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RD50 - Acceptor removal project

Dedicated defect and material characterization experiment

e pursue the “acceptor removal project” to understand defect
kinetics mechanisms;

e measure the ratio of point to cluster defects for various
particle irradiations;

e compare microscopic defect formation to macroscopic
effects on silicon sensors
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Microscopic Damage: N ./ <Pneq

C-DLTS

See previous talk by Anja Himmerlich

TSC

 C—

I-DLTS TS-Cap

See next talk by Chuan Liao

I-DLTS looks into the current transient by carrier emission in a time scale of milliseconds (TSC - seconds, different filling procedure). TSC and I-DLTS can
be complementary to each other by means of defect identification. Both - current-based microscopic defect analysis methods.
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Find the microscopic origin of the macro effects of radiation damage such as /__,, trapping and doping
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Defect kinetics and stability

Simplification

n-type silicon

42K 140K

+ | + | |

100 200 300 400 500 600 700

Temperature (K)

Burdens:
Reaction is not
complete

Not electrically
active

Several levels
bistability
negative-U

PF

T-dependent CCS

B and C competing for interstitials
High p Si: 0> C> B leading to the production

of mainly C.O,

‘Reality’
I reactions V reactions C; reactions
I+C,— C; V+V -V, C,+C, - CC
I+CC—-CCI V+Vo—Vs C;+0,— CO
I1+CCI—CCII V+0O—->VO
I+CO — COI V+VO — V5,0
I+COI — COII
I+V,—V
I+VO -0
VP+1— P V4+P—->VP
Va0 + 1 — V50 Vo0 +V — V30
VOy+1 — O, V+0;, - VO,
‘/202+I—>V02 V‘|‘V02—)‘/202
I+0;— 10, V+Y ->VY
VY +1-Y V4+VY - WY
V+1— Si

Defect kinetics according to the Davies Model [Dav87] (first part). MacEvoy
extension [Mac95] (second part). Oxygen dimer extension [Kra03] (third part).
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Initial impurity content

. SR (a) and SIMS (b): ITME and ITE, Warsaw, Poland

[B] content could be detected by SIMS only in EPI diodes with p <50 Q- cm

Similar C content in EPI and CZ material ~1.3-10'® cm™, for FZ ~10"® cm™

. LA-ICP-MS: NIMP, Bucharest-Magurele, Romania

Stefan Neatu et al., 37th RD50 Workshop, 2020
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https://indico.cern.ch/event/896954/contributions/4106329/attachments/2145108/3615832/NIMP_37th%20RD50%20Workshop.pdf
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least 11 in total;

Arrhenius in one T-scan

Separate type of carriers

Amplitude of transient is
T-dependent
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Separate type of carriers

Limitation: NT<<NS
Carrier freeze-out
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Optimal I-DLTS conditions for irradiated high-resistivity material: g (T @
- RS PRD50 o

W i i - 300 100
I-DLTS: Ug=-100V, T ,=10ms, tp—1 Oms " e - e AT TGVATA
—_ evel T Ey sigma N T Hp ‘{R 2'5“_'"3__
I C‘O.O/+ az> 1 - .59E+00| 1.28E+0. (Zﬁ;ﬁagmtzgr?n’\eﬂael\e/deleamn
1 1 ;- 65k 2 3.43E+00 1lip2°524 EPI1269
1.0E-09 3 3 |loaeses 20/04/2021
— Up=+1.5V, Ug=-100V stable up to 350K : Typeed p-Si
5 : Areaic = 6.93E-02 cm?
il Up=+2V, UR=-100V N T — Nociid 7.95E+12 cm™®
7| 0.096|2 .80E+10 1.262+04||8poss2g] 10.00 ms
8 OE 10 4.22E+10| 4.40E+10| 1.42E+00| 1.25E+03 fg@Q?éS- 10105000 x
: - — Up - =-1.
—~ 55+ L o
< { ~11 levels in total
3 6.0E-10 ]
S o
7)) l 20 40 60
= 1000/T [1/K] —
M 4.0E-10 1 o
()] 260 220 180 160 140
il ! 1 S —— Si;ma —— A‘_ —fReme 2 @A00v_o-11.ATA
g 62l 9 :’).2‘75 2.21E-15 9.592+é9 .OOE‘—IO l418E+},\0 ‘_.25E+-D Mzgr?n’\::l\édelec"on
20E_10 - 5 1@ | 0.359[1.80E-15[1. 1[1.50E+11|7 d EPl1269
1 E 18 | 0.479)2.64E-14[1.91& 2.00E+10 H 20/04/2021
£ = p-Si
4 = 6.93E-02 cm?
= 7.95E+12 cm™
567 = 10.00 ms
l = 100.00 V
0.0E+00 = 150 V
T l T l T l T l T l L] 54| |
0 50 100 150 200 250
Temperature (K)
CIS16-EPI-12-50-DS-69 (1 kQcm) , L 3
-- 200 MeV electrons, 1.2E+12 neq/cm 1000/T [1/K] —

Yana Gurimskaya, 38th RD50 online Workshop, 21 June 2021



CIS16-EPI-12-50-DS-69 (1 kQcm) Annealing behaviour of macroscopic properties R (90050 (§
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CIS16-EPI-12-50-DS-69 (1 kQcm)
-- 200 MeV electrons, 1.2E+12 neq/cm2
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https://aip.scitation.org/doi/pdf/10.1063/1.5010965

Injection dependence in I-DLTS spectra
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p-Si pad diodes, 200 MeV electron irradiation

I-DLTS signal (A)
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250 Qcm pad diodes - different irradiation

I-DLTS: Ug=-100V, UP=+1.5V, t =10ms, T,,=20ms
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Introduction rates of 2 defects of main interest - B.0. and C.O,
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Summary

e |t has been shown that I-DLTS is sensitive technique for surveying deep and shallow levels able to
discover traps that have been overlooked in C-DLTS and TSC; but it has some limitations

e We shall certainly add I-DLTS to the measurements protocol especially for high resistivity devices and
high fluence irradiations when C-DLTS is not possible

e Optical injection should be implemented to overcome the drawback of uncertainties in traditional
voltage pulse filling with forward bias /_, in both I-DLTS and TSC

e Optimal filling conditions at the saturation for defect levels with a special attention to B.O, C.O. and
X-defect are the key for a success measurements campagne

Thank you!
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I-DLTS signal [b1] (A)

Comparison of I-DLTS for unirradiated and e-irradiated 250 ohm.cm EPI diodes
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b, [nA] =

Arrhenius for X-defect and BiOi in 50 ohm.cm EPI diode
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. |I-DLTS spectrum is obtained from transients measured at different temperatures

I-DLTS Correlator functions > Arrhenius
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Acceptor removal coefficient c

Ng = Npg exp(—c4P)

As reported in literature + our data (different measurements techniques used, different devices, different Si
material ([C], [O], [B]) — strong scattering of the data

[T T T T T T T T T oo T T rrrre T T T T ]
faster 5 i & Wafer - FZ - neutron irradiated i
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https://inspirehep.net/literature/1653449

. = CERN \‘w’/
Acceptor removal: reminder (@ ZRD50

Radiation induced removal of B_ from the substitutional lattice site, its deactivation as a shallow dopant
leading to the change of V, and N_, on the macroscopic level

Originated from B.O. complex formation on the microscopic level

o Most typical radiation induced reaction:

" Conduction Band . Conduction Band
C

donor

Si+B_,—B, | Radiation damage B,+0,~B,0,

Ev

acceptor

= ™ Valence Band

UNIVERSITE

DE GENEVE

FACULTE DES SCIENCES

B.O. - donor in the upper part of E (contributes with ‘+’ space charge)
For every removed Boron an acceptor is erased and a donor is created (factor of 2! in space charge)
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Possible defect kinetics in Si:

Assumption: [O] > [B], [C]

e Boron can be removed by the reactions:

V+B_,—~VB (anneals out @T~0°C) - no role to play
I+B,—B,—B+0,~B0,
B, - highly reactive!

° Sii are shared between Bs & Cs

Concurrent reaction channel: [+C_—~C.—»C+0,—»CO,
(Increasing C_ will protect B_ from removal)

e Vs :V+O,—VO, (remains more Si. available)

GO,

reminder \()| Iraversing particle
o\e ol0o o
a) 0O 0@,
) g @ V. @ o d ®
. - Silicon atom in the crystal pattern 0 st % 0 4
0 Interstitial Silicon atom ‘ . ‘ 'Y’ . .
;“[, - Sili . ¥ O'/// 48
. ‘()\.\‘;I:::uil:ll‘p‘:l::l:‘ulmn . . .,‘ ‘ / Vv\‘ .
. - Carbon impurity atom o ‘ . & ‘ :
. Boron — dopant atom l""( )1 7 . . . v .
oo \0 e o\ o
CC,

V,
Competing reactions with Si, involving B, C and O

p-type silicon

*Watkins, G.D., Lattice defects in semiconductors, 1974

« Initial Boron removal rate
(i.e. rate of BiOi formation at low fluence):

kic[C]
kg [Bs]

5

9B = 9Igioi * i (1 r

« Generation of interstitials (outside clusters):

« Sharing of interstitials between Bs and Cs:
« [CJ=1-5%10""cm?

O S
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https://inis.iaea.org/search/search.aspx?orig_q=author:%22Watkins,%20G.D.%22

Macroscopic Damage: N

CERN
\
Z./

eff

N, extracted from CV measurements (10 kHZ, -20C)
can be affected by errors for lower and higher irradiated sensors!

Assumptions:

-N =const throughout the bulk

-V, is a valid parameter for evaluation of N_,,

5_‘ T T I B T T [T [Sy— . — e
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S0 5 0% s 5o SRR R v
_ -2
CDeq [cm 2] D [cm™]

Samples initially differing by more than 2 orders of magnitude in resistivity behave very similar after very high radiation levels

Very complex behavior after proton irradiation (“type inversion” < TCT measurements)

Parameterization of the data gives ¢ - “removal coefficient” for each resistivity

S

\‘"/

vl ZIRD50

Neff((DE(Z) = Neff,O ; exp(—c@eq) £ gccbeq
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M.Moll et al., Characterization of radiation induced acceptor removal in

boron doped epitaxial silicon pad diodes (to be published)
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https://indico.cern.ch/event/663851/contributions/2788203/attachments/1561091/2458713/Acceptor_removal_in_silicon_pad_diodes_with_different_resistivities_RD50.pdf

