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Abstract — Two types of the MOSFET models available in
commercial versions of TCAD and SPICE simulators are
completed with additional equations taking into account radi-
ation effects. The adequacy of the models is demonstrated on
two examples 1) 0.2 um and 0.24 um SOI/DSOl MOSFETS
considering TID effects and single heavy ion impact, and
2) 28 nm bulk MOSFET, 45 nm and 28 nm high-k gate SOI
MOSFETS considering TID effects.
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l. INTRODUCTION

Deep submicron and nanometer FD SOl MOSFET- and
FinFET-based CMOS technologies are becoming more
widespread for several reasons (see e. g. 0, 0): 1) they allow
to provide greater radiation hardness to certain types of ra-
diation effects; 2) they allow to reduce the statistical varia-
tion of parameters and characteristics due to random dopant
fluctuations (RDF). Multi-finger transistors are increasingly
used in electronic circuits, which allow better control of
short- and narrow-channel effects.

The behavior of FINFETSs and, in particular, their radia-
tion hardness significantly depends on the specific transistor
body and gate configuration (triple-gate 0, IT-gate 0, Q-gate
0), and also on the width of a single finger 0.

A. Total lonization Dose Effects

The behavior of FinFETs with wide fingers, both on an
insulating substrate and on bulk silicon subjected to station-
ary radiation exposure, corresponds to conventional planar
transistors.

In the presence of dose effects, the structure of such a
transistor during modeling is traditionally approximated as
a combination of three almost independent MOS structures
with a 2-dimensional channel approximation: front (front
gate), sidewall (shallow trench isolation) and bottom (buried
oxide — for the case of SOl MOSFET) 0.

Many sources confirm (see e. g. 0-0) that in SOI Fin-
FETs with narrow fingers, dose effects practically do not
appear in typical space conditions, even with a dose of sev-
eral megarads, regardless of the electrical regime during ir-
radiation. In FInFETs on bulk silicon with decreasing finger
widths, resistance to dose effects is reduced (see e. g. 0); the

main dose effects are the effects associated with the accu-
mulation of charge in the volume of relatively thick shallow
trench isolation (STI) layer (Not) and at the interfaces be-
tween the ST1 and silicon (Ni). For both SOI and bulk Fin-
FETs, the influence of typical methods of global or local
mechanical stress introduction does not significantly affect
dose effects manifestation 0.

B. Single Events

In nanometer MOSFETSs with a small body volume, the
radius of the particle’s track becomes comparable to the
transistor’s body size (gate length, finger width). Therefore,
the result of an ion strike significantly depends not only on
traditional parameters: linear energy transfer (LET), particle
fluence, but also on the angle of a particle incidence.

In addition, the effect significantly depends on the tran-
sistor structure and especially on the design of the gate stack
(using different gate materials, high-k dielectrics) 0, in some
cases, on the strike location 0, as well as on the orientation
of the transistor with respect to the substrate crystallo-
graphic orientation 0.

The most common effects are single-event gate rupture
(SEGR) 0, soft breakdown 0, radiation-induced leakage cur-
rent (RILC) O, microdose effects 0, long-term reliability
degradation 0.

In our previous works, the universal methodology of
taking into account the radiation effects in submicron
MOSFET models available in commercial versions of
TCAD 0and SPICE 0. The special analytical functions were
introduced into the standard TCAD and SPICE models in
order to implement radiation dependence of model parame-
ters. In this work this methodology was extended to the deep
submicron and nanometer devices.

Il. TCAD-RAD SUBSYSTEM

In this work, the universal TCAD-RAD subsystem 0
(see Fig. 1) is used to simulate the characteristics of deep
submicron and nanometer MOSFET structure. It consists of
two parts: the standard Sentaurus Synopsys software core 0
and the special library of radiation models for physical pa-
rameters and electrical characteristics of MOSFET struc-
tures taking into account neutron, gamma-rays and proton
irradiation.
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Fig. 1. New radiation models built into Synopsys TCAD taking into account neutron, proton and gamma radiation

Gamma radiation models are based on ionization effects
Oummuoka! UcTouHMK CCHUIKM He HaiineH.. The adequate
models of radiation-dependent parameters (Nox, Nit, So, L)
for novel deep submicron MOSFETs and nanometer
MOSFETs with high-k gate oxide structures are imple-
mented in Sentaurus Synopsys TCAD.

Neutron models are based on displacement effects. The
adequate models of radiation-dependent parameters (t, u,
n/p) are included.

Proton model is based on additive approach combined
the ionization and displacement effects influence on device
structure.

A. Double SOl MOSFET

The Double SOI (DSOI) structure is an experimental
SOl structure with an additional silicon layer (SOI2) in the
buried oxide (see Fig. 2). This kind of structure provides
higher radiation hardness for total ionization dose (TID) 0
and single-event upset (SEU) 0 effects.

Fig. 2. MOSFET structure with additional silicon layer SOI2
inside the buried oxide

The BOX1 layer thickness is at least two times less than
that of the original BOX layer, and therefore the volume for
positive charge accumulation is smaller. In addition,

negative bias on the SOI2 silicon layer can reduce the
amount of charge collected by the drain.

In 0 our colleagues calibrated the TCAD model for
0.2 um DSOI structure. 14V characteristics for the DSOI
structure with gate length 1 um and width 8 um were simu-
lated before and after irradiation up to 1000 krad. The sim-
ulation results are in agreement with the measured experi-
mental data on the order of magnitude (see Fig. 3).
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Fig. 3. TID response of DSOI NMOS 0

In the following example, SEU sensitivity was consid-
ered for the 0.24 um temperature hardened CMOS technol-
ogy 0 with three different configurations of buried oxide: the
bulk structure, the traditional SOI and the SOI with addi-
tional silicon layer (DSOI). TCAD-SPICE simulation of a
SRAM cell based on these configurations was carried out.

For the three structures, simulation of the Argon ion
strike at nine points was done: in the left source edge (1), in
the middle of the source (2), in the source near the junction
(3), in the source junction (4), in the middle of the gate (5),
in the drain junction (6), in the drain near the junction (7), in
the middle of the drain (8), in the right drain edge (9). The



LET of ion was 10.78 MeV-cm?/mg, the track radius was
0.02 um and the length was 4 um.

Three discrete values of external temperature were con-
sidered for every combination of the structure and strike
point: 300 K (room temperature), 423, 573 K.

The general result of SEU simulation is the following:
at elevated temperature, the SEU sensitivity area increases
(see Fig. 4,a—). Here are the details:

— for bulk configuration (Fig. 4 a), upset occurs at
room temperature in case when an ion strikes into
drain or gate regions (points 4-9), while at tempera-
tures above the room temperature, the cross-sec-
tional area expands to the source (points 2, 3).

— for SOI and DSOI configurations with zero bias ap-
plied to the SOI2 layer (Vsorz = 0) (Fig. 4 b), upset
does not occur at room temperature but it can be ob-
served after a strike into the drain junction (point 6)
at 423 K and into the gate at 573 K (points 4, 5).

— for DSOI configuration with large negative bias ap-
plied to the SOI2 layer (Vsoz = —15 V) (Fig. 4 c), up-
set does not occur at 300 and 423 K. Upset occurs
only after a strike into the drain junction (point 6) and
center of the gate (point 5) at 573 K.

As can be seen, the DSOI configuration with large neg-
ative bias applied to the SOI2 layer is the prefered variant
with respect to the SEU sensitivity area, especially for the
case of elevated external temperature.
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B. 45 nm MOSFET

In conventional MOSFETs with nanometer thick (1-
3 nm) gate oxide, the tunneling effect of high-energy carri-
ers through this layer gives rise to the gate leakage current,
which causes a substantial current loss and excessive heat
dissipation.

This effect is heavily suppressed in MOSFET structures
with high-k gate oxide (see Fig. 5): the gate leakage current
is eliminated and the electrical characteristics of the
MOSFET are preserved.

Adequate modeling results of structures with high-k di-
electric can only be obtained after choosing appropriate
physical models. Firstly, the conventional drift-diffusion
transport model cannot correctly describe the particles dis-
tribution in nanometer devices. In this case, the Hydrody-
namic model was used. Secondly, the wave nature of elec-
trons and holes can no longer be neglected. So the Density
Gradient Quantization model was attached to the basic
model. Thirdly, the physical effect of tunneling through a
very thin oxide layer must be taken into account, therefore,
Direct Tunneling model was used. Fourthly, the standard
mobility model Enormal(Lombardi_high-k) for structures
with high-k oxide was included.

Unfortunately, a very small number of publications are de-
voted to the experimental investigation of the radiation hard-
ness of MOSFET structures with high-k gate oxide. There-
fore, the calibration of our model was carried out 0 on the
basis of experimental data for submicron MOSFETSs with
HfO, gate oxide. In 0 the I-V characteristics of 45 nm SOI
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MOSFET (tsio2=1.2 nm) before and after gamma irradiation
were measured. Noticeable degradation is observed only for
radiation response of the backgate interface (see Fig. 6) with
backgate voltage more than ~5 V.
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Fig 6. Measured (dash) 0 and simulated (line) 1¢Vg» for 45 nm
SOI MOSFET before and
after gamma irradiation

Additionally, the influence of shallow trench isolation
(STI) on the radiation-induced drain current change was in-
vestigated for 45 nm SOl MOSFET structure with high-k
gate oxide (tmioz=10 nm) with account for gamma irradia-
tion dose up to 1 Mrad. The noticeable effects on I4-Vy char-
acteristic include the threshold voltage shift, mobility deg-
radation, additional current hump in the subthreshold

(Fig. 7).
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Fig 7. Simulated 14Vy characteristics for 45 nm high-k SOI
MOSFET with thf02=10.0 nm

I1. 28 NM BuLk MOSFET SPICE MoODEL TAKING
INTO ACCOUNT THE TID EFFECTS
A. Model Description

In this chapter, we present a compact SPICE model de-
veloped specifically for 28 nm bulk MOSFETs with account

for total ionizing dose (TID) effects. The modified
MOSFET compact SPICE model is based on the standard
PSP model v103.1 (available in major SPICE-like simula-
tors) that is described in terms of surface potential equations.
This core model is better suited as a basis for a rad-hard
model to cover the behavior of the present-day CMOS na-
nometer technology devices in extreme conditions without
trading off accuracy for model continuity 0.

Measured lg-Vg curves demonstrate improved radiation
tolerance in the open state, whereas the most evident effect
in the irradiated bulk MOSFETS is the significant increase
in the leakage current attributed to charge trapping in STI
oxide. To characterize the mentioned effects, we involved
several built-in model parameters that were assigned with
dose-dependent saturated analytical functions.

The radiation-dependent model parameters of the PSP
model are threshold voltage-related (VFB), carrier mobility-
related (BETN, MUE, THEMU), subthreshold slope related
(CT, DPHIB), DIBL-effect related (CF), drain leakage cur-
rent-related (CJORSTI).

Changes of all of the said parameters are dependent on
total dose D and are expressed in the form 0:

a, +a, -exp(-a; - D), €))

or in the form of a polynomial. In (1) a1, a,, as 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 model.

B. Model Parameter Extraction Procedure

The model parameter extraction procedure with account
for total dose effects is automated with industry extraction
tool IC-CAP, which simplifies data exchange and pro-
cessing.

The initial data are the sets of IV and CV-curves of
standard semiconductor devices of different sizes, obtained
as a result of measurements or process and device simula-
tion for different values of total dose and transmitted to I1C-
CAP using an in-house software interface. The extraction
procedure allows obtaining model parameters for interme-
diate total dose values and includes the following steps:

Step 1. Determination of the complete set of model pa-
rameters on the basis of measurement data for unirradiated
devices. The method used to identify the parameters in-
cludes a combination of analytical and optimization proce-
dures.

The analytical procedure includes the parameters calcu-
lation from measured data:

— to determine threshold voltage Vo and free carrier
mobility u, VIo-Ve curves are extrapolated linearly
at the maximum slope. The intercept at the Vg axis is
defined as Vro. The slope of the linear extrapolation
provides insights into u.

— DIBL-effect is calculated as DIBL = —(V"9" — Vry.
low)/(Vps"9" — Vps'™), where V14"9" and V' are the



threshold voltage extracted at a high Vps"9" and low
Vs drain voltage.

— the on-current (Ipon) is defined at [Vgs|=Ves™, and
the off-current (Ip off) at Vigs = 0.

Step 2. From the complete set of model parameters, a list
of the main radiation-dependent parameters is selected:
VFB, BETN, CF and CJORSTI.

Step 3. For each total dose value from the list of discrete
values, the corresponding values of the selected parameters
(for threshold voltage, carrier mobility, etc.) are determined
based on the measurement results. This procedure is re-
peated for all planned discrete total dose values Di:i=1...n.

Step 4. The radiation dependencies of the model param-
eters obtained in step 3 are approximated by analytical func-
tion of the form (1). The coefficients of this function consti-
tute a set of radiation parameters of the entire model. Precise
adjustment of the values of the radiation parameters is made
using global optimization, i.e. for all available experimental
characteristics.

Step 5. The resulting analytical expressions together
with the coefficients are built into the description of the
MOSFET SPICE maodel, that is further included in the li-
brary of models.

C. Model Verification

As an example for MOSFET modeling with account for
total dose effects, the PSP-based model parameters were
identified for a 28 nm bulk CMOS n-MOSFET with
W/L =3 pm/30 nm irradiated up to 1000 Mrad (SiO2) with
steps of 0, 10, 50, 140, 340, 540, 940, and 1000 Mrad at a
dose rate of 8.82 Mrad/h(SiO.) 0. The structure parameters
are: tsi = 7. nm, tsox = 25 nm, tox = 1.55 nm; the gate stack is
HKMG (high-k metal gate). Fig. 8 shows measured and
simulated transfer characteristics up to 1000 Mrad. Approx-
imation of MOSFET model parameters (VTO, p, DIBL-
parameter, subthreshold slope, Ipjeak) versus TID is shown
in Fig. 9; degradation of mobility is less than 4% and is not
shown. The maximum modeling error is not more than 10%.
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Fig. 9. Approximation of MOSFET model parameters versus

TID: a) DIBL factor and subthreshold slope, b) leakage cur-

rent Ipieak and threshold voltage VTO (symbols—calculation
based on measurement data 0, lines—approximation)

The next example demonstrates the capabilities of PSP-
based model in application to the 28 nm FDSOI technology.
In Fig. 10 the measured 0 and simulated transfer character-
istics of unirradiated FDSOI n-MOSFETs with
W/L =1 pm/28 nm fabricated by the STMicroelectronics
manufacturer are shown.
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Fig. 10. Measured 0 and simulated transfer 1V-curves
of unirradiated 28 nm FDSOI n-MOSFET with W/L =
1 pm/28 nm (symbols—measurements, lines—simulation)

IV. CONCLUSION

The universal approach was used to take into account
radiation effects in the nanometer MOSFET models built
into TCAD and SPICE simulators.

The special analytical functions were introduced into the
TCAD-RAD software version to describe the dependence of
the device structure electrical physical parameters , z, Not,
Ni, SO, etc. on radiation dose/fluence. The approximation
coefficients for these analytical functions were defined from
the physical experiments and/or extracted from measured
IV-characteristics after device irradiation.

The same approach was used to take into account radia-
tion effects in the compact SPICE MOSFET models for cir-
cuit simulation. The basical device electrical parameters
VTO, e, SS, etc. were assigned with radiation dose/fluence-
dependent functions. The approximation coefficients of
these dependences were extracted from the experimental
IV-characteristics obtained after device irradiation and in-
cluded in the device compact SPICE-RAD model descrip-
tions.



The adequacy of the developed TCAD and SPICE
MOSFET radiation models was illustrated by several prac-
tical examples with reasonable accuracy.
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K.O. Ilerpocsai™?, 1I.A. TTonos?, M.P. Ucmann-3ane?, J1.M. Cambypckuii™?, b. JIn®, 1O. Banr®

'Harmonansno-uccneioBatensckuii yauBepcuTeT «Briciuas mKkoma S5KoHOMUKm» (MOCKOBCKHIA HH-
CTUTYT JICKTPOHUKH U MaTeMaTuku), r. Mocksa, Poccus, kpetrosyants@hse.ru
’MHCTUTYT NpoblieM MPOeKTUPOBaHHs B MUKpodJiekTponuke PAH, r. Mocksa, Poccus
SUHCTUTYT MUKpOdNIeKTpoHnKH Kuraiickoii akanemun Hayk, T. [lexun, Kutait

Annomayusn — JIpa Tuna mogeneit MOIIT, umeromuxcs B Kom-
mepuecknx Bepcusix 1CAD- m SPICE-cumyasitopoB, momod-
HEHbl YPAaBHEHWSIMH I Y4€Ta paguanMoHHBIX 3((eKToB.
AIeKBaTHOCTb MoJieJIell HILUIIOCTPHPOBAHA Ha BYX IpHMepax:
1) 0,2- u 0,24-mxkm KHU/DSOI MOIIT ¢ y4éToM /1030BBIX 3¢h-
(pextoB 1 OAY; 2) 28-um MOIIT Ha 00bEMHOM KpeMHNH, 45-HM
u 28-um KHU MOIIT c high-K amanexrpuxom ¢ yuérom 1030~
BBIX 3()(peKTOB.

Knroueevie cnosa — 45-um MOIIT, 28 -m MOIIT, DSOI, TCAD,
SPICE, nor:omenHas 1032, oauHo4HbIE COOM.
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