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Types of Radiation Effects to Be Considered
in Models of SOI/SOS MOSFETs
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Tendencies in CMOS Devices Radiation Hardness

With devices scaling caused by progress in semiconductor technologies,
MOSFETs become:

* more sensitive to radiation pulse,

* more sensitive to single high energetic particles,

* less sensitive to total irradiation dose
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SOI/SOS MOSFET Structures

SOl Advantages: 1. Total Isolation
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SOI/SOS MOSFET Models with Account for Radiation Effects:
State of Art

1. P. Pavan,R. H. Tu, E. R. Minami, G. Lum, P. K. Ko, C. Hu A complete radiation reliability software
simulator // IEEE Trans. on Nuclear Science. - 1994. - Vol. 41.-P. 2619-2630

Radiation-induced leakage currents are not considered

2.  Petrosjanc K. O., Adonin A. S., Kharitonov I. A,, Sicheva M. V. SOI Device Parameter Investigation
and Extraction for VLS| Radiation Hardness Modeling with SPICE // Proc. IEEE Intl. Conf. on
Microelectronic Test Structures. - 1994. - Vol. 7.-P. 126-129
Submicron effects are not considered

3. J. Alvarado, E. Boufouss, V. Kilchytska, D. Flandre Compact model for single event transients and

total dose effects at high temperatures for partially depleted SOl MOSFETs // Microelectronics Reliability.
—2010. - Vol. 50.-P. 1852-1856

Radiation-induced static leakage currents are not considered,;
Parameter extraction procedure is not presented

4.  Gorbunov M. S. et al. Verilog-A Modeling of Radiation-Induced Mismatch Enhancement /IEEE Trans. on
Nuclear Science,. — 2011. - Vol. 58. — No. 3. - P. 785-792

Parameter extraction procedure is not presented

5.  BuJianhui, Bi Jinshun, Liu Mengxin, Han Zhengsheng A total dose radiation model for deep submicron
PDSOI NMOS // Journal of Semiconductors. — 2011. - Vol. 32. - No 1.-P. 014002-1 - 014002-3
Applicable to small radiation doses only (uses oversimplified expressions);

Some types of radiation-induced leakage currents are not considered



Approach for SPICE Models Development
for SOI/SOS MOSFET Taking into Account Radiation Effects
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Core Models
BSIMSOI EKV
Semiconductor device SOI MOSFETs Bulk-Silicon MOSFETs
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Drain Current Equations

BSIMSOI:
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Account for Floating Body Effects in EKV-RAD

Dependency of E1 on the gate bias:

E(Vos )= Vaa —(P1+P2’VGS+P3'VC35)

. 0 Vkink
R1 is described by function:

R1=R+maXR°%°(l+tanh[5(—VGS +DV)])

SOS n-MOSFET W/L = 1.2/5 um (Peregrine)

x10

w/o kink-effect

Saturation

14 17 2 23 26 29 32 35

Approach to determine

E,(Vgg) factors curves for SOS MOSFET 1



Account for Radiation Effects

Core models with

radiation-dependent
parameters

VTHO,..,U0,UA,...VOFF,CIT = f (D)

Additional circuit fragment
to account for radiation-

induced currents
(equal for both models)

VT0,GAMMA,KP,E0 = f (D)
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Strategy for Model Parameter Extraction
with Account for Radiation Effects

1. The full set of macromodel parameters is extracted for
unirradiated devices

2. Among all the model parameters for MOSFET sub-components a
limited number of radiation dependent parameters is selected,
related to threshold voltage, mobility, subthreshold slope;

For a given set of radiation doses these parameters are extracted

3. Dependencies of radiation parameters on dose are
approximated to a known physical function

13



Model Parameter Extraction Procedure for Unirradiated Devices
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Procedure for Model Parameter Extraction

with Account for Radiation Effects
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Additional Details of Macromodel Parameter Extraction
Procedure for Irradiated SOI/SOS MOSFETS

Simulated vs. measured transfer curves for SOl MOSFET with L /W =0.25/8 ym BSIMSOI-RAD
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Measured and Simulated |-V Characteristics
(on the example of EKV-RAD)
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* approximation coefficients
for all radiation-dependent parameters

1. Core model parameters 180 30
(without account for radiation effects) (BSIMSOI v3.2) | (EKV v2.64)
2. Additional parameters:

* for floating-body effects — 8

e for parasitic transistors (M., My i) 32 32

3. Radiation-dependent parameters:

* for the core model 10 4

e for parasitic transistors (M., My i) 8 8
models 36 24




Time Assessment of Parameter Extraction Procedure

| | o O o [ |

O

O Time, minutes;
50 O O 16 test MOSFETs of different size;
—110-0 m 6 radiation doses;

Intel i5-2430M 2.4 GHz, 4 GB RAM

1. Extraction of model parameters

for unirradiated transistors :
* for parasitic transistors (M., M} o)
e for the core model

2. Extraction of radiation-dependent

parameters only (6 radiation doses):
e for parasitic transistors (M., My 10 * 6 =60 10 * 6 =60

e for the core model 8*6=48 5*6=30
3. Approximation of the table function
for parameters dependency on dose: 2 2
TOTAL: ° semi-automatic method 166 min. 123 min.
* with manual data exchange 448 min. 393 min.




SOI/SOS CMOS Circuits under Test

1) Single MOSFET 3) CNT4 — 4-bit Counte“
(250 MOSFETS)

2) OA — Operational Amplifier
(45 MOSFETS)

Intel i5-2430M 2.4 GHz, 4 GB RAM; HSpice A-2008.03

20



Time Assessment of Circuit Simulation

Intel i5-2430M 2.4 GHz, 4 GB RAM; HSpice A-2008.03 CPU Time, seconds

Std. Std. | BSIMSOI-RAD EKV-RAD

BSIMSOI | EKV

IV curves, 1 MOSFET
(10000 pts.)

OA frequency response

(45 MOSFETs, 800 pts.)

CNT4 transient
(250 MOSFETs, 1800 pts.)

The results obtained from these tests are the following:

a) with the use of full variants of both macromodels, simulation time is longer by 10-100%
than with core models only (depending on a circuit).
b) with the use of the EKV-RAD macromodel, simulation time is shorter by 15-50%
than with BSIMSOI-RAD macromodel (depending on a circuit), 21



Circuit Simulation Time Increase Using EKV-RAD and
BSIMSOI-RAD in Comparison with the Original Versions

BSIMSOI-RAD EKV-RAD
ref. to BSIMSOI ref. to EKV

IV curves, 1 MOSFET
(10000 pts.)

OA frequency response
(45 MOSFETs, 800 pts.)

CNT4 transient
(250 MOSFETs, 1800 pts.)

When using full macromodels, simulation time (with dose D=0) increases as compared to the
corresponding standard models.

This fact is reasonably explained by complication of the equivalent circuits
(3 transistors instead of 1 in the standard models; additional circuit components)
and introduction of additional analytical functions describing radiation-dependent parameters.

Simulation time increase for EKV-RAD is relatively larger than for BSIMSOI-RAD
because EKV-RAD has less parameters 99



Circuit Simulation Time Decrease Using
EKV-RAD with Reference to BSIMSOI-RAD

IV curves, 1 MOSFET 12%
(10000 pts.)

OA frequency response 14% 17%
(45 MOSFETs, 800 pts.)

CNT4 transient 56% 52%
(250 MOSFETs, 1800 pts.)
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Conclusion

1. The versions of BSIMSOI and EKV models taking into account
radiation effects for SOI/SOS MOSFETs were developed using two
methods:

» Introduction of additional mathematical equations
for radiation-dependent model parameters

»  Connection of additional elements to equivalent circuits of basic models
2. Models with account for radiation effects are more complex
and provide relatively longer circuit simulation time:
»  for BSIMSOI-RAD: from 10 to 35% (depending on circuit type)
«  for EKV-RAD: from 10 to 100% (depending on circuit type)
3. For SOI/SOS CMOS circuit simulation, EKV-RAD model is preferable,
because it has a smaller set of parameters and provides:
» shorter parameter extraction time (~25%),
» shorter circuit simulation time (10-50% depending on circuit type)

4. All models were included in circuit simulators: HSpice, Spectre, Eldo

24



Thank you for attention!
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XXX 2.3. Procedure for MOSFET Characteristic
Measurement

Standard Procedure Features

Goal: to obtain a single set of curves for
the set of devices with diff. size

Linear transistor test structures:

Gate

|-type

Standard electrical curves:
o ld-Vg

o ld-Vd

o Diodes (p-n-junctions)
o Parasitic BJT

Modified Procedure Features

Goal: to obtain the standard set of electrical curves
for every macromodel component

Rad-hard transistor test structures:

n+ n+
Gate .
Drain Drain

Gate Gate
H-type R-type O-type

Sequence of operations:

. Full measurement of unirradiated device
. Shortened measurement of every interface (front,

bottom, sidewall) for every single dose to separate
leakage currents later

Use of automation of curve measurement and data
processing to reduce time of operation, human
error and risk of device damage 26



XXX 3. Example of the Subsystem Application

SOl MOSFET

M_ I m N /w=025/8um

AVTHO, V

il Ve V]

total M + M, + M

side

1, ALEE
..... '

uo(D) / U0(0)

Radiation-dependent parameters
vs. Dose (example) 2




XXX 2.4. Test Structures for Electrical Measurement

1h? Drain
Conventional test structure:
I-type

| n+ Source |

Additional test structures to investigate leakage currents:

. +
n+

Gate

H-type R-type O-type 28



MODEL APPLICATION TO OpAmp CIRCUIT SIMULATION

:
&
ol
L
=

Simulation of frequency (left) and transient response (right)
for OpAmp before and after irradiation to dose in the range 0+ Mrad
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MODEL APPLICATION TO SRAM CELL
SINGLE EVENT RESPONSE SIMULATION

Energetic ion strikes MPA
transistor of a memory cell

2,500 2,502 2,504 t,us

LET = I8 MeV cm?/mg LET =21 MeV cm?/mg
NO FAILURE



Modeling Approaches for Radiation Effects

Methods of forming a compact model
Macromodeling

by language:
C / Verilog-AMS / VHDL etc.

by connection:
static / dynamic

Executor: programmer Executor: circuit designer
Core model: any one with available source code Core model: any one available in the simulator
Portability: seamless between major simulators Portability: with minimum syntax modifications

Accuracy ???
Extraction ??7?
31
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Conclusion CTAPOE

1. Macromodels BSIMSOI-RAD and EKV-RAD for Silicon-on-
Insulator/Sapphire (SOI/SOS) MOSFETs are compared by
relevant criteria with account for radiation effects.

2. It was shown that while the set of accounted effects is similar
and the quantity of core and radiation-dependent parameters is
smaller for the EKV-RAD macromodel, it also exhibits a simpler
parameter extraction procedure and provides shorter simulation

times for various circuits with account for steady-state radiation
influence.

3. Itis thereby shown that EKV-RAD macromodel is advantageous.
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Account for Floating Body Effects in EKV-RAD

Dependency of E1 on the gate bias:

E(Vos )= Vaa —(P1+P2’VGS+P3'VC35)

. 0 Vkink
R1 is described by function:

R1=R+maXR°%°(l+tanh[5(—VGS +DV)])

SOS n-MOSFET WI/L = 2.5/2.5 um (Peregrine 0.5 um)

I, A

VD \ VDV I

Approach to determine Measured vs. simulated output
E,(Vgg) factors curves for SOS MOSFET 31
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