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Spin defects in semiconductors for quantum technologies



The Nitrogen-Vacancy center in diamond
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➣ 1st isolation of single NV-centers in 1997
Gruber et al., Science 276 (1997)

➣ investigated for many quantum applications
- quantum sensing @300K
- quantum communication networks

DIAMOND

NV-center

red photon
(637nm) !
strong attenuation 
in optical fibers !

-> km-scale entanglement distribution

Hensen et al., Nature 526 (2015)
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microelectronics, they can nevertheless act as natural quan-
tum resources with atomic-scale dimensions, capable of being 
integrated into the traditional microelectronic structures that 
have revolutionized our world once already.  2 

 We illustrate this point by fi rst discussing the prototypical 
example of a point-defect quantum state: the nitrogen-vacancy 
(NV) center in diamond. We explain how the combined 
spin of electrons bound to this point defect can serve as 
an exceptionally robust quantum-mechanical state that can be 
individually manipulated at room temperature, with great pre-
cision, using a combination of optical and microwave excita-
tion. These exceptional properties have led to some exciting 
proof-of-concept implementations of quantum optoelectronic 
technologies. 

 We then explain how the desire for native integration of 
these defects into sophisticated semiconductor device struc-
tures leads naturally to a need for additional species of point 
defects that have NV-like properties but are found within 
alternative semiconductor hosts. We show how fi rst-principles 
computational techniques can be used to purposefully guide 
this effort, through detailed predictions of the electronic, mag-
netic, and optical properties of candidate defect species and 
their hosts. 

 Finally, we discuss recent work with point defects in silicon 
carbide (SiC) that demonstrates the opportunities available to a 
successful collaboration among experiment, theory, and com-
putation. As a specifi c example, these efforts in SiC illustrate 
beautifully how the development of new point-defect-based 
quantum systems can broaden possibilities for semiconductor 
device integration and provide potential new ranges of quantum 
functionality.   

 The incredible robustness of diamond-based 
spins 
 A major challenge in engineering quantum information technolo-
gies is to develop materials that contain quantum 
states that are both robust and easily controlled. 
Consequently, a wide variety of systems have 
been explored for this purpose over the past 
two decades. Superconductors,  3   liquids,  4   trapped 
atoms and ions,  5 , 6   semiconductors,  7   and ion-
doped insulators  8   are all materials systems 
that have been pursued for use as the basic unit 
of quantum information, a two-level system 
known as a quantum bit, or “qubit.” However, 
successful qubit candidates are more commonly 
the exception than the norm. Most arrangements 
of matter interact so strongly with their envi-
ronments that any quantum state generated by 
an outside observer decays quickly. The need 
for quantum materials development is there-
fore ongoing. 

 Deep centers are point defects in a semicon-
ductor or insulating crystal that bind electrons 
to an extremely localized region immediately 

surrounding the defect. This region is typically on the order of 
a single lattice constant, so that, in many ways, a deep center 
can be thought of as an atom- or molecule-like state trapped at 
a particular site inside a crystal. 

 This characteristic quality leads to several electronic proper-
ties that make deep centers natural candidates for use as solid-
state qubits. First, by being so tightly confi ned, the electrons 
bound to a deep center are often well isolated from their sur-
rounding environment. Second, many deep centers exhibit a 
nonzero spin magnetic moment in the ground state. Because 
spin is an inherently quantum-mechanical property, it can be 
used in a straightforward fashion as a qubit state. Finally, in 
analogy to an atom, many deep centers can be optically pumped 
into energetically excited states. In some cases, these optical 
transitions couple directly with the spin of the defect, allowing 
it to be manipulated through selective application of light.  2 

 The vast majority of deep centers exhibit only some limited 
combination of these properties. However, a deep center in 
diamond known as the NV center exhibits them all. The spin 
of a diamond NV defect can be optically polarized, manipulated 
with microwaves, and optically measured in an on-demand 
fashion at the single-defect level.  9   Furthermore, this defect 
exhibits exceptionally long spin coherence times, extending 
into the millisecond range for defects found in isotopically 
purifi ed materials.  10 

 As its name suggests, the diamond NV center is a defect 
complex composed of a nitrogen impurity adjacent to a miss-
ing carbon atom in the diamond lattice. A simplifi ed schematic 
of the center’s electronic structure can be seen in   Figure 1  a. 
As shown in the fi gure, the defect exhibits a ground-state spin 
triplet ( 3 A 2 ), an excited-state spin triplet ( 3 E), and a metastable 
spin singlet ( 1 A 1 ). At zero magnetic fi eld, the  mS  = 0 and 
mS  = ±1 states of the spin-1 ground state are split by an energy 
of 2.88 GHz. This splitting can be tuned through the Zeeman 
interaction using an external magnetic fi eld.     

  

 Figure 1.      (a) Simplifi ed schematic of the diamond nitrogen-vacancy center optical 
polarization cycle. A spin-conserving optical excitation exists between the ground ( 3 A 2 ) and 
excited ( 3 E) state triplets. A nonradiative decay path between the  m  S  = ±1 spin sublevels 
of the excited state to the metastable spin singlet ( 1 A 1 ) polarizes the defect into the  m  S  = 0 
sublevel of the ground state. (b) Comparison between typical sizes of an electronic-grade 
diamond substrate (shown in tweezers) and SiC substrate (six-inch-diameter wafer in the 
background). (a) Reproduced with permission from Reference 2. © 2010 National Academy 
of Sciences.    
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➣ single spin defects in SiC
Christle et al., Nat. Mat. 14 (2015)
Widmann et al., Nat. Mat. 14 (2015)

Koehl et al., MRS Bull.. 40 (2015)
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Fluorescent defects in silicon
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➣ > 100 luminescent defects referenced 
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
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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 ofGe. 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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Fig. 45. Photoluminescence from float-zone silicon with [C]= 9.7 x 10’s cm
3 after irradiation at 200 K with 2 x 1017 cm2 2 MeV electrons and

annealing at 325 K for 3 hours. Note the absence of the lines discussed in section 9.1. (E,C. Lightowlers, private communication 1988). Feature “A”
is the transverse acoustic X point phonon, with quantum 19.06 ±0.05 meV.

5.2.1. Formation
The centre is produced by combining a mobile interstitial carbon atom C(i) with a static substitution-

al carbon atom C(s), section 6.4. The C(i) may originate from radiation damage, when a silicon
interstitial displaces a C(s) atom (section 6.4); or by injection of a C(i) atom from outside the crystal,
e.g. from a CF

4 plasma [4]. Either way the C(i) atom is appreciably mobile at T ~ 300 K (section 4.1.2)
and may be captured by a C(s) atom. However, the 969 meV centre is not formed immediately upon
capture. Figure 46 shows the decay of the C(i) atoms during annealing, and the “delayed growth” of
the 969 meV band. Similar data are given in ref. [122].The immediate product of trapping C(i) at C(s)
is evidently an intermediate species denoted (CC) here which evolves to the 969 meV centre by an
atomic rearrangement,

C(i) + C(s)—~(CC), (CC)—~(969 meV), (64)

If the C(i) atoms are trapped predominantly by a large concentration of C(s) atoms, as can be arranged
in lightly irradiated float-zone silicon in which the dominant impurity is carbon, the concentration [C(i)]
of C(i) atoms decreases with anneal time t as

[C(i)] = [C(i)0] exp(— f/Ta) ‘ (65)

where the decay time Ta has been shown to be inversely proportional to [C(s)] [129].The growth of the
969 meV centres follows

Davies, Phys. rep.  
176 (1989)
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Experimental setup

6

above gap
optical excitation

CB

VB

1.
17

 e
V

ex
ci

ta
tio

n

PL

➣ Low-temperature confocal microscope optimized for NIR detection

He-closed 
cryostat

fiber-coupled single-
photon detectors 

sample & objective 
in vacuum chamber

above bandgap 
excitation 

(532nm, 975nm)



Sample engineering
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commercial SOI wafer

C-implantation at 5x1013/cm2

flash annealing (20s @ 1000°C)

Si (220 nm)
SiO2 (few µm)

Bulk Si (1 mm)

C-implantation (36 keV)

Beaufils et al., PRB 97 (2018)

H+ irradiation

➣ C+H => Dense ensembles of G-centers



Single G-centers in silicon
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Optical scan at 10 K

emission in the 
telecom O-band

single emitter in silicon

autocorrelation function

antibunching g(2)(0)<0.5

x
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Many single defects in silicon...

Optical scan at 10 K

120 µm



Detecting new fluorescent defects in silicon?
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6 new families of 
single emitters

interstitial carbon ?

➣ unidentified
defects
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Conclusion

Wedjem*, Durand* et al., 
Nature Electr. 3 (2020)

Durand et al., PRL 126 (2021)

G-center
SD-1 to SD-6

and 875 meV D1 and D2’ dislocation features. Irradiation
with 1014 cm−2 protons destroys the emission from the phos-
phorus !Fig. 4". Since the concentration of the phosphorus
atoms, #P$%1012 cm−3, is much lower than the background
level of oxygen, the phosphorus is unlikely to capture vacan-
cies, and the removal of the luminescence originating at the
phosphorus is a result of charge transfer to the radiation de-
fects. However, the damage centers have concentrations or-
ders of magnitude larger than #P$, Secs. III and IV, and so we
can ignore the effect on the damage centers of transfering the
charge.

A. Sharp-line luminescence spectra

We recall that a mobile monovacancy !V" will be trapped
at an Oi atom, giving an A center, which is stable to
%600 K.18 The A center then moves to give VO+O→VV2
which is stable to 750 K. The great majority of the V’s are
stored in these VOi and VO2 centers to 750 K. Then, with
some loss of V’s elsewhere, VO3 is produced through the
motion of a highly mobile form of VO2.32 All these centers
are nonluminescent.

Single self-interstitials created by the protons react with a
substitutional carbon atom Cs to create a carbon interstitial
Ci, which will combine with a second Cs atom to generate
a G center, or Ci will react with oxygen Oi to generate
a C center.24 The branching ratio is proportional to the
ratio of the concentrations of Cs and Oi.22 Consequently, the
C line !at 789.5 meV" is the dominant sharp-line emission
after irradiation in the oxygenated material, and the dicarbon
G center !969.5 meV" is dominant when the carbon
content is comparable to or greater than the oxygen content
!Fig. 4".

Annealing at 300 to 425 K shows an increase by up to a
factor of 2 in the thermally stable C luminescence band !Ci
-Oi" band !Fig. 5". The width of the C line increases margin-

ally during this annealing stage !Fig. 6", consistent with the
creation of new C centers close to the strain field of damage
clusters. The conclusion is that in the range 300–425 K, self-
interstitials may be liberated from clusters, but only in con-
centrations up to the original creation rate of single intersti-
tials, Eq. !2".

Annealing at 525 K results in the destruction of the G
band and the carbon sequence continues with the formation
of the T center !935.1 meV, a dicarbon-hydrogen center33".
In oxygen-rich material, the C line is destroyed above 600 K,
and the P line at 767 meV grows; the P center is very similar
to the C center, and possibly is a C center perturbed by a
second oxygen atom.34 P is stable to %775 K, and its range
of stability overlaps with that of the H center !925.6 meV, a
carbon-oxygen center35" which is created at %700 K and de-
stroyed at 825 K. This is the limit of stability of the known
carbon-oxygen damage centers.

In both oxygen-rich and -lean material, a line at
760.9 meV is detected at 725 K and is destroyed by 925 K.
The energy coincides with the energy of the M line, which
occurs at a monoclinic I, carbon plus hydrogen center,36 al-
though the M line has previously been reported to be stable
only to 625 K.37 Its intensity is a few times larger in the

FIG. 4. Preirradiation, both materials show identical lumines-
cence above 1000 meV from the phosphorus donors !“Ph”" plus
weak free-exciton emission. The oxygenated material, labeled
“Pre,” also contains weak dislocation bands at 808 and 874 meV.
After irradiation, the high-energy luminescence is quenched, and
both materials show a broadband between about 750 and
1000 meV, plus weak W emission at 1018 meV. In the oxygenated
sample !“+O” ", carbon interstitials have been trapped preferen-
tially at oxygen, forming the C center !789 meV", and in the non-
oxygenated sample !“No O”" preferentially at substitutional carbon,
creating the G center !969 meV". The sharp absorption lines and the
dip near 800 meV are from atmospheric and instrumental absorp-
tion. The spectra shown here were measured at 4.2 K and at
60 !eV resolution.

FIG. 5. Intensities of the W and C zero-phonon lines, measured
at 4.2 K. Squares and circles are for the W line in non-oxygenated
and oxygenated samples, respectively. The triangles are for the C
line in the oxygenated samples. The relative uncertainties in the
intensities are comparable to the heights of the symbols.

FIG. 6. Full widths at half height of the W and C zero-phonon
lines, measured at 4.2 K. Squares and circles are for the W line in
nonoxygenated and oxygenated samples, respectively. The triangles
are for the C line in the oxygenated samples. The data were ob-
tained at a spectral resolution of 20 !eV.

RADIATION DAMAGE IN SILICON EXPOSED TO¼ PHYSICAL REVIEW B 73, 165202 !2006"

165202-5

Davies et al., PRB 73 (2006)
Radiation damage in silicon 
exposed to high-energy protons

optical detection at single-defect scale 
useful for high-energy physics 

experiments?

➣ investigation at single-defect scale

-> new insights into the 
properties and dynamics of 
optically-active defects in silicon
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