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Color centers in crystals

1

Example : diamond

Breeding et al., Gems & 
Gemology 56, 194-219 (2020)GAILLOU ET AL.: BORON IN NATURAL TYPE IIB BLUE DIAMONDS 5

fiGurE 1. Photographs of some diamonds from this study. (a) The 45.52 ct Hope diamond from the Smithsonian Institution was removed from 
its historic necklace setting for this study (photograph by Chip Clark). (b) The Hope diamond under the ion guns of the ToF SIMS. Notice that the 
analyses were performed on its culet facet; for scale, the thickness of the Hope diamond is 1.2 cm. (c) The 30.62 ct Blue Heart diamond from the 
Smithsonian Institution, removed from its historic ring setting (photograph by Chip Clark). (d) Pendant portion of the Cullinan necklace showing 
its 9 blue diamonds. The 2.60 carat Cullinan Blue diamond is the large, oval blue diamond (photograph by Chip Clark). (e) One of the diamonds 
on loan for this study: the 0.63 ct fancy intense blue CDT F195 diamond. (f) Diamond AB9, an HPHT treated, natural blue diamond.

Gaillou et al., American 
Mineralogist 97, 1-18 (2012)
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Color centers in crystals
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single color center detection
using advanced mycroscopy

techniques

Example : diamond

Breeding et al., Gems & 
Gemology 56, 194-219 (2020)GAILLOU ET AL.: BORON IN NATURAL TYPE IIB BLUE DIAMONDS 5

fiGurE 1. Photographs of some diamonds from this study. (a) The 45.52 ct Hope diamond from the Smithsonian Institution was removed from 
its historic necklace setting for this study (photograph by Chip Clark). (b) The Hope diamond under the ion guns of the ToF SIMS. Notice that the 
analyses were performed on its culet facet; for scale, the thickness of the Hope diamond is 1.2 cm. (c) The 30.62 ct Blue Heart diamond from the 
Smithsonian Institution, removed from its historic ring setting (photograph by Chip Clark). (d) Pendant portion of the Cullinan necklace showing 
its 9 blue diamonds. The 2.60 carat Cullinan Blue diamond is the large, oval blue diamond (photograph by Chip Clark). (e) One of the diamonds 
on loan for this study: the 0.63 ct fancy intense blue CDT F195 diamond. (f) Diamond AB9, an HPHT treated, natural blue diamond.

Gaillou et al., American 
Mineralogist 97, 1-18 (2012)
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impurity 
concentration

~10-9
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Color centers = artificial atoms trapped in the crystal
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Quantum degrees of freedom of single color centers
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The NV center in diamond
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The NV center in diamond
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Gruber et al., 
Science 276
(1997)

Ø 1st isolation at single defect scale

laser

excita/on 
@ 532nm

Nitrogen + Vacancy

single NV 
center

5 µm



5

The NV center in diamond
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@ 637nm

Gruber et al., 
Science 276
(1997)

Ø 1st isolation at single defect scale

laser

excitation 
@ 532nm

Nitrogen + Vacancy

single NV 
center

exceptional spin properties even at room-temperature!

5 µm

coherence time T2 (@300K)~ 2 ms
Naydenov et al., PRB  83 081201 (2011)
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Quantum technologies with the NV center in diamond

Ø Quantum sensing

MW AFM tip

Objective

antenna

NV defect

Magnetic structure

commercial machines since 2010!

Rondin et al., APL 100 (2012)
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Quantum technologies with the NV center in diamond

Ø Quantum sensing Ø Quantum network

MW AFM tip

Objective

antenna

NV defect

Magnetic structure

Rondin et al., APL 100 (2012)

commercial machines since 2010!
10 km

Stolk et al., Sci. Adv. 10 (2024)
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Issue with propagation in optical fibers

strong attenuation 
in optical fibers! telecom bands
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Issue with propaga4on in op4cal fibers

Dréau et al., PRApplied 9 (2018)
Tchebotareva et al., PRL 6 (2019)

➣ 1st strategy: Quantum frequency conversion 

telecom
photon

strong attenuation 
in optical fibers! telecom bands
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Issue with propaga4on in op4cal fibers

Dréau et al., PRApplied 9 (2018)
Tchebotareva et al., PRL 6 (2019)

➣ 1st strategy: Quantum frequency conversion 

telecom
photon

strong attenuation 
in optical fibers! telecom bands

➣ 2nd strategy: color centers emitting
directly in the telecom bands

no telecom color centers in diamond

inves/ga/ng other materials

!
Rogers, Physics Procedia 3 (2010)



From diamond to silicon

DIAMOND

5.5eV

not adapted to large-scale 
industrial nanofabrication

!
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From diamond to silicon
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5.5eV

not adapted to large-scale 
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SILICON?
nanostructured 
silicon wafer
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From diamond to silicon

DIAMOND

5.5eV

not adapted to large-scale 
industrial nanofabrication

!

1.1eV

SILICON
nanostructured 
silicon wafer

30 cm

8

Redjem al., Nat Elec. 3 (2020)

➣ 1st detection of a single
color center: 2020
(@10K)



Single color centers in silicon



First detection of individual color centers in silicon
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Op:cal scan at 10 K

Redjem*, Durand* et al., Nat. Electron. 3 (2020)

carbon-implanted silicon



First detection of individual color centers in silicon

9

Optical scan at 10 K

x

HBT experiment

detec4on coincidence

Redjem*, Durand* et al., Nat. Electron. 3 (2020)

carbon-implanted silicon

single color center?



First detec4on of individual color centers in silicon

9

Optical scan at 10 K

single photon emission
autocorrela:on func:on

antibunching g(2)(0) <0.5

x

HBT experiment

detection coincidence

Redjem*, Durand* et al., Nat. Electron. 3 (2020)

carbon-implanted silicon

single color center



First detec4on of individual color centers in silicon

9

Optical scan at 10 K

single photon emission
autocorrela:on func:on

antibunching g(2)(0) <0.5

x

HBT experiment

detec4on coincidence

Redjem*, Durand* et al., Nat. Electron. 3 (2020)

carbon-implanted silicon

+ telecom emission

zero-phonon line
(ZPL)

single color center
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11 families of individual fluorescent defects in silicon

G: Baron et al., APL 121 (2022);
Hollenbach et al.,Nat. Comm. 10 (2022)

W: Baron et al., ACS Photonics 9 (2022)
T: HigginboEom et. al., Nature 607 (2022)
Er: Gritsch et. al., Op:ca 10 (2023)
Ci: Durand et al., PRL 126 (2021)

Jhuria et al., Nat. Comm. 15 (2024)

➣ well-known color centers from the literature

➣ unidentified defects: G*: Redjem et al., Nat. Electron. 3 (2020)
SD1,SD3-SD6: Durand et al., PRL 126 (2021)

Davies, Physics Reports 176 (1989)

G. Davies, The optical properties of luminescence centres in silicon 85

1. Introduction

Since the mid 1970s there has been a huge increase in our understanding of photoluminescence from
silicon. Applications include non-destructive measurements of the concentrations of shallow donors and
acceptors (see, e.g., ref. [11),and the detection of very low levels of carbon in silicon [2—4]..
Photoluminescence also provides a probe of processes occurring within the silicon (e.g. thermal
diffusion of oxygen atoms [5]) and it can indicate the state of laser annealing of an ion-implanted
sample [61.In addition, basic research is continuing rapidly into the properties of the photoluminescent
centres.

This review outlines the state of work on photoluminescence centres in silicon (viewed from early
1988). It is organised as follows. Relevant properties of pure silicon are given in section 2. In section 3
the usefulness and limitations of different optical techniques are discussed. Section 4 outlines the
properties of some important impurities in silicon. Representative optical centres are treated in detail in
section 5. One major way of generating photoluminescence centres is by radiation damage, and this is
described in section 6. The vibronic properties of the bands (their bandshapes, temperature dependen-
ces and isotope effects) are discussed in section 7. In section 8 we see that data for many centres can be
rationalised by constructing electronic states from the valence and conduction band extrema, We then
bring together data on different centres which form identifiable groups of closely related centres
(section 9). Finally the widths of zero-phonon lines are described for the first time in section 10. The
appendix lists the photoluminescence centres reported in the literature.

Throughout this review it should be remembered that the optical centres discussed are almost always
those which produce sharp line spectra, for these are the spectra whose properties can be measured
most accurately. Unfortunately a large fraction of the luminescence from some samples of silicon is in
the form of broad featureless bands (fig. 1) and almost nothing is known about them.

Rapid developments in studying photoluminescence from silicon began in the mid-1970s. Up to then

856 C1

789 “C”
969 “G”

St
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0.7 0.8 0.9 1.0 1.1 1.2 Pt,otonenergyeV

Fig. 1. Photoluminescence spectrum of float-zone silicon containing 5.4 X 1016 cm
3 carbon atoms, after irradiation at 220 K with 5 x 10’s cm2

2 MeV electrons. The spectrum was recorded at 4.2 K using a Fourier transform spectrometer fitted with a germanium detector; the feature marked
Ge is caused by part of the absorption edge of Ge. Sharp lines at 789, 856 and 969 meV are produced by atomic sized defects (see sections 5.1, 5.2
and 4.1.2). However, the spectrum is dominated by a broad underlying band of unknown origin. (E.C. Lightowlers, private communication 1988)
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Spin control of single color centers in silicon

single Er dopants

Gritsch et al., Nat. Comm. 16 (2025)

T2 ~50 µs
+ single shot readout 

➣ coherent control of the electron spin

Rabi oscillations
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Spin control of single color centers in silicon

single Er dopants

Gritsch et al., Nat. Comm. 16 (2025)

single T centers

T2 ~50 µs
+ single shot readout 

➣ coherent control of the electron spin

Rabi oscillations

➣ coherent control of electron       and nuclear spins

Afzal et al., 
arXiv:2406.01704 (2024)

➣ T2,e ~ 2 ms
T2,n ~ 220 ms

➣ entanglement between
2 nuclear spins

Song et al., Nature Nano. 21, 53 (2026)

➣ entanglement between
2 separated electron spins

Afzal et al., arXiv:2406.01704 (2024)



The G center in silicon



The G-center in silicon
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➣ carbon-related complex

C(s) – Si(i) – C(s)

Donnell et al., Physica B+C 116 (1983)
Udvarhelyi et al., Phys. Rev. Le.. 127 (2021)
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metastable spin triplet
op9cally detectable

Lee et. al., PRL (1982)

telecom emission
ZPL @ 1.28 µm

+
S=0

S=1

S=0

➣ carbon-related complex

C(s) – Si(i) – C(s)

Donnell et al., Physica B+C 116 (1983)
Udvarhelyi et al., Phys. Rev. Lett. 127 (2021)

ZPL

Baron et al., 
APL 121 (2022) 



A reorien4ng defect!
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Donnell et al., Physica B+C 116 (1983)
Udvarhelyi et al., Phys. Rev. Lett. 127 (2021)

Ø motion of the Sii atom between 6 sites



under above bandgap excita<on, the Sii behaves 
like a ball in a 6-slot rouleQe wheel

A reorienting defect!

13

Ø moEon of the Sii atom between 6 sites

Donnell et al., Physica B+C 116 (1983)
Udvarhelyi et al., Phys. Rev. Le.. 127 (2021)

Durand et al., PRX 14 (2024) 

Ø optical signature of the Sii
motion on single G centers 
in SOI samples

laser
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Controlling the G center emission with integration

Ø strain tuning in a MEMS cantilever

single G

Buzzi et al., 
Nat. Comm. 16 (2025)

G ensemble 
Ø Stark tuning in p-i-n junction

Day et al., 
Nat. Comm. 15 (2024)
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Controlling the G center emission with integration

Ø G center integration
in photonic cavities

Lefaucher et al, APL 
122 (2023)

Saggio et al, Nat. 
Comm. 15 (2024)

Ma et al., ACS Photonics 
12(2025)

Komza et al., Nat. Comm. 15 (2024)

G ensemble single G single G

single G

NA: 0.85

n = 3.5

Obj.

αcritic = 14°

<2% of photons 
collected

Ø strain tuning in a MEMS can/lever

single G

Buzzi et al., 
Nat. Comm. 16 (2025)

G ensemble 
Ø Stark tuning in p-i-n junc/on

Day et al., 
Nat. Comm. 15 (2024)
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Single G center integration in cavities

Jean-
Michel
Gérard

Yoann 
Baron

Baptiste
Lefaucher

Jean-
BapFste
Jager

Ø circular Bragg gra<ng cavity
sample simul. &
fabrication
@Leti & Pheliqs

1µm
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Single G center integra4on in cavi4es

Jean-
Michel
Gérard

Yoann 
Baron

BapFste
Lefaucher

Jean-
BapFste
Jager

Ø circular Bragg grating cavity

% of photons collected
in the ZPL: 94%

in unparterned SOI
Durand et al., PRB 110 (2024) 

x100 in ZPL counts

>260kcounts/s

sample simul. &
fabrica4on
@Le4 & Pheliqs

Ø high-purity single photon emission

! ! 0 = 0.02 ± 0.01

raw
data

1µm



Electron spin control of single G centers
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Optical detection of magnetic resonance on single G centers
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Ĥ0 = DŜ2
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Op4cal detec4on of magne4c resonance on single G centers
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�ms = ±1Ø 2 spin transi+ons 
1st ODMR on a single G center |D| = 1205 ± 1 GHz 

E = 516 ± 1 GHz 
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Coherent manipula4on of a single G center

first coherent control of 
the G center electron spin

 5 µs  5 µs  Laser
 init.  MW  Laser

 init.

ØRabi oscillations on a single G in silicon
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Ramsey spectroscopy on a single G center

Ø Ramsey fringes or free-induction decay

<latexit sha1_base64="zdzrAsSgUZUE6Yju5Ng/rLaz5GY="></latexit>
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Ramsey spectroscopy on a single G center

Ø Ramsey fringes or free-induction decay

 Laser
 init.

 Laser
 init.
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coherence times:

mul=ple spin transi=ons! 
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Fine spin structure

Ramsey spectroscopy

 a

 b

  c  5 µs  5 µs  Laser
 init.  MW  Laser

 init.

 Laser
 init.

 Laser
 init.

! MW power 
broadening ! Dréau et al., PRB 84 (2011)

ODMR spectra
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Fine spin structure

Ramsey spectroscopy
High-resolution ODMR spectra
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Fine spin structure

Ramsey spectroscopy
High-resolution ODMR spectra

hyperfine coupling to nuclear spins?
29Si or 13C (both I = 1/2)

Fine 
structure 
origine?

 a

 b

  c  5 µs  5 µs  Laser
 init.  MW  Laser

 init.

 Laser
 init.

 Laser
 init.

(-> no hyperfine splitting at B = 0) Lee et al., Nat. Nano 8 (2013)
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Transition-selective Rabi oscillations

High-resolution ODMR spectra

selective Rabi

oscillations
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Transition-selective Rabi oscillations

High-resolution ODMR spectra

selec:ve Rabi

oscilla:ons

selec:ve Rabioscilla:ons

different Rabi 
frequencies!!
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Transition-selective Rabi oscillations

High-resolu:on ODMR spectra

electron spin tumbling

<latexit sha1_base64="eVSmaI2newayBu8AsgNSBlmwQGw="></latexit>

⌦± = |h0|� �eBMW · Ŝ|±i|

selective Rabi

oscillations

selec:ve Rabioscilla:ons

different Rabi 
frequencies!!



Conclusion & outlook
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Conclusion for G center spin control

Ø high-purity single photon emission from a single G
Ø ODMR of an individual G center

Ø G electron spin coherent control

Ø single spin tumbling
Cache et al., arXiv:2510.15590 (2025)
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Outloook for the G center in silicon

GS

 PL 

ES

MS Ønuclear spin control?

electron-spin free GS -> extra long nuclear spin T2

4h for ionized donors in 28Si: Saeedi et al., Science 342 (2013)

29Si 13C
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GS

 PL 

ES

MS Ønuclear spin control?

electron-spin free GS -> extra long nuclear spin T2

4h for ionized donors in 28Si: Saeedi et al., Science 342 (2013)

29Si 13C

Ø spin tumbling control? 
above bandgap excita:on

resonant excita:on

« casino roulette » dynamics

spin orientation locking?

Outloook for the G center in silicon

Durand et al., PRX 14 (2024) 
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GS

 PL 

ES

MS Ønuclear spin control?

electron-spin free GS -> extra long nuclear spin T2

4h for ionized donors in 28Si: Saeedi et al., Science 342 (2013)

29Si 13C

strain engineering• delocalized rota<onal states ?

• top- or rotor-like dynamics temperature

Ø spin to inves9gate the G rota9on?

Outloook for the G center in silicon

Ø spin tumbling control? 
above bandgap excitation

resonant excitation

« casino rouleQe » dynamics

spin orientation locking?
Durand et al., PRX 14 (2024) 

Udvarhelyi et al., Phys. Rev. Le<. 127 (2021)

Donnell et al., Physica B+C 116 (1983)
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Enhancing the emission of single W centers
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Ø the W center in silicon

Baron*, Durand* et al., 
ACS Photonics 9 (2022)
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Ø integration of single W centers in CBG cavities
with deterministic positioning
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Enhancing the emission of single W centers

Jean-
Michel
Gérard

Yoann 
Baron

Baptiste
Lefaucher

Jean-
Baptiste
Jager

Le4 & 
Pheliqs

Lefaucher et al., arXiv:2501.12744 (2025)

b

Isat = 1.29±0.01 Mcps

1.3Mcounts/s from
a single W center
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Controlling the optical interface of color centers in silicon
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The next challenge: long-term indistinguishable photon emission !

! solid-state emi[ers -> spectral diffusion, dephasing, inhomogeneous sta/c environment

Ø HOM on a single integrated G center

Komza et al., Nat. Comm. 15 (2024)

Ø spectral wandering on a single integrated T center

Zhang et al., PRX Quantum. 6 (2025)

integration degrades 
the optical coherence!

Bowness et al., PRX Quantum 6 (2025)
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