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Radiation damage

= Cumulative effects

— Accumulating during the whole lifetime of the experiment
— Due to the energy deposited by radiation in the electronics
— Leads to device degradation or even failure
— Two types:
o lonisation - Total lonising Dose (TID) = Measurement of the energy dose deposited by radiation in

the material in the form of ionising radiation, typically measured in rad or Gray (100 rad = 1 Gray)
o Non-ionisation - Displacement or fluence, expressed in particles/cm?

= Single Event Effects (SEEs)

— Very localised event induced by a single particle

— Due to the energy deposited by one single particle in the electronic device
— Leads to failure, at any moment

— Two types:
o Single Event Upset (SEU) —Transient effect
o Single Effect Latch-up (SEL) —Catastrophic SEE, Permanent effect

F. Faccio, Radiation effects in the electronics for CMS
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e
Radiation damage — Total lonising Dose (TID)

lonisation in SiO,

}

Creation of electron-hole pairs

}

Build-up of charge/defects

}

Device degradation

F. Faccio, Radiation effects in the electronics for CMS
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e
Total lonising Dose (TID) effects on MOS transistors

= TID mechanism = Hole trapping in oxides

5. Interface traps resulting Trapped holes >
from interaction of holes Threshold voltage shift,

— Interface trapped charge |eakage current increase,

: | : 4« E fast formation,
- o 1.1eV annealing
1. lonizing radiation
Silicon Interface states -

ﬂ
b

2. Electron-Hole Pair
generation

Silicon
dioxide

Threshold voltage shift,
transconductance, slow
formation, no annealing
below 400°C

4. Holes trapping at the
Si/SiO2
— Fixed charge

3. Hopping transport of holes through
localized states in SiO, bulk

Fig. 1. Band diagram of an MOS capacitor with a positive gate bias. [llustrated

are the main processes for radiation-induced charge generation.
M. Lee, doi.org/10.3390/Electronics10080887, 2021
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e
TID effects — Trapped charge — nMOS transistors

N-channel (nhMOS)

Texas Instruments training & videos, https://training.ti.com/total-ionizing-dose-effects-mosfets
&’d UNIVERSITY OF
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e
TID effects — Trapped charge — nMOS transistors

N-channel (nhMOS)
“ON” (channel conducting)

Texas Instruments training & videos, https://training.ti.com/total-ionizing-dose-effects-mosfets
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e
TID effects — Trapped charge — nMOS transistors

Vg =+V

Vo= +V e i— V. = 0

= Creation of positive charge

in the oxide region

+ +

N-channel (nhMOS)

Texas Instruments training & videos, https://training.ti.com/total-ionizing-dose-effects-mosfets
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e
TID effects — Trapped charge — nMOS transistors

VG =+V

Vp=+V i— V,=0

s ++ ++

N-channel (hMOS)

Texas Instruments training & videos, https://training.ti.com/total-ionizing-dose-effects-mosfets
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TID effects — Trapped charge — nMOS transistors

Vg =+V

Vp = +V _h i
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N-channel (hMOS)

Texas Instruments training & videos, https://training.ti.com/total-ionizing-dose-effects-mosfets
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e
TID effects — Trapped charge — nMOS transistors

Vg =+V

Kok i— Vi=0

S S M

N-channel (hMOS)

Texas Instruments training & videos, https://training.ti.com/total-ionizing-dose-effects-mosfets
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e
TID effects — Trapped charge — nMOS transistors

Vg=+V

+++++++++ >

N-channel (hMOS)

Texas Instruments training & videos, https://training.ti.com/total-ionizing-dose-effects-mosfets
eeeeee h B UNIVERSITY OF

20.05.2022 — Advanced UK Instrumentation Training — Eva Vilella %ﬂ'ﬁﬁ LA P i e LIVERPOOL




e
TID effects — Trapped charge — nMOS transistors

The positive charge
attracts more electrons,
equivalent to applying a

smallV;>0V

++++++++++

N-channel (nMOS)

Texas Instruments training & videos, https://training.ti.com/total-ionizing-dose-effects-mosfets
eeeeee h B UNIVERSITY OF

20.05.2022 — Advanced UK Instrumentation Training — Eva Vilella LHAIDA 5] ofemerer S LIVERPOOL




e
TID effects — Trapped charge — nMOS transistors

Leak rren
o i e 40 B0 R Bl B B 28 o eakage cu et']"]‘

N-channel (hMOS)
Sti" “ON” With VG

Texas Instruments training & videos, https://training.ti.com/total-ionizing-dose-effects-mosfets
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e
TID effects — Trapped charge — nMOS transistors

Texas Instruments training & videos, https://training.ti.com/total-ionizing-dose-effects-mosfets

20.05.2022 - Advanced UK Instrumentation Training — Eva Vilella




e
TID effects — Trapped charge — pMOS transistors

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

P-channel (pMOS)
“OFF” even with VG

Texas Instruments training & videos, https://training.ti.com/total-ionizing-dose-effects-mosfets
eeeeee n g UNIVERSITY OF
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TID effects — Trapped charge — pMOS transistors

Texas Instruments training & videos, https://training.ti.com/total-ionizing-dose-effects-mosfets
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e
TID effects — Consequences — Threshold voltage shift

In NMOS the contributions from the two type of defects tend to
compensate, in PMOS they add up

n-channel p-channel

e Oxide £ =

charges

Interface
. JR—
states +

Before
irradiation

irradiation

F. Faccio, Radiation effects in CMOS technologies for the LHC upgrades
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TID effects — Consequences — Threshold voltage shift

= Threshold voltage shift = AV, = f(AV,, AV/;)

— Due to charged trapped in the oxide, AV,
o In an nMOS transistor, the trapped positive charge causes negative shifts of the threshold voltages
o The positive charge trapped in the oxide repels the holes in the channel = To re-create the same
inversion condition the gate requires a less positive voltage
o For a pMOS transistor, it is the opposite

These trapped holes give rise to a threshold voltage shift, AV,,, given by: where g is the electron charge, C,, = &,/to, 15 the oxide capacitance, &, is the dielectric
' L= ] constant of S10; a€q 7o« 18 the thickness of the oxide P (x) 1s the spatial distribution of the

AV, === [—p(x)dx = ‘(J‘] t.AN,,, 21 °© 2 o Qg | o (%) p
i - oxide charge density, and AN, is the trapped charge density referred to the SiO,-Si

interface.

— Due to charged trapped in the interface, AV,
o Threshold voltage shift due to increasing charged trapped at the interface region is a relatively slower
phenomenon than the build-up of positive charge in the oxide. AV,; can be slower than AV,,,.

— The threshold voltage shift for nMOS transistors as a function of the total dose can be negative at the

beginning and become positive at a later time (rebound effect).
L. Chen, Radiation tolerant design with 0.18-micron CMOS technology, PhD thesis

20.05.2022 — Advanced UK Instrumentation Training — Eva Vilella &'Rﬁ gi(d’?ﬁiiiﬁ?on LIVERPOOL




e
TID effects — Consequences — Leakage current

= |ncrease of leakage current

The leakage current in NMOS is due to the accumulation of defects in the lateral
Shallow Trench Isolation (STI) oxide

E field lines
\Q)Iysilicon gate
+ {EIIIHHIIII_)+ >
STI 'L X '-) .
'\STI
Oxide trapped charge & 5 Interface states

Depletion region

] &
D
Main transistor

Lateral parasitic transistor

0 Vs

F. Faccio, Radiation effects in CMOS technologies for the LHC upgrades
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TID effects — Consequences — Leakage current

= |ncrease of leakage current

Leakage current also appears
~=—— Shallow trench isolation between adjacent n-type
diffusions

Drain

Parastic channel

Positive charges

Parastic channel
Parastic
transistors

L. Chen, Radiation tolerant design with 0.18-micron CMOS technology, PhD thesis
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TID effects — Consequences — Leakage current

= |ncrease of leakage current

In PMOS both type of defects increase the threshold of the parasitic lateral
transistor, and no leakage current can be observed

E field lines
olysilicon gate
+JKL-IIIIIIIIIII)++
STI +k \ 1)

. / \ STI

Oxide trapped charge
Depletion region Interface states

ID &
Main transistor

parasitic transistor

F. Faccio, Radiation effects in CMOS technologies for the LHC upgrades
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TID effects — Consequences — Leakage current

The leakage paths are technology dependent

(here this is shown for source-drain leakage currents in NMOS)
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F. Faccio, Radiation effects in CMOS technologies for the LHC upgrades
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e
TID effects — Consequences — Mobility decrease

= Decrease of mobility and transconductance

— Due to increase of the interface traps (conduction in MOS transistors is due to carrier motion close to the
SiO,-Si interface)
— Mobility trend as a function of the trap increase expressed as:
Hy »
i . (2.5)
A= 1va-AN,
where u 1s the pre-irradiation mobility, 4N 1s the increase of the interface traps and a 1s
a parameter whose value depends on the technology. The degradation of the mobility

gives origin to degradation in the transconductance, which 1s proportional to x4 in the

linear region and to x” in saturation. This decreases the driving capability of the device.

L. Chen, Radiation tolerant design with 0.18-micron CMOS technology, PhD thesis
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e
TID effects — Consequences — Noise increase

= Noise increase

— Increase in white noise (frequency independent)
— Increase in 1/f noise (flicker noise)
— Due to the increase of the concentration of the interface traps and the traps in the oxide near the interface

L. Chen, Radiation tolerant design with 0.18-micron CMOS technology, PhD thesis
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Can we mitigate (some of) these problems?
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L
TID effects — Solutions

The accumulation of both type of ‘defects’ decreases
with the thickness of the oxide
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N.S. Saks et al., IEEE TNS, Dec. 1984 and Dec. 1986
F. Faccio, Radiation effects in CMOS technologies for the LHC upgrades
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TID effects — Solutions

Source-Drain leakage is eliminated by the Enclosed Layout Transistor (ELT)...

G

Inter-diffusion leakage is eliminated by p+ guard rings...

v v v
DD SS SS
£ ) "+ + A N4+ 3

F. Faccio, Radiation effects in CMOS technologies for the LHC upgrades
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TID effects — Solut

Source-Drain lea

Inter-diffusion

20.05.2022 — Advanced UK Instrumenta

Id (A)

Id {(A)

(b)

Fig. 10.

04 -
.05 -
-06 -
07 4
.08
.00 4
<10 4
11 4
-12

--normal transistor postrad

—new transistor postrad

1.0 1.6 2.0
Vg (V)

.E-04 -
.E-05
E-08 -+
E-07 -+
E-08 -
E-09 -+
E-10 -
E-11 4
E-12

--.normaltransistor postrad

—now transistor postrad

L] L] T T T

0.0 0.5 1.0 1.8 2.0
Vg (V)

(a) Transistor measurements after irradiation [dose 40 Mrad(S10-)]

W/L = 10 yim/0.28 yim. (b) W/L = 0.64 ;ym/10 yim. The normal transistor
shows severe post-irradiation leakage (arrow). The behavior of the new
transistor 1s virtually unaffected by the irradiation. The tuming on of the

channel undemeath the poly of the opposite type remains present and can be
observed for the long transistor (around 1.6 V and up).

" ransistor (ELT)...

JEP—

20 25
v

SS

i

N+ 4 +
AIDA
innova

W. Snoeys, A new nMOS layout structure for radiation tolerance, 2002
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L
TID effects — Solutions

= Enclosed Layout Transistors... Very nice, but...

— They tend to occupy more area than the conventional linear transistors, for the same (W/L)
— Not all (W/L) combinations are possible

— They do not exist in design libraries provided by foundries (usually)
— Not recognised by verification tools typically used to verify designs before submission for fabrication

UNIVERSITY OF
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e
Recipe to mitigate TID effects

= Use a technology with a small technology node (e.g. 65 nm is better than 180 nm)
= Use Enclosed Layout Transistors

— For nMOS transistors only
— For critical transistors
o in the analogue readout electronics —yes!
o in the digital readout electronics, the designers need to evaluate if it is really necessary, benefits...

= Use as many guard rings as possible

UNIVERSITY OF
UK Research v’ >
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Planar nMOS vs FIinFET

Planar FINFET

fully-depleted
channel body

-well tie
n* drain p-well tie g

n* drain

n* source
STI

STI
p-well y p-well y
p-substrate p-substrate

M. Campbell & F. Faccio, Future ASIC technologies in HEP experiments

20.05.2022 - Advanced UK Instrumentation Training — Eva Vilella :; LIVERPOOL




FinFETs

* Most commercial fabs have
migrated to FinFETs below
20-nm gate length feature
sizes

* FinFETs exhibit improved
electrostatic control of the
channel and improved
reliability compared to
equivalent scaled planar
CMOS

Spacer PDrain
Source

Z
Y/‘\x Gate
(
EOT
Tpox < —

TSub

-

x-z plane

(a)

T. Hook, FDSOI Conference, Taiwan, 2013

M. Campbell & F. Faccio, Future ASIC technologies in HEP experiments
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FinFET processing technology

* Increasing processing

complexity
* More challenging
I |t h Og ra p hy STI formation
. *.& Etch-back /!
* Quad patterning ~ & _--"_ Bulkfin ﬂﬂ
* Soon EUV e, ST
v Gate
* Line edge roughness §%pecy
s 4 ; ) i =
* ISOIatlon Steps 4 Puhgh -through stopperfoﬂ‘nation [_"L
. STI N b
* CSD/SSRW

A. Yagishita (Toshiba), SOI Short Course (2009)

M. Campbell & F. Faccio, Future ASIC technologies in HEP experiments
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e
FinFET — Advantages / challenges

160 7
140 Y Jonm
120 28nm "ON," 7nm
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M. G. Bardon (IMEC) ICICOT (2015)

M. Campbell & F. Faccio, Future ASIC technologies in HEP experiments
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e
FiInFET — Design

* More drive current for given footprint

Quantized channel width
— Challenge for logic & SRAM
— OK for analog, enough g,, granularity

Less DIBL = better r

out’

Essentially no body effect (AV;< 10mV)

3x intrinsic gain

Higher R, & R, spreading resistance

Lower C; but higher C,, & C,, coupling
Higher R,

Mismatch depends on fin geometry, MG
grains, gate density, stress, less on RDF

Sheu, TSMC [18]
Hsueh et al., TSMC [19]

Slide courtesy of Alvin Loke, Qualcomm

M. Campbell & F. Faccio, Future ASIC technologies in HEP experiments
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