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INTRODUCTION
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« Irradiations of silicon can produce point-like and cluster defects

« The peak shape of cluster-related defects recorded by TSC or DLTS differs significantly
from those of point-like defects (measured peaks are broader compared to point-defects)

» Problem was studied by A. Scheinemann and A. Schenk e.g. on dislocation loops (DLs)

due to ion implantation in CMOS devices [A. Scheinemann, A. Schenk, Phys. Stat. Solidi A211,
No.1, 136-142 (2014)+ PhD Scheinemann]
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In this talk
« Application to silicon irradiated with electrons with 3.5 - 27 MeV kinetic energy
= Formation of cluster defects is expected above 7 MeV
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Assumptions:
Cluster — accumulation of point defects
— change of local potential depending on fraction of filled states

— activation energy E, of defects depends on occupation N NG AT e Vg
—> time (and T) dependence PRI e e

Dislocation loop (DL): Potential energy vs. occupation
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Figure 2 (a) Schematic view of DL periphery partially occupied by captured carriers with geometry used to derive the Coulomb
contribution to the defect level. (b) Deviations between the assumption that captured carriers can redistribute instantaneously along the
dislocation loop (solid line) and the case where they are bound to their site while capture and emission probabilities vary along the
periphery of the defect with the local Coulomb energy contribution (square symbols). The shaded area indicates 15% difference from
the original analytical expression.
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TCAS simulation of a collision cascade Initial distribution of vacancies after Qeq = 1014 cm-2
for a 20 keV PKA after recombination

of close Frenkel pairs:
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—>distribution of vacancies and interstitials approx. straight line
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Assume:
n uniformly spaced point defects on a straight line,

deep acceptor, negatively charged
— Coulomb repulsion

Energy scale: Fcoou = D _ o121 eV /d|nm)]
dmegeg;d

Example: n = 25 (arbitrary), distance between 2 charged defects d =10/20 nm
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Procedure:
- All n defect states occupied = calculate Coulomb energy Ecoul(nt)
- Ea(ny) = Eo - Ecoul(nt) = Emin; fill factor fi=ny/n="1 E(f) y E,
- Carrier with highest energy is emitted - s
Ea(nt'1) =Eo- ECoul(nt'1) ; ft = (nt-1)/n E, A‘Ea; o000 f.=0
- New Ecoufor every left carrier - carrier with highest Ec,, emitted

— Ea(nt'Z)
- Successive calculation of Ec.u(i) until last carrier emitted > Ec,,(1) =0
— Ea(o) =Ep= Emax}ft =0
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Eq(f:) is approximately linear in f: and independent of cluster topology
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Implement E,(f:) in TSC calculation, e.g. for acceptor traps (SRH-statistics):

A d .
TSCurrent: Irse(T) = q0 ce(T) - f(T) @ < Density of defects
2 in all clusters

Emissionrate:  ¢(T) =0, - vipn(T) - No(T') - exp (_ Elj (éit)>
B

1 (7
Fraction of filled states: f:(1') = exp <—/ e(T") dT’) with 5 the heating rate

To
Effective energy: E,(fi)=Ey— AE, - f;

Example: 10

— NAE, =0 meV
- = AE;=5 meV
g4 = -+ AE;=10 meV
- AE; =20 meV

Irsc [PA]

Calculations for

N:=5-+-10"¢cm-3

on=5 1014 cm=2
5 . ) Eo=0.175eV
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Temperature [K] To= 10K
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« Samples: FZ n-type pad diodes of 0.25 cm2 area and 283 pum thickness

« Irradiation: With electrons of 3.5, 6, 15 and 27 MeV kinetic energy

e TSC measurements (Phd thesis R. Radu + R. Radu et al., JAP 117, 164503 (2015)):
- For 15 MeV isochronal annealing for At =30 min at Tann = 80 -280°C, in 20°C steps
- After annealing of 30 min at Tann = 80°C for the other energies

TSC spectra after 30min@80°C TSC spectra after 30min@80°C
12 10
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- Trap filling at T =10 K with forward current - Trap filling at To =10 K with light
= Electrons and holes traps are visible =Only electrons traps are visible

- ltsc normalised to fluence @¢q = 10" cm-2
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Vacancy-oxygen (VO;) defect: Ansatz:
- Acceptor at approx. 70 K - Fit cluster model
- Known to be point-like defect - Free parameters: N, o, AE,

Energy level at Ec- 0.176 eV } from literature - 01/1=1% uncertainty
on % 1.9-10-> cm-2
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Isochronal annealing for 15 MeV and ® = 2.6-10* cm-2
- Fit cluster model for E148, E2053, V,, V3 with energies Eq from literature
- Free parameters are N, oy, AEq
- Additional assumption: Same AE, for E148 and V3 and same AE; for E205a and V;

o .
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ISOCHRONAL ANNEALING

TSC for 15 MeV isochronal annealing
- Annealing out of V3 at 180°C
- Annealing out of E205a at 200°C
- Fit ranges:
- 160 °C: 144 - 185K
- 180 °C: 141-176 K
- 280 °C: 138 -178 K

TSC for 180°C
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TSC for 160°C
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Fit results for trap concentrations and cross sections:

Nt VS Tann On VS Tann
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Model description of fit results for AE; as function of Tann (first order process):

Exponential decrease of AE, at given annealing step (assumes 1st order effect!):
AE,(T,t) = AE(T,0) - exp (—t/Tonn (') with  1/74pn (T) =ko-exp(—Fa/kp-T)
AE,(T;,0) = AE,(T;_,At) with At theisochronal annealing time f

E4 activation energy

= AFE(T;) = AE(T;—1) - exp (—At/Tann (T5)) of cluster annealing

AE, vs Tann Tann VS Tann
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CLUSTER FORMATION
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Electron-energy dependence of cluster formation :

Parametrisation forEc > Esn: AL, = A [1 - P (Ee S Eth)]
Ve

with threshold energy Ein
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o g
SUMMARY RDSO

1. Model within SRH statistics developed, which allows describing point + cluster defects
2.Model applied to TSC data with light injection for pad diodes irradiated by electrons
with E. = 3.5 - 27 MeV where cluster formation is expected for E. 27 MeV
3. Analysis VOi: confirm point defects
4.Analysis region 0.35- 0.5 eV from the conduction band edge, where there are 4
overlapping states:
- evidence for cluster defects
- as function of annealing, change of concentration + dissociation of clusters
5.Assuming a first order effect for modelling the T-dependence of cluster dissociation
indicates significant effects at room T and even at -30°C. However, more work needed.

Thank you for your attention!
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