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OUTLINE

Types of photoluminescence (PL) in semiconductors.
Basic concepts: Excitons, shallow and deep defects, intrinsic and extrinsic defects, radiative and non-

radiative recombination.

Photoluminescence from shallow and deep defects.

The Photoluminescence Excitation (PLE) and Optically Detected Magnetic Resonance (ODMR) technigues.
Examples of PL and ODMR spectra for some defects in SiC. Photoluminescence quenching and charge
state stability.

Single defects: creation, instrumentation and methods for their detection.

Polarization selection rules



tp sot ot et b e pelned e E T R o 4 e T E 1T et -
r = Tinsedelrenad Rt T B R e itd et T T o Rt S et
Y .v.-v‘l».?.‘—) |'M||"~.A; 1oy -) |'M||ﬂn.lx }.-‘lf?.v-)
HAariraiins 25386 HAanrirafins 25384 HAnrirafins
: : :

D

S sl RS |
“._. ’ uas )
s5id (3514

— i W~ L B
LS T ST LS TSI

- 3 -

s\ 15 2 AR

CONDUCTION BAND
VALENCE BAND

Below bandgap excitation

TE5E" 1% :
sHES {351
g e 2 hg s 4 =g
-4 - " -~
il - M-wn..u, .-M.-v
Si4 > TTRUTS

binat

recom

-

fomdd--™
gt e = s
- - -w
M'nu.a. s 5

TR0

- il

o
TR

tation and

Y
e N

4

J...l. ‘r oe ‘o

|
e

XCi

U

18 18 4
¢
4
2 LES feowmdu
R ERE e te e 4=
D .n:‘d.-\.&l
.= 10 ) R g -
TEROTS T=b 0N

gl Ld
' '
1 i N . i N
It I
} :
TEFE" 1 .
; ¢
-q fomdd-:-"
P RRE P R e
é.“. - .-
— - M M|.W~—.A. g4
LY S ST | LY TS

- Ir s J...Q.Ir or
!

it &1L Lt

1 «._ui. 3

1EF 9" Bis _

i b | doiiud

A &AL 2
PTe Lctadalo s

Attt By B



Excitation and recombination: Direct and indirect bandgaps

Direct bandgap Indirect bandgap
E(k) E(k)
A A
CB 7 CB
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Energy conservation: ho,, .- A€, = E,+E,>E,, or
Energy conservation: ho,, =E.+E, > E, ho, > E, + hQ.
exc g p

Momentum conservation: k_=k.+ k,~0 Momentum conservation: k= K, - k. + k,= 0
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Basic concepts

Exciton
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Similar to the H-atom, except

e the masses of the two particles are similar;
* the Coulomb potential is expressed by e?/<R, instead of e?/R

» aseries of excited states are expected, similar to the H-atom:

E=—,/n% n=1,2,3,..

n

E,.to= —Eo/N?+ h?k?/2(m +m,)

Excitonic and electronic bandgap
Direct bandgap Indirect bandgap
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» the kinetic energy of the translational motion has to be accounted for:



Basic concepts

Indirect bandgap

PL spectrum of cubic SiC
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PL intensity (arb. units)

Inequivalent lattice sites . Bound exciton emission (N-BE)

Energy (meV)
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Energy (meV)
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- Donor-acceptor pair luminescence

VALENCE BAND

hlwp =E, —E,—E,+e?/eR+J(R)

J(R) > 0when R — o

— Model the DAP spectrum with J(R) =0

Remote pairs

Close pairs
0000
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INTENSITY (CPS)

Donor-acceptor pair luminescence
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Photoluminescence from deep-level point defects

Characteristic features of deep-level defects
 “Deep level” means that the ground state (GS) is well separated in energy from the band edges.

* The excited state (ES) also is in the bandgap well separated from the band edges — wide bandgap
semiconductors.

* The transition between the GS and the ES can be radiative or non-radiative. In many defects this transition
can be considered as internal between two states (ES and GS) of the defect instead of recombination of an
exciton bound to the defect.

* “Internal-to-the-defect” states means they are associated with the electronic structure of the defect. For
impurity atoms, these states are often atomic levels split by the crystal field.

» Defects with spin and optical transitions are of interest for the quantum electronics (quantum technology).

* Each point defects has its own physics (in terms of mechanisms for excitation/recombination).
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Properties of the NV- center and the divacancy in 4H-SiC: Electronic structure
(for the axial configurations, analogical to the electronic structure of NV- centre in diamond)
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are indicated, along with their energies.

Fig. 4. Configuration-coordinate diagrams for spin-conserving triplet exci-
tation. Excitation cycles for (A) the NV-' center in diamond and (B) the
NCV;1 center in SiC are shown. Absorption, emission, and ZPL transitions
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Properties of the divacancy in 4H-SiC: Electronic structure
(for the axial configurations, analogical to the electronic structure of NV~ centre in diamond)
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J.R. Maze, A. Gali et al., New J. Phys. 13, 025025 (2011) (diamond).
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Example: The divacancy in 4H-SiC

EPR identification:
Son et al., Phys. Rev. Lett. 96, 055501 (2006)

Gali et al., Mater. Sci. Forum 645-648, 395
(2010)

Baranov et al., Phys. Rev. B 83, 125203 (2011)

Christle et al., Nat. Mat. 14, 160 (2015)

PL identification:
Koehl et al., Nature 479, 84 (2011)
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Normalized PL Intensity
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hexc=1000 nm
Pq=30 mW
Po~ 145 mW

— experiment

L | 1 1 L L | 1 1 L L |
1000 1500 2000
Time (s)

PL quenching

Energy (meV)

12l4o 12'60 12'80 13'00 13'20 13'40 13'60 13'80 VSi VV VC N_V N ’ B A
Sample #1 (S 4H-SiC PL1 m—Th e
TTAsK 4 o -zN

. PLE 1.2815 eV . E (0/-) 29 5
z (23— N Y
5 (—/2-) =25 L (/2-)
o <
& a2l
%‘ 1.3215eV PL3 o = %
5 T rg—2 =
E 1.5 =
< (0/-) 5
: oA
g (+/O)T>

PL4 § - 06 B

v L . y - L All energies are approximate (in eV)

L 980 960 940 920 900 with respect to the VB edge.

Wavelength (nm) VB 0
PL Line PL1-PL2 PL3 PL4
Threshold energy (eV):
Experimental 1.3105 1.3215 | 1.2815
Theoretical 1.245,1.209 | 1.307 1.174

16



Quenching mechanism

Model: Capture of electrons emitted from other traps

B. Magnusson et al., Phys. Rev. B 98, 195202 (2018)
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The ODMR principle (Optically Detected Magnetic Resonance)

ODMR of PL1 — PL6
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From: Koehl et al., Nature 479, 84 (2011).

ODMR: - the one transition is "brighter” than the other; hence dip (or peak) when the MW
pulse is resonant with the energy between the spin sublevels of the GS.



Basics of the photoluminescence
excitation spectroscopy (PLE)

—

Tuneable laser —_

i

K } Defect level (excited states)

PL

Benefits:

GS

e Helps in investigating excited states at low T

e Helps to “sort out” excited states belonging to different defects
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Confocal microscopy for single defect studies

Single photon detector or spectrometer Single divacancy V.V emitters in 4H-SiC
[
NS e A | | . T=20K
LenS 50 i - -, 2500 _
- g ool Single divacancy in 4H-SiC
Filter =
125 . o % "E)
Pinhole - "o H MWMWWMWMW
S 1125 11|75 122|5 12%5 132|5 1375
Single Vg~ emitters in 4H-SiC Wavelength (nm)
Confocal PL scan PL spectrum of a single V.V ° emitter
P cVsi

Photon antibunching (with the
second-order correlation function
g%(t=0) < 0.5 is an indication of a
single emitter

Dichroic mirror

Objective

~<—Focal plane Photon antibunching D.J. Christle et al., Nat. Mater. 14, 160 (2015)

(Hanbury Brown and Twiss interferometer)
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Example 2: Si vacancies in 4H-SiC

Spin qubit investigated

Y
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Intensity (a.u.)

Spectral diffusion: Variations of the ZPL position due to interaction with environment

Single PLE scan

One-hour line position fluctuations
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Babin et al., Nat. Mater. 21, 67 (2022).
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Selection rules in PL, PLE, and in the excitation

The divacancy lines have certain polarizations with respect to the crystal axis (e.g., in 4H-SiC)

4H-SIC, T=5K
1000 1000
—_— (a) PL1 1Lc —_— (b) pL3 (e
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o 800 PL2 oL O 800-
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Properties of the divacancy in 4H-SiC: Excitation selection rules

D. Shafizadeh, ..., I.G. lvanov, Phys. Rev. B 109, 235203 (2024).
Selective excitation of PL3 alone is possible with laser with E, | | c
polarization and energy between PL3 and PL4.

PL Intensity (arb. unit)
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PL Intensity (linear units)

Vanadium (V) in SiC polytypes

Photon Energy (meV)
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Vanadium in 3C-SiC

2T, CB . CB - CB
> e —
- Rydberg
= series
e
2F b \ 4+ PL
h h
*VS'F V5+
5
V¥ + hy > V°F +e Exciton capture
> and recombination

Coulomb center + free e

Exciton with strongly bound h
and Coulombically bound e

The neutral V has spin S = 1/2.

Its usefulness for QT applications in
4H-SiC has been demonstrated

[P. Cilibrizzi et al., Nat. Commun. 14,
8448 (2023)].

Can the defect in 3C-SiC be used in

QT when it is a bound exciton instead
of intra-atomic transition?
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