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Irradiation defect dynamics: Generation, transport, and
reaction of defects in semiconductors

Irradiation (3888) vs Radiation ($85Y)
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FIG. 1. Structures of the oxygen vacancy. Top left: [SiSi" ] or
Es center; top right: [SiSi], the stable configuration of the oxygen
vacancy; bottom left: [Si(3)+0O(3)"] or E’y center; bottom right:
[Si(3) +0(3)"].
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Blcehl, P. E. (2000). Physical Review B, 62(10), 6158.

FIG. 2. Switching charge-state levels.
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3 ¥

FIG. 9. Structure of the hydrogenated oxygen vacancy in the
positive [SiH+O(3)"] (left), the neutral [SiH+Si(3)] (middle),
and negative [ SIH+ SiSi(5) ] (right) charge state.

FIG. 10. Structure of the oxygen vacancy interacting with two
hydrogen atoms [(SiH),]| in the neutral (left) and positive (right)
charge states.

Bl&ehl, P. E. (2000). Physical Review B, 62(10), 6158.
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FIG. 5. Structures of the interstitial hydrogen atoms in the posi-
tive [O(3)"H], neutral [H(0)"] and negative [Si(5) H] charge
states (from left to right).
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Universal Analytic Model for Ionization Defect Dynamics in Silicon Dioxides

Yu Song,H Guanghui Zhang, Yang Liu, Hang Zhou, Le Zhong, and Gang Dai
Microsystem and Terahertz Research Center, China Academy of Engineering Physics, Chengdu 610200, China and
Institute of Electronic Engineering, China Academy of Engineering Physics, Mianvang 621999, China

Xu Zuo
College of Electronic Information and Optical Engineering, Nankai University, Tianjin 300071, China and
Municipal Key Laboratory of Photo-electronic Thin Film Devices and Technology, Nankai University, Tianjin 300071, China

Su-Huai Weill
Beijing Computational Science Research Center, Beijing 100193, China
(Dated: August 12, 2020)

A pair of analytical formulas is proposed to describe the irradiation-induced defect dynamics of oxide trapped
charges (OT) and interface traps (I'T) in silicon dioxides. It 1s shown that, the interplay between a direct creation
of OT and an OT-IT interconversion plays an essential role in the defect dynamics. The perfect match between
the model and experimental observations for both wet and dry processed oxides, which show strong process
fingerprints, nonlinear dose dependence, dose rate sensitivity, and sample variability, is unprecedented, which
not only clarifies the physical ambiguity, but also eliminates the computational difficulty encountered in previous
standard approaches.

arXiv:2008.04486
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3. AEERH P:—OT<—H OTfT = H" = IT
Kd kb1 Kb2

Compact analytical model with 4 effective parameters
D
Vo(D) = (1—21)g.D”+Ag.Dbe PeT[b,0,D/D,],
D
P,(D) = Ag.D” — ALg.D’be  DcT'[b,0,D/D,].

FARIRET: b BrER: g, = (N, + N, )k?

BABIRT: A = Kp/(Kp + &) BHESUHIE: D, = g(Kp + k)~

Too complex to understand!
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D
P,(D) = Ag.D” — Ag.D’be DcT'[b,0,D/D,].
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Py(D) = AgeD’ — Ag.DPbe 1 T[b,0,D/D.].
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oxygen vacancies in bulk dangling bonds at interface
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Energy Loss by Particles Incident on Semiconductor
Materials and Devices

Total Energy Loss =@zin)@zing@

* Incident energetic particles lose energy to ionizing and
nonionizing processes

- lonizing processes produce electron-hole pairs
- Nonionizing processes displace atoms

* lonizing energy loss creates free charge, which alters material
and device properties

* Nonionizing energy loss creates displacement damage, which
alters material and device properties

oY




IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 50, NO. 3, JUNE 2003 653

2013 iEEENSREC | Review of Displacement Damage Effects in Silicon

Short Course .
Devices
i
1‘5* J. R. Srour, Fellow, IEEE, Cheryl J. Marshall, Member, IEEE, and Paul W. Marshall, Member, IEEE
nE

Lessons Learnt From Our Past

Section |l

Displacement Damage Effects in

Devices NSREC: Nuclear and Space Radiation

Effect Conference

Dr. Joseph R. Srour
The Aerospace Corporation

Dr. James W. Palko
Stanford University 60
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What Radiation Environments Produce Displacement
Damage? o
° Space Radiation EnW ﬂ]uggjﬁﬁiﬂg_d\%?

— Trapped electrons
— Trapped protons
— Solar protons

— Other lons

— Neutrons

®* Nuclear Reactors
— Neutrons

— Protons and other ions Large Hadron Collider at CERN

— Pions
— Et cetera

* Particle Accelerators

S5¥%SEFENEGHENML 61



The big picture

Displacement Damage Simulation

Particle Transport:
Monte Carlo

Molecular
Dynamics
..'III..

ny .
. + *
v o .,

Isolated
Defect

.y
.y
»,
L )

Incident

i Particle BCA

Electronic
Drag

"y
gy i
lllllllllllllllllll

Key simulation steps: particle transport, damage
creation, electronic response, damage evolution

Example lllustration of Several Important Aspects of

Damage Creation:

Electronic Structure

of Damage: DFT, GW

Damage Evolution:
Kinetic Monte Carlo,
Accelerated Dynamics,
Continuum Transport

v EEEERT, FSfF R RERRTENREAE

v EFSAESEPSIAFHIEER
v BEDFENEFFSINER
v ER RIS, SEFIEREN
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Displacement Damage Production and Defect Types

Transfer of sufficient energy from incident energetic particle to lattice atom
to dislodge it from its normal location. Primary knock-on atom created.

EEEBREEINIR>F=F> PKA
Lattice defects produced by PKAs and later-generation recoils they create
—(Vacancies (absence of atom from normal lattice position)
— | Interstitials (dislodged atom resides in non-lattice position)
—Vacancy and nearby interstitial - known as Frenkel pair ARRE
— Divacancy (two adjacent vacancies) and larger vacancy groupings
— Defect-impurity complexes (e.g., vacancy-P pair: E center in Si)PETeCt reorderin

— (Defects produced relatively far apart: isolated, or point, defects (e.g., 1-MeV
electrons incident on Si)

—|Defects created closely together forming local regions of disorder: defect
clusters (e.g., 1-MeV neutrons incident on Si; also create isolated defects)

RPE R R FRE
General: Incident particles create either isolated plus clustered defects or

Defect generation

L -

solely isolated defects, depending on mass and energy of particles
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Conceptual lllustration of Damage Produced in Silicon
by a 50-keV Primary Recoil Atom

80

Defect
Cluster

* Production of
small defect
clusters and
iIsolated defects
Is shown
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Example Amorphous Cluster Obtained in a Molecular
Dynamics Simulation of Damage in Irradiated Silicon
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What Does Displacement Damage Do to Semiconductor
Materials and Devices?

periodicity - introduce
energy levels in bandgap Ep-— Y —-
that degrade material and
device properties Ec——7——
— Generation lifetime

* Increased dark current #Z/[X -—¥_¥_.Ecr

— Recombination lifetime £
* Gain degradation ZW%E/@’(E& +
— Increased trapping @ﬁfg@ggﬁ_—(a) (b) (c) (d)

* Transfer efficiency reduced (a) thermal generatio} B R
— Carrier concentration N 1
(b) recombination

changes  SitT ARSI _
— Mobility reduction (scattering) (c) trapping
— Enhanced tunneling \(d) carrier removal

* Defects perturb lattice Ec—x \/
Er--—-

YR af
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Relative Sensitivity of Si Electrical Properties to Neutrons
1.0

=09
28 05 Mobility
e ®
0§07 |
Q. = Carrier
T ® 06 Concen-
o o tration
25 °
g 504
N T
T & 03
£ E Carrier Carrier
Sy 0.2 1 Lifetime Lifetime

&01 | (pre: 10 us) (pre: 10 ns)

0.0 . . .
1E+8 1E+9 1E+10 1E+11 1E+12 1E+13 1E+14 1E+15
Reactor Neutron Fluence (n/cm?)
* Significant displacement damage is needed to affect the
recombination lifetime when the pre-irradiation value is short
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What Semiconductor Device Technologies are
Susceptible to Radiation-induced Displacement Damage?

* Devices are susceptible if proper operation depends on stable
values of recombination lifetime, generation lifetime, carrier
concentration, and mobility plus stable trapping properties

DFBEIB IR G EU
* Examples of susceptible Si devices:

— Diodes

* pn-junction devices

* Particle detectors

* Solar cells
P Bipolar transfstors]
— Visible imaging arrays (e.g., CCDs)

* Key example of Si devices that tolerate displacement damage:
— MOS devices and technologies (exception: visible imaging arrays)
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PHYSICAL REVIEW LETTERS 120, 216101 (2018)

Deterministic Role of Collision Cascade Density in Radiation Defect Dynamics in Si

J.B. Wallace,"” L. B. Bayu Aji,' L. Shao,” and S. O. Kucheyev'”

'Lawrence Livermore National Laboratory, Livermore, California 94550, USA
*Department of Nuclear Engineering, Texas A&M University, College Station, Texas 77843, USA
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E0.43 eV level in n-type Si(100) Generation Rate

10| &l + 14
[ C

2.3 MeV 1208
1.0 MeV 76Ge
0.6 MeV 285j
0.44 MeV 118

0.5

Normalized DLTS signal (10-3 pF)
E0.43 eV level (10-2/Vacancy)
ok
E.-0.23 eV level (10-3%/Vacancy)

. 12
® E.-043eV Ge .. o

s E-023eV — -;

L
|
.
x
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108 109 1010 Ion Mass (amu}
Dose rate {cm-25°1)
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Svensson, B. G (1993). Physical Review Letters, 71(12), 1860-1863 .
Svensson, B (1997). Physical Review B, 55(16), 10498-10507.
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Eur. Phys. J. Plus (2020) 135:827 THE EUROPEAN
https://doi.org/10.1140/epjp/s13360-020-00849-z PHYS|CA|_ JOURNAL PLUS

Regular Article ’.)

Check for
updates

Ultra-slow dynamic annealing of neutron-induced
defects in n-type silicon: role of charge carriers

Ying Zhang', Yang Liu'-?, Hang Zhou'-?, Ping Yang'?, Jie Zhao'?, Yu Song'?:3:2

1 Microsystem and Terahertz Research Center, China Academy of Engineering Physics, Chengdu 610200,
China

2 Institute of Electronic Engineering, China Academy of Engineering Physics, Mianyang 621999, China

3 Present Address: College of Physics and Electronic Information Engineering, Neijiang Normal
University, Neijiang 641112, China

Editor of the journal: the scientific objectives of the work seem quite ambitious
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Energy Loss by Particles Incident on Semiconductor
Materials and Devices

Total Energy Loss = Ionizing@Nonionizing Losses

* Incident energetic particles lose energy to ionizing and
nonionizing processes

- lonizing processes produce electron-hole pairs
- Nonionizing processes displace atoms

* lonizing energy loss creates free charge, which alters material
and device properties

* Nonionizing energy loss creates displacement damage, which
alters material and device properties

oU




Part 111: 2

ER-

L
A

IBCHAE

v 3 7@.

EII_Ll.l_.E

v IR REE

I'

74

N

X

7%
v SR R AR

SUN AT LEE

1=

H|
|u.u

L' 4

j{i}




IRhDE

iiE: TREEr-EEARXE,

BO
70
60
40
30

20 L J

0 1k 2k 3k 4k 5k

LM trap-assited
tunneling

m

800

|
Ebﬂll- /
H

L
£
St
Ll

2
3 oy

Neatron Fluence (vem)

Il L 1 I Il L 1 L Il L 1
0 a® me” w” an” sa”

RE T E TR EXE (|6

NIATTIE

HE{E

, LD E

Gate oxide

C Gate E Gate C

Epitaxial base (n)

Bulk silicon

=. E) | BEi—

82



BRI AR B EAk 1%

S WERESChR R h S

_|,|]=]|i )‘lﬂ'

T T T T T T T T T T T T T

10°E NPN BITs: 3DG112

F

£

53

E 10" 3

= E

Gt s _

fay -

o 2

= 10°F -

E F

=2 s

5] L L

= 10° :-G/// 0. 2. 1

= > —m—eclectron(110keV, 1.2x10""¢/cm’s)

s —<—proton (170keV,1.8%10"p/em’s) 7

S 10%k s —O—170 keV proton + 110 keV electron (case 1)

o L —>—170 keV proton + 110 keV electron (case 2) ]
al o a sl N i sl L s aaasl i i s aaaal
10° 10’ 10° 10° 10°

Irradiation time (s)

NPN: DD-ID >DD + ID

positive synergistic effect

Li, X.,
59(3 PART 2), 625-633.

|[EEE Transactions on Nuclear Science,

] B, IhBEEER, "IRA
B9t R (irradiation synergistic effect, ISE)

10" prree————rrrrm — T
= [ PNPBITs:3CGI30
g 10k E
5 [
E, 107" = 3
Tg F
E 0 E
*'?:-'; 10° b —=—<lectron, 110 keV il
o —d—proton, 170keV 3
%ﬂ —O—170 keV proton + 110 keV electron (case 1)
5 10 b —>—170 keV proton + 110 keV electron (case 2)
E e | M s aoaaaaal N T | M s 3 3 aaaal " a3 el
10° 10’ 10° 10° 10*
Irradiation time (s)
PNP: n-y <n+vy

negative synergistic effect

Li, X., IEEE Transactions on Nuclear Science,

59(2), 439-4486.

83



SEISEAFAIANE

v' 110keV E

v B

a S \VE

3??*:2%@%‘}&
{5, 1B170keV [EFEETF=

1E+5

RIBFOEE
YELAFRTE 1 R BI A/ )N

(=] .. ~
S Eeq | T "o 100-Mev| |500-keV|[200-kev
o 1-MeV S l \
: [rower] v " T TR
e r'S
2SR g e ot
i 2 Y T [omev] ﬂ
4]
8 1E+2 |_|Etectrons| _[1-Gev 5o-kev
@ L
2 1E+1 ‘
[} +
: [Protons|
o
E 1E+0 1-MeV s A
c neutrons | |
o
1E-1
1E-5 1E-4 1E-3 1E-2 1E-1 1E+0

FIE, ﬁ%%&i&&

, AJBE

. FERRI RN T AN

NIEL (MeV-cm?/g)

SEEAA
SMIBXE

84



e Bl OTXhEFREIRFRIECIER

(a) oxide layer (b) oxide layer
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Hr & lonization-irradiation-induced evolution of

displacement defects in Si

Origin of Irradiation Synergistic Effects in Silicon Bipolar Transistors

Yu Song*
College of Physics and Electronic Information Engineering, Neijiang Normal University, Neijiang 641112, China

Su-Huai Wei'
Beijing Computational Science Research Center, Beijing 100193, China
(Dated: November 5, 2020)

The practical damage of silicon bipolar devices subjected to mixed ionization and displacement irradiations is
usually evaluated by the sum of separated ionization and displacement damages. However, recent experiments
show clear difference between the practical and summed damages, indicating significant irradiation synergistic
effects (ISEs). Understanding the behaviors and mechanisms of ISEs is essential to predict the practical dam-
ages. In this work, we first make a brief review on the state of the art, critically emphasizing on the difficulty
encountered in previous models to understand the dose rate dependence of the ISEs. We then introduce in de-
tail our models explaining this basic phenomenon, which can be described as follows. Firstly, we show our
experimental works on PNP and NPN transistors. A variable y-ray dose and neutron fluence setup is adopted.
Fluence dependent ‘tick’-like and sublinear dose profiles are observed for PNP and NPN transistors, respec-
tively. Secondly, we describe our theoretical investigations on the positive ISE in NPN transistors. We propose
an atomistic model of transformation and annihilation of V, defects in p-type silicon under ionization irradia-
tion, which is totally different from the traditional picture of Coulomb interaction of oxide trapped charges in
silica on charge carriers in irradiated silicon. The predicted novel dose and fluence dependence are fully verified
by the experimental data. Thirdly, the mechanism of the observed negative ISE in PNP transistors is investi-
gated in a similar way as in the NPN transistor case. The difference is that in n-type silicon, VO defects also
undergo an ionization-induced transformation and annihilation process. Our results show that, the evolution of
displacement defects due to carrier-enhanced defect diffusion and reaction is the dominating mechanism of the
ISEs. Finally, we give a perspective on future investigations on the ISEs when the displacement and ionization
irradiations are present simultaneously.

Accepted by ACS AELM, spotlight on application. 88




AR lonization-irradiation-induced evolution of

displacement defects in Si

I APPLIED MATERIALS

X INTERFACES

www.acsami.org Research Article

Defect Dynamic Model of the Synergistic Effect in Neutron- and
y-Ray-Irradiated Silicon NPN Transistors

Yu Song,* Hang Zhou, Xue-Fen Cai, Yang Liu, Ping Yang, Guang-Hui Zhang, Ying Zhang, Mu Lan,
and Su-Huai Wei*

ETIAPPLIED
ELECTRONIC MATERIALS @ Cite This: ACS Appl. Electron. Mater. 2019, 1, 538-547 pubs.acs.org/acsaelm

Mechanism of Synergistic Effects of Neutron- and Gamma-Ray-
Radiated PNP Bipolar Transistors

Yu Song,*" T Ymg Zhang, Yang Liu, ™ Jle Zhao, ¥ Dechao Meng, Hang Zhou, "
Xiaofeng Wang, Mu Lan, * and Su-Huai Wei*®
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HmIEsBAYERFEH B (carrier-enhanced defect diffusion)
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Big pictures for ISE in NPN & PNP transistors

Defect dynamics in p-type silicon
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