. UCLouvain E“ EEE\L(EEEHMQUE

DE LOUVAIN

TCAD at the heart of innovation
in RF SOI technology

Prof. Jean-Pierre Raskin

Institute of Information and Communication Technologies,
Electronics and Applied Mathematics (ICTEAM)

Université catholique de Louvain (UCLouvain)
1348 Louvain-la-Neuve, Belgium

Email; jean-pierre.raskin@uclouvain.be




RF SOI CMOS - challenges at different levels ...

Back-end
RC parasitics — thick metal, CNTs, low-k

Substrate

Losses, crosstalk, thermal issues, linearity, ...
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Silvaco Device simulation tool for RF SOl transistors
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Silvaco Device simulation tool for RF SOl transistors
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Silvaco Device simulation tool for SOl substrates
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Substrate RF non-linear
characterization and modelling
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Non-linearity considerations

Linearity Requirements by Network
Standard
Third-order intercept point Network Linearity
IIP3 [dBm]
2G 55
3G 65
 With each new generation of network 4G LTE 72
standard comes a more stringent
requirement for linearity. 4G LTE + CA Up to 90
 Non-linearities come from active devices, 5 .

e But also from semiconductor substrates!
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RF switch linearity: Substrate impact example

Input spectrum (X) Output spectrum (v)
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Substrate non-linearities

Input spectrum (x) Output spectrum ()
y=fx)
H'1 H1
‘ I — Device —> 112 3
fo fo 2fo 3fo
Ideal linear transfer function: y=fx)=a-x

Real non-linear transfer function: y=f(x)=a-x+b-x?>+c¢-x3+ .-

Semiconductors are non-linear
by nature (field-effect)
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Substrate non-linearities simulation

 Can we predict harmonic distortion of a given materials stack?
 How to model, taking into account all semiconductor effects?

* Could we run sensitivity studies to gain physical insight into
parameter impact on future substrate developments?
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Static analysis Quantitative Charge Balance
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Definition of traps in Si layer

L NTA

—————————————————————————————————————————— - NGA

V

NGD -

Filled
with e

Np or N}

Trap Distribution Density [cm~3eV!]

Trap Density [cm3eV!]

Log scale

Ey Eg Ec
Energy [eV]

E IIGA Ec
Energy [eV]

ol
<

Traps in polysilicon:

For Acceptor Traps: QE =0 2

B _ g26a(E) =NGA -exp —(EGA E) [em™3. eV
Oritiea =4 WGA
EGD E s
(E) =NGD -ex cm -eV
For Donor Traps: QEmpty: +q s6(E) p{ WGD } [ |
Orittea = 0 gra(E) = [em3.eV!]
. grp(E)=NTD- exp{ } [em™3. eV
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Charge compensation: HR vs. TR

TR
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In all generality:
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Charge compensation: HR vs. TR

Ina HR
HR TR
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Charge compensation: HR vs. TR

Charges in the Semiconductor
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HR substrate

Large variations inn and p

—> Large variations in
substrate impedance

= Highly voltage-

dependent (non-linear)

Quasi-static analysis
(DC or low-freq)



Charge compensation: HR vs. TR

Charges in the Semiconductor
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Applied Charge
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TR substrate

Small variationsinn and p

= Small variations in
substrate impedance

= Little voltage-
dependency
(at low freq. !)

Quasi-static analysis
(DC or low-freq)

At RF, full description
involves EQFTU EQFpl

Eortrap1, Eqrtrap2, €tC.



Non-Equilibrium Dynamics
Voltage step applied to MOS device

N,, = 1011

cm 2

Color map
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Non-Equilibrium Dynamics Sinusoidal V(t) - RF analysis

HR ps; = 1 kQcm (P-type),

tox = 400 nm, N,,, = 10 cm™

2

Silicon

Zbias

DC ground & RF floating.
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| =100 MHz
1 GHz
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| =100 GHz

2 A{Nfree,NT (t)}

At 1 MHz

As f increases: only a spatial rearrangement of existing available carriers through time

no (significant) generation/recombination




Substrate non-linearities

Impact of frequency - Modelling

Silicon

Ohmic contact reference electrode.
Zpias DC ground & RF floafting.

HD is maximum just after the end of the slow-wave mode f g,

Pesr [Qcm] fsw
Standard Si ~10 5-15 GHz
HR with strong PSC <50 5-15GHz
HR with weak PSC 50-200 1-5GHz
TR 10k 10 - 50 MHz
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In the slow-wave mode, the BOX Carrier inertia dampens
impedance linearizes the overall impedance variations at
substrate impedance. high frequencies



Substrate non-linearities

Impact of frequency - Measurements

HR becomes more linear above the slow-
wave mode transition frequency due to
finite carrier inertia

TR samples H2 at 28 GHz is in noise floor
=> Lower than -100 or -110 dBm on the
setup that was implemented.
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Conclusions

 Silvaco Device simulation tool simulates properly a wide variety of physical
phenomena;

* Time domain (transient mode) simulations have been conducted to study the non-
linear behaviour of various types of SOl substrates;

 Silvaco Device simulation tool simulates accurately the different semiconductor
relaxation time constants;

* [tis a fantastic tool to understand the physical behaviour of semiconductor devices
under static or dynamic electrical signal of small or large amplitude;

* To explore the performance of innovative Si-based substrates for RF and mmW
applications.
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