇𝒇 increases.

• Substrate becomes more linear.

Trap densities 𝒈𝑨 𝑬 and 𝒈𝑫 𝑬 are proportional to parameter 𝑵𝑻

HR bulk & 𝑵𝒐𝒙 = 𝟏𝟎𝟏𝟏 𝐜𝐦−𝟐
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Traps for RF performance – bias dependency

As 𝑵𝑻 increases:

• Interface Fermi level becomes tightly pinned.

• Small variation in 𝐸𝐹 results in large variations in 
𝑁𝑡𝑟𝑎𝑝, and little in 𝑁𝑓𝑟𝑒𝑒.

• Substrate impedance 𝜌𝑒𝑓𝑓 𝑁𝑓𝑟𝑒𝑒 becomes bias

independent.

• Substrate linearity also.

Model Simulations
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