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Fault Stmulation in Radiation-Hardened SOI CMOS
VLSIs using Universal Compact MOSFET Model

Konstantin O. Petrosyants'?, Lev M. Sambursky'~, Igor A. Kharitonov', Boris G. Lvov'

"Department of Electronics Engineering,

Moscow Institute of Electronics and Mathematics,
National Research University “Higher School of Economics”
Moscow, Russia
kpetrosyants@hse.ru

Abstract—The methodology of modeling and simulation of
environmentally induced faults in radiation hardened SOI
CMOS ICs is presented. For this purpose, the universal compact
SPICE SOI MOSFET model with account for TID, dose rate and
single event effects is used. First, the model parameters extrac-
tion procedure is described in more details taking into considera-
tion radiation effects and peculiarities of novel radiation-har-
dened (RH) SOI MOS structures. The results of analog and digi-
tal SOI CMOS circuits simulation show the difference with ex-
perimental data not more than 10-20% for all types of radiation.

Keywords—SOI CMOS circuits; fault modeling and simulation,
radiation hardness; TID, dose rate, single events; compact SPICE
models; novel RH SOI MOS structures; model parameter
extraction.

L

Silicon-on-Insulator (SOI) technology has over many years
generated great interest for radiation-hardened integrated cir-
cuits (RH IC) applications [1]-3]. SOI circuits are tolerant
to radiation-induced latch-up and less prone to single-event
upset (SEU) phenomena, in comparison to bulk technologies.
However, SOI technologies show a total-dose vulnerability
since most of radiation-induced defects are accumulated in the
thick buried oxide layers of BOX and shallow-trench isolation
(STI). Therefore, total-dose effects in SOI MOSFETs being
under gamma and X-rays radiation have been of much interest.

INTRODUCTION

RH ICs are fabricated by modified processes and contain
CMOS transistors with novel structures to provide additional
radiation tolerance, in comparison with standard CMOS cir-
cuits. For RH ICs so-called “Rad-Hard by Design” (RHBD)
methodology is used.

Environmentally induced failures in CMOS VLSIs are gen-
erally caused by three types of effects: 1) MOSFET threshold
voltage shift and leakage current increase due to total ionizing
dose (TID), 2) photocurrents due to dose rate, 3) transient cur-
rents due to single events.

It was shown that failures in CMOS circuits could be de-
termined and forecasted through SPICE simulation using com-

This work was supported in part by the National Research University—
Higher School of Economics, Academic Fund Program in 2015, grant No. 15-
01-0165, and Russian Foundation for Basic Research, grant No.14-29-09145.
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’Department of Analog Circuits Design Automation
Institute for Design Problems in Microelectronics,
Russian Academy of Sciences
Moscow, Russia

pact device models taking into account radiation effects [4].

For this purpose, several compact SPICE SOI MOSFET
models were developed taking into account TID, dose rate and
single event effects [4]-[15]. In [S] compact model TDESim
for submicron devices was proposed to account for radiation-
induced sidewall static leakage currents in “bird’s beak”
LOCOS corners. Paper [6] introduced a compact model with
account for single events and total dose effects on threshold
voltage and mobility. The model does not account for buried
oxide radiation-induced effects and the arising leakage cur-
rents. Paper [7] presented a macromodel with simple polyno-
mial-based account for threshold voltage, mobility, and side-
wall leakage currents with varying body contact voltage. Arti-
cle [8] details a physics-based compact model with account for
TID and aging effects in devices based on surface potential
calculations. In [6], [9] a more accurate compact model for
SEU simulation including deposited charge recombination and
charge decreasing by transistor current was proposed. Howev-
er, in this model the major parameter (current gain) of parasitic
bipolar transistor influence on the induced current was not writ-
ten in detail. Articles [10]-[13] present SOI/SOS-MIEM and
BSIMSOI-RAD compact models for SOI/SOS MOSFETs with
account for various radiation effects, however parameter ex-
traction procedure was not developed sufficiently. SPICE mo-
deling of pulsed ionizing radiation influence was addressed in
[14], [15]. The model [14] accounts for the difference in drain
and source photocurrents, forward biasing of drain junction.
[15] presents a method to characterize bipolar amplification.

However, summarizing the results presented in these
works, we are forced to consider that the model parameters
extraction procedure was not carried out completely, especially
for novel rad-hard SOI CMOS transistor structures. This fact
creates numerous problems for RH CMOS ICs design.

In the presented work, authors have solved this problem.
The most advanced for today compact SPICE model for rad-
hard SOI MOSFETs taking into account TID, dose rate, and
single event effects [16] was considered. The conventional
methodology of model parameters extraction understandable
for device and circuit designers was proposed. The examples
of fault simulation of analog and digital RH SOI/SOS CMOS
circuits demonstrate the efficiency of using the proposed uni-
versal model in rad-hard IC design strategy.
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II. RAD-HARD DEVICE STRUCTURES

The radiation-hard SOI MOS transistor structures (H- or O-
or R-type) are essentially needed in addition to common linear
(called F- or I-type) (see Fig. 1) devices to exclude or suppress
the radiation-induced effects of trapped oxide charge and ex-
cess charge collection to gain the device radiation hardness.
In these structures, lateral radiation-induced leakage currents
are effectively suppressed or their active silicon areas have no
lateral sides at all.

bt p+ T p+ 3

D D
FH’D n+D
s S S w S
a) O-type b) R-type c) H-type d) I-type

Fig. 1. Layout of different types of radiation hardened MOSFETs (O-, R- and
H-types) used to suppress leakage currents vs. the linear type (I-type)

III. RAD-HARD SPICE SOI MOSFET MACROMODEL

The last version of the most advanced compact SPICE
model for SOl MOSFET with account for total ionizing dose
induced effects (TID), pulsed radiation effects, single events is
presented in Fig. 2 [16]. The equivalent circuit of the model

consists of two parts:

2 G,a_ts_(fm"t) ) 1) Core model based on
Source  Mron Draid  standard BSIMSOI [17] or
Jekvisor %, EKV-SOI [13] platforms
! Body®, t for submicron main transis-
t ' ; tor Mpon (front Si-SiO,

B) oS lest Bt ooy D’ interface) with parameters
@ | . dependent on TID. The
== % type of model platform is
: Gf g i selected by designer,

'.ls " v Di.__ 2) Additional  subcir-

% cuits taking into account
.S MbmB ] p/  radiation-induced effects.
- ~, Parasitic transistors  Mpoum
{ e (back) % and Mg are used for the
13; " B/ backgate and sidewall lea-
{ s saph / D % kage currents in MOSFET
o @@=~ —o-  structure (see Fig. 3). Mo-

del parameters of the main
Mjons and parasitic transis-
tors Msize and Mposm stand-
ing for threshold voltage
Vr, mobility perr and sub-
threshold slope S are radia-

Fig. 2. Equivalent circuits of the
BSIMSOI-RAD and EKV-RAD mac-
romodels for SOI/SOS MOSFET: a—
core front MOSFET Mo, with radia-
tion dependent parameters; b—
subcircuit for radiation-induced static
and dynamic leakage currents

Substrate

Fig. 3. Location of parasitic channels for leakage currents in SOl MOSFET
structure: sidewall (STT) (a) and back (BOX) (b) channels
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tion-dependent and are described with mathematical equations.
Current sources Ips;, Ipp; represent the currents induced
by pulsed irradiation; current source Isgy represents the current
induced by ion strike; Jjqpn and Ryqpn represent steady-state ra-
diation-induced leakage current along the insulating sapphire
substrate and sub-surface transient ionizing radiation-induced
leakage current, correspondingly, for the case of SOS
MOSFETs.

1) Total-dose effects:

In BSIMSOI, radiation-dependent parameters are parame-
ters for threshold voltage (VTHO with factors K/, K2 etc.), mo-
bility (U0 with factors U4, UB etc.), and subthreshold slope
(CIT and VOFF); in EKV-SOI, these are V'TO, GAMMA, KP,
and E0; in parasitic transistors: V7O, THETA, UO, NFS. The
dependence of the named parameters on total dose D is ex-
pressed in the form with saturation plateau for high doses:

ar(1 —exp[-az D)), M

or in the form of a polynomial. In (1) a1, @, are fitting factors
related to ionization dose and electrical bias during irradiation.
Fitting factors in these expressions constitute the set of static
radiation parameters of the macromodel.

2) Single events
The proposed single events modeling approach is based
on [9]. The schematic representation of the proposed model for
SEU is shown in Fig. 4,b.

Isgu(t) MOSFET

Drain
Iseu(t)
Gate
Substrate
t a) Source

Iseu(t)=k-lse/(t) Pran

- —————- >
Gate
Substrate
R
b) Source

Fig. 4. SPICE-modeling of SEU in SOI MOSFET: a) simple model with dou-
ble-exponential current source (a), improved model (b) with subcircuit con-
nected to MOSFET

Independent current source I,qic represents the basic time-
current profile of the transient radiation-induced current, e. g. a
double exponent. The capacitor C is used to ensure charge con-
servation; its voltage is proportional to the charge that has not
been dissipated by the two dependent source branches. The Isgy
and Iss/ dependent current sources represent the radiation-
induced current at the p-n-junction. The current through Zszv is
proportional to the voltage across C and is a function of the
voltage across the internal transistor junction. The /... depend-
ent current source accounts for recombination currents.

In comparison with the predecessor model [9] (Fig. 4,a),
the proposed model accounts for the known dependence
of parasitic bipolar transistor gain on track location in SOI/SOS
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MOSFET structure: no amplification for track located at drain
region and amplification value much greater than 1 for track
located at gate region.

BSIMSOI model already contains a parasitic bipolar tran-
sistor of SOI MOSFET structure. So to account for the known
dependence of amplification gain on track location in SOI/SOS
MOSFET structure, an additional resistor R was introduced.

3) Dose Rate Effects

Dose rate modeling follows the approach of [14] with cur-
rent sources Ipps, Ipsi (see Fig. 5), a diode to account for for-
ward biasing the drain junction, and a parasitic BJT. Given that
the analyzed MOFETs are situated on the insulating substrate
and have thin active layer, transient photocurrents include only
the prompt components and are described by the well-known
equations [18]:

Loy = qgov(0) V. (Vig) 2

where ¢ is the elementary charge; gy is the generation rate in
silicon = 4-10" (electron-hole pairs rad'cm™); y(?) is the dose
rate (rad(Si)/s); Veo(Vps) is the function describing the effective
collection volume (¢cm®) which is drain voltage ¥ps dependent.

Moreover, Ryqpn resistor accounts for sapphire conductance
during transient ionizing radiation pulse:

R, (=K, L/(Wdy(®)), ©)

where Ky=6.8 107 (Ohm cm rad/s); L and W are transistor
gate length and width; d is thickness of conductive region
of sapphire under transistor.

KA

saph

1L

—

—
->H
jPDI

IPDI’ A

=
£, ns Iy~ B
[ A A

| R

-saph

(a) (b)
Fig. 5. SPICE-modeling of dose rate effects: a) radiation pulse exemplary sha-
pe, b) subcircuit connected to MOSFET

IV. MACROMODEL PARAMETER MEASUREMENT
AND EXTRACTION STRATEGY

A.  Modified Procedure for MOSFET Characteristic
Measurement

The modified electrical measurement procedure [19] is
formed on top of the standard one that is launched several
times during the whole process. The modification is necessary
to separately characterize the parasitic components of the mac-
romodel that replaces a standard SPICE model to account
for radiation-induced leakage currents. Irradiated MOSFETs
electrical characteristics data may come from real test struc-
tures measurements, or from device simulation with TCAD
([19] presents the corresponding dataflow within the special-
ized hardware-software system).
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The parameter extraction procedure is automated with in-
dustry extraction tool IC-CAP, which simplifies data exchange
and processing, lowers the human error probability. The input
data are the sets of I-V and C-V curves of the standard
SOI/SOS MOSFET structures at different values of total dose.
These sets are transferred to IC-CAP using an in-house pro-
gram interface.

The Standard Procedure. In the course of the standard
measurement procedure, a number of standard electrical char-
acteristic curves of a number of length- and width-varied
MOSFET devices under test are measured under the control
of IC-CAP and processed therein: “Id-Vg” and “Id-Vd” curves
at various body voltages V; input and output curves for para-
sitic bipolar transistor

The Modified Procedure with an Account for Total Ion-
izing Dose. 1) The unirradiated front MOSFET model is fully
measured with the standard procedure, parasitic MOSFETs
being switched off.

2) A shortened (minimum, see below) set of electrical
curves is measured on the devices under test after each
of the scheduled radiation exposure levels the device has un-
dergone. All the three interfaces (front, bottom, and sidewall)
are activated sequentially with the help of special test struc-
tures, so that the radiation-induced leakage currents are sepa-
rated:

® R- or an O-type ring transistor or H-type transistor with
almost no lateral leakage, is used for separate measurement
of I-V curves of the front MOSFET for different values of total
dose at voltage Vg, < 0 on the back gate, which excludes the
effect of Mpoum.

e The same structure type is used for separate measure-
ment of I-V curves of the bottom parasitic MOSFET for sever-
al values of total dose at voltage Vg < 0 on the front gate,
which excludes the effect of Mjon.

e F- or I-type linear transistor or 4-type transistor with
both bottom and lateral leakage is used for separate measure-
ment of I-V curves of the lateral parasitic MOSFET’s at volt-
age Vap <0 on the back gate to exclude the effect of M.

For every single dose level, a shortened set of electrical
curves i1s measured for the front, sidewall and bottom
MOSFETs: “Id-Vg” and “Id-Vd” curves at a few drain voltag-
es and fixed body voltage.

Automation of MOSFET Curve Measurement. Automa-
tion of curve measurement and data processing is highly desir-
able to reduce time of operation and human error. A measure-
ment data acquisition and formatting suite was developed
by tying up of IC-CAP and LabView tools with instrumenta-
tion. All the curve measurements of a single transistor are car-
ried out without re-connection of the device under test, which
further reduces risks of human error and device damage.

B.  Strategy for SPICE Model Radiation Parameter
Extraction

At the measurement stage, a set of characteristic curves is
measured for every component of the macromodel. It is there-
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Fig. 6 Simulated (lines) and measured [20] (symbols) SOl MOSFET transfer [V-curves (W/L = 8/0.25 um)

fore possible to identify the model for each component sepa-
rately, and then combine the resulting models into a single
macromodel card.

Macromodel parameter extraction procedure with account
for total dose effects is accomplished with the help of a modi-
fied workflow [17], [12] based on test structures measurement.

Modification of the extraction procedure is necessary given
that for the irradiated devices: 1) measurement results database
significantly grows in size and transforms; 2) the set of fest
structures enlarges; 3) quantity of model parameters increases;
4) the extraction procedure incorporates a new step of approx-
imation of experimental dependencies of model parameters
on dose to a known physical function.

The following strategy is developed:

1) The full set of macromodel parameters is at first extract-
ed for the unirradiated device. The standard extraction flow
inside IC-CAP sequentially invokes measurement data to iden-
tify the whole set of device model parameters group by group.

2) Among all the model parameters for MOSFET sub-
components a limited number of radiation-dependent parame-
ters is selected: threshold voltage, mobility, subthreshold slope
and their factors (depending on the selected models).

3) For each radiation dose D; IC-CAP is used for extraction
of the set of V#(D;), W(D,), S(D;) etc. This procedure is repeated
for all the doses D;: i=1,n.

4) The sets of Vi(D;), w(Di), S(Dj) etc. are approximated
with analytical functions of the type: a;(1 — exp[— a>D]).

5) The determined functions are embedded into
the MOSFET SPICE macromodel card that is further included
into the SPICE model library.

Automation of the parameter extraction procedure with
IC-CAP simplifies data exchange and processing, lowers
the human error probability.

Duration of the parameter extraction procedure on the ex-
ample of a set of 16 test transistors with different size and
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U0(D)/U0(0) (b), AVTHO (c)

6 doses of radiation for the case of BSIMSOI-RAD estimates
to 166 minutes, while for EKV-RAD this figure is 123 minutes.

The extraction strategy is illustrated on the example of SOI
MOSFET with gate dimensions W/L = 8/0.25 um. Separate
experimental characteristic curves for the main transistor Mont
(Fig. 6,b) and parasitic bottom (Fig. 6,d), sidewall (Fig. 6,c)
transistors were obtained [20]. The total SOI MOSFET current
(Fig. 6,a) is the Kirchhoff sum of partial currents (Fig. 6,b,c,d).
The set of macromodel parameters was determined by means
of the described extraction strategy. The dependencies of pa-
rameters on dose D were approximated with analytical func-
tions of type a;(1 —exp[—azD]) (see Fig. 7). The error be-
tween measured and simulated [-V-characteristics is 10—15%.

V. FAULT SIMULATION IN RH SOI CMOS CIRCUITS

Validation of the proposed model’s capability to predict
circuit failure if faced with various radiation effects is demon-
strated on the examples of a set of digital and analog circuits.

A. Total-Dose Effects

TID causes the threshold voltage shift and leakage current
increase in SOI/SOS MOSFETs. Both effects have significant
impact upon analog and digital circuit operation.

For example, Fig. 8 presents measured and simulated
at various values of total dose frequency response for a SOI
CMOS OA (35 MOSFETs) fabricated by XFAB 1 pm technol-
ogy. It is indicated that op-amp performance is degraded
by TID effects, especially when the radiation dose is larger
than 250 krad. The DC gain degradation is significantly large
with a loss of 50 %. In Fig. 9 measured and simulated voltage
transfer and supply current characteristics are shown for a SOS
CMOS inverter. It was found that for total dose greater than
1 Mrad the failure occurs. Fig. 10 depicts simulated and meas-
ured delay time values for a SOS CMOS FDC flip-flop (48
MOSFETs). For this circuit the maximal delay time is estab-
lished as 50 ns, so the maximal allowed total dose is about
450 krad.
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In the presented examples, measurement and simulation
were done by the authors; the simulation error is 10-15%
for static and 15-20% for dynamic characteristics. Measure-
ment data were obtained from Co-60 250 krad/h source.

B. Single Events

For the case of single event upsets (SEU), we firstly con-
ducted circuit simulation of an ion strike on 6T CMOS memory
cell (Fig. 11). MOSFET structure parameters were the follow-
ing: W/L=1.4/0.5 pm, buried oxide thickness — 150 nm, active
Si layer thickness — 190 nm, gate oxide thickness — 11.5 nm.
Fig. 12 presents transient characteristics of the cell modeled
for ion with different values of linear energy transfer (LET).
It is seen that operation failed when ions had LET larger than
20 MeV-cm?/mg.

Secondly, we investigated the effect of MOSFET body con-
tact presence on failure level of the same cell. Transient charac-
teristics were modeled for ion with LET = 0,216 pCl / pm
(which is equivalent to Fe ion with 16 MeV energy), which
impacts the transistor
layout at an angle of 30
degrees to the surface.
Fig. 13 presents transient

.
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Fig. 11. 6T CMOS memory cell sche-
matic representation for circuit fault
simulation
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Fig. 12. Fault simulation of SEU in a
6T CMOS memory cell (Fig. 11) with
different values of linear energy trans-
fer (LET): operation succeeded (a),

operation failed (b)

age transfer and supply current characteristics for
a SOS CMOS inverter with L =3 um, 5; = 0.6 um
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ured (symbols) vs. simulated (lines) delay
time with account for TID effects

contact to transistor body gains radiation hardness.

Thirdly, Fig. 14 shows simulation results for drain voltage
and drain current of the MPA transistor in cell Fig. 11 after ion
impact into the border between gate and drain regions. Mixed-
mode TCAD-SPICE and two variants of SPICE simulation
(ideal double exponential current source and the proposed
model) are compared. It is seen that the simpler model grossly
overestimates parasitic bipolar amplification in the impacted
MOSFET, while the proposed model provides error less than
20% compared to TCAD-SPICE exemplar.
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i N 1 |
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A
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Fig. 13. Fault simulation of SEU ina 6T CMOS memory cell (Fig. 11) with
(a) and without (b) a body contact in a transistor structure: operation succeed-
ed (a), operation failed (b)
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Fig. 14. Mixed-mode SPICE-TCAD simulation vs. SPICE-only simulation
(simple and improved model) of SEU in a 6T CMOS memory cell (Fig. 11)

C. Dose Rate Effects

The validation of the model Fig. 5 was carried out on two
examples of photocurrent simulation: for single SOS CMOS
inverter fabricated by 2 um SOS technology (in-house meas-
urements) and for array of SOl MOSFETs fabricated by Hon-
eywell 0.15 um SOI technology [14].

Fig. 15 shows that SOS CMOS devices with thinner Silicon
layer ts; = 0.3 um have smaller effective collection volume Vey
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(see (2)) and as a result, they are more resistant to pulse irradia-
tion. However, the pulse with dose rate 1-10' rad/s does not
cause failure in an SOS CMOS inverter with two values
of Silicon layer thickness of 0.6 and 0.3 um.

Fig. 16 presents radiation-induced leakage currents data per
a single transistor for an array of 80,000 n-channel SOI
MOSFETs with W/L = 0.4/0.15 um. The radiation pulse had
both rising and falling edges of 10 ns and width of 13 ns with
varying dose rate. Negligible parasitic bipolar effect was found.
The simulation results are in good agreement with experi-
mental data [14].

V..V 1,,nA
5 100
= measurement
- —=— simulation
;= 0.3 um
| \tsi =0.6 um
at Vou=Vign 50
: =05
1at qutzylow /t5i=0.3 Hm
0 £, s 0 Py, *107 rad/s
0 20 40 3 red (soetres) (13

0
Fig. 16. Measured (squares) [14] and
simulated (lines) pulsed irradiation
induced SOI MOSFET photo current
per one transistor

Fig. 15. Simulation of output voltage
transients after pulsed irradiation for
SOS CMOS inverter with L =2 pm,
tsi= 0.3 and 0.6 pm

VI. CONCLUSIONS

Fault modeling and simulation of rad-hard SOI/SOS CMOS
ICs using SPICE compact SOI/SOS MOSFET model is
an effective design technique for improving IC radiation hard-
ness, cutting down the number of expensive fabrication runs.
The advanced universal compact SOI/SOS MOSFET model
taking into account TID, dose rate, single event effects and
peculiarities of novel rad-hard SOI MOS structures was used
for circuit simulation. The conventional methodology of model
parameters extraction from experimental data understandable
for device and circuit designers was proposed.

Modeling error of 1015 % for static and 15-20% for dy-
namic characteristics of SOI MOSFETs was achieved using
the developed SPICE parameter extraction procedure.

The model was implemented in commercial circuit simula-
tors HSpice, Spectre, Eldo and others and extensively applied
to simulation of analog, digital, and mixed-signal rad-hard
SOI/SOS CMOS ICs.

The examples of radiation induced parameter degradation
and fault simulation of analog and digital rad-hard SOI/SOS
CMOS ICs were presented to demonstrate the efficiency
of using RH BD strategy.
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