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Motivation/ Background

• Low gain avalanche detectors (LGAD) are 

hampered by acceptor removal 

phenomenon (ARP) during irradiation.

• Internal gain of detectors disappears

• Acceptor properties (of e.g. boron) lost, 

while dopant atoms remain at their 

positions as observed by SIMS. [1]

• Microscopic understanding of responsible 

defects is not sufficient to provide solutions 

for ARP.

• Indications of meta-stabilities of ARP 

reported [2]
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• Explanation for ARP proposed on basis of ASi-Sii defect 

model [1,2]

• BSi-Sii defect is in ground state configuration found to be a 

donor [3]

• ASi-Sii defects exhibit meta-stable behavior as exemplified 

e.g. for the light-induced degradation (LID)

• Aim: learning from different members of the defect 

category (e.g. acceptors B, In, Tl) using the low 

temperature photoluminescence spectroscopy (LTPL) 

method
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https://arxiv.org/abs/2311.07280


• Case of acceptor indium

• PL signal called P line found to 

follow LID meta-stability [1]

• Similar meta-stabilities observable 

for case of acceptor thallium?

• Two PL signals called A and P line 

known [2]

• ➔ Investigation of thallium doped 

silicon by LTPL
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• A bit off topic: usage of 

ASi-Sii defects as qubit in 

silicon based quantum 

technology possible? 

• These defects have 

comparable promising 

properties [1]

• High excited state lifetime

• InSi-Sii detectable by 

conventional Si-APD

• Splitting in magnetic field

• High nuclear spin for InSi-Sii
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Sample preparation
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Sample preparation

• Thallium implantation into silicon [1]

• Modelled using SRIM [2]

• Rapid thermal process (1000°C, 10s) 

after implantation

• SIMS and 4pp measurements

• Hole concentrations show weak 

dependence on implantation dose

© 2024 CiS Forschungsinstitut für Mikrosensorik GmbH 9

0 50 100 150 200
102

103

104

105

106

n
o

rm
al

iz
ed

 i
o

n
 n

u
m

b
er

 (
at

o
m

s/
cm

3
)/

(a
to

m
s/

cm
2
)

depth [nm]

 200 keV Tl implantation in Si

# implant

energy

[keV]

thallium 

dose

[cm-2]

simulated (SRIM) 

peak thallium 

concentration 

[cm-3]

measured (SIMS) 

peak thallium 

concentration 

[cm-3]

measured 

(4pp) hole 

concentration 

[cm-3]

thickness for 

uniform 

doping [nm]

A 200 1.5E+12 3.6E+17 1.8E+17 1.7E+15 100

B 200 1.5E+13 3.6E+18 9.2E+17 3.3E+15 150

C 200 1.5E+14 3.6E+19 1.5E+19 2.5E+15 200

D 200 1.5E+15 3.6E+20 2.5E+19 2.2E+15 200

[1] K. Lauer, Robin Müller, Katharina Peh, Dirk 

Schulze, Stefan Krischok, Stephanie Reiß, 

Andreas Frank and Thomas Ortlepp, 

‚Investigation of Tl-doped silicon by low

temperature photoluminescence during LID 

treatments‘, accepted physica status solidi A 

(2024)

[2] J.F. Ziegler, M.D. Ziegler, and J.P. Biersack, 

“SRIM – The stopping and range of ions in 

matter (2010),” Nuclear Instruments and 

Methods in Physics Research Section B: Beam 

Interactions with Materials and Atoms 268(11–

12), 1818–1823 (2010).



• SIMS measurements done at CiS [1]

• Dose dependence of profiles visible

• Multiple peaks for highest doses not 

explainable so far
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• Defect generation by quenching procedure [1,2]

• Highest cooling rate without sample destruction leads to largest PL signals
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Photoluminescence measurements in Si:Tl
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• Known PL lines [1] could be 

detected. [2]

• Main PL lines A0
0 and P0

0 

denoted by A and P

• PL spectrum of defect 

appearing after quenching of 

Si:Tl so far not understood.
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Photoluminescence measurements in Si:Tl
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• Left: reversible interchange 

between luminescence from A 

and P line during variation of 

temperature in the cryostat

• For higher temperatures the 

defect resides in the 

configuration responsible for 

the P line

• Right: implantation dose 

dependence of the PL spectra

• PL line intensity decreases with 

increasing thallium 

implantation dose
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Photoluminescence measurements in Si:Tl



Meta-stabilities of PL in Si:Tl (A and P lines)
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Meta-stabilities of PL in Si:Tl (A and P lines)

• Response on LID treatments in 

Si:In found for the P line [1]

• Similar results now found for 

Si:Tl as well [2]

• Investigation of two identical 

Si:Tl samples A_1 and A_3

• No carrier injection by 

illumination into reference 

sample A_3 

• Irreversible and reversible 

changes visible

• After long illumination (B18 and 

B16) A and P line disappear

• Annealing for 10 min at 200°C 

restores both lines
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Meta-stabilities of PL in Si:Tl (P line)

• Detailed view on one LID cycle 

[1]

• P line in Si:Tl disappears 

reversibly after illumination 

(green spectra of sample A_1)

• Due to similarity to observations 

in Si:In, a TlSi-Sii defect could be 

proposed as origin for A and P 

lines in Si:Tl

• Different configurations of TlSi-Sii
could cause A and P line 

luminescence
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Photoluminescence measurements in Si:B
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Photoluminescence measurements in Si:B

• Implantation, quenching and LID 

treatments also applied for case of 

acceptor boron [1]

• New PL line called S line in Si:B found

• S line is also impacted by LID treatments, 

but in a different way compared to Si:In or 

Si:Tl

• Interesting: S line and the T center 

luminescence [2] lie in frame of our 

measurement accuracy at the same energy

• More investigations needed
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Summary

• LGAD suffer from a not well understood acceptor removal phenomenon (ARP)

• One explanation approach is the ASi-Sii defect model

• ➔ Learning on defect properties by exploiting defect similarities of this defect family

• Photoluminescence signals of silicon doped with acceptors indium and thallium are known

• Similar response on LID treatments found for Si:In and Si:Tl

• Luminescence signal in Si:Tl (A and P line) probably caused by a TlSi-Sii defect

• Luminescence signal in Si:B found, which is prone to changes after LID treatments

• Further investigations necessary

• Interesting ASi-Sii defect properties recognized for application in silicon based quantum technology
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