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1Laboratoire Charles Coulomb, Université de Montpellier and CNRS, 34095 Montpellier, France
2HUN-REN Wigner Research Centre for Physics, P.O. Box 49, H-1525 Budapest, Hungary

3Department of Atomic Physics, Institute of Physics, Budapest University of Technology and Economics,
M}uegyetem rakpart 3, H-1111 Budapest, Hungary

4Division of Applied Quantum Systems, Felix-Bloch Institute for Solid-State Physics, University Leipzig,
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Among the wealth of single fluorescent defects recently detected in silicon, the G center catches interest
for its telecom single-photon emission that could be coupled to a metastable electron spin triplet. The G
center is a unique defect where the standard Born-Oppenheimer approximation used in solid-state physics
breaks down as one of its atoms, a silicon atom in interstitial position SiðiÞ, can move between six sites. The
impact of its displacement, due either to coherent tunneling or to random jumps from one site to another, on
the optical properties of G centers is still largely unknown, especially in silicon-on-insulator (SOI) samples.
Here, we investigate the displacement of the center of mass of the G center in silicon. By performing
photoluminescence experiments at single-defect scale, we show that individual G defects in SOI exhibit
several emission dipoles and zero-phonon line fine structures with splittings up to approximately 1 meV,
both indicating a motion of the defect central atom over time. Combining polarization and spectral analysis
at the single-photon level, we evidence that the reconfiguration dynamics is drastically different from the
one of the unperturbed G center in bulk silicon where the mobile atom is fully delocalized over all six sites
through tunneling. The SOI structure freezes the SiðiÞ delocalization of the G defect and, as a result, enables
one to isolate linearly polarized optical lines. Under above-band-gap optical excitation, the central atom of
G centers in SOI behaves as if it were in a six-slot roulette wheel, randomly alternating between localized
crystal sites at each optical cycle. Comparative measurements in a bulk silicon sample and ab initio
calculations highlight that strain is likely the dominant perturbation impacting the G center geometry. These
results shed light on the importance of the atomic reconfiguration dynamics to understand and control the
photoluminescence properties of the G center in silicon. More generally, these findings emphasize the
impact of strain fluctuations inherent to SOI wafers for future quantum integrated photonics applications
based on color centers in silicon.

DOI: 10.1103/PhysRevX.14.041071 Subject Areas: Condensed Matter Physics, Optics,
Quantum Physics

I. INTRODUCTION

Color centers in silicon have recently received renewed
attention, as they could offer a new building block
for quantum technologies [1–33]. Within a few years,
single-photon emission has been demonstrated on a
dozen of different types of fluorescent defects in silicon
[3,5,7,9,16,17,23,28,31]. One of the next challenges is to
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provide single spin qubits interfaced with telecom light
and integrated into silicon-on-insulator (SOI) photonic
nanostructures [9]. Therefore, strong emphasis has been
placed on color centers with nonzero electron spin that could
be optically initialized and read out, such as the T center
[8–14], dopants [26–28], or the G center [1,2,15–22,24,34].
This last defect is the brightest among the three, and it
can be isolated at single-defect scale in unstructured SOI
wafers [16].
The G center in silicon is a fluorescent carbon-based

complex studied for several decades [35–37] and com-
monly used as a nondestructive probe of the carbon
concentration [38]. Besides an optical emission in the
telecomO band, the G center features a metastable electron
spin triplet whose magnetic resonances have been mea-
sured optically on ensembles [34,39]. Single isolated G
centers can be created by coimplantation of carbon ions and
protons [16] or by Si-focused ion beam implantation in
carbon-implanted silicon with a spatial resolution of
50 nm [17]. Purcell-enhanced emission has recently been
demonstrated for ensembles of G centers [19] and single G
centers [21] in a photonic cavity, as well as Hong-Ou-
Mandel interferences using an individual G defect inte-
grated in a silicon waveguide [18].
Despite these advances, our knowledge on the photo-

physics of the G center in silicon remains limited. Unlike
usual solid-state systems, this defect cannot be described
under the standard Born-Oppenheimer approximation used
in solid-state physics, since its atomic structure is not fixed.
One of its constitutive atoms is not rigidly bound and can
occupy six different sites [15,34,37,38,40], corresponding
to radically different atomic configurations and positions of
the defect center of mass. How this structural reconfigura-
tion impacts the optical properties of the G center in SOI is
very little known, which hinders the development of
potential quantum applications.
In this work, we explore the motion of the center of mass

of the G center in silicon. We start by introducing the
atomic configuration of the unperturbed defect and the
energy-level fine structure resulting from the rotational
delocalization through tunneling of its mobile atom.
Single G centers in SOI are then investigated through
low-temperature photoluminescence (PL) experiments.
Their single-photon polarization is first analyzed to reveal
that the G center emission is associated to several dipole
orientations. We then examine the zero-phonon line spectra
of these individual defects and show a fine structure with
line splittings exceeding by 2 orders of magnitude the ones
of unperturbed G centers. By combining spectral and
polarization analysis, we demonstrate that the center of
mass of these G centers is hopping over time between
localized positions, like a ball in a six-slot roulette wheel.
Finally, performing spectral measurements in a bulk silicon
sample enables one to evidence strain effects as the
dominant perturbation freezing the rotational delocalization

of single G centers in SOI structures. Our experimental
results are interpreted by means of symmetry point group
theory analysis and density functional theory calculations
for understanding the structural and electronic properties of
the G centers, complemented by finite-difference time-
domain simulations for the polarization emission diagrams
of G centers in SOI. In conclusion, we discuss the impact of
these findings on the control of the quantum properties of
single G centers in SOI platforms.

II. UNPERTURBED G CENTER IN SILICON

The microscopic structure of the luminescent form of the
G center in silicon was proposed in the 1980s [37,39,41]
and recently confirmed by advanced ab initio calculations
[15]. This atomic configuration is displayed in Fig. 1(a). It
consists of two substitutional carbon atoms aligned along
the h111i crystal direction and connected by an interstitial
silicon atom SiðiÞ. This defect configuration corresponds to
a C1h symmetry, with a plane of symmetry defined by these
three atoms [15]. Unlike the tetravalent carbon atoms, the
SiðiÞ forms only two covalent bonds with its neighboring
atoms and is, therefore, less rigidly attached to the matrix.
Indeed, recent density functional theory (DFT) simula-
tions have shown that this silicon atom does rotate around
the C-C axis [15]. More precisely, in both ground and
excited states, the interstitial silicon atom is delocalized by
tunnel effect between the six equivalent sites indicated in
Fig. 1(b) [15].
Because of the displacement of its center of mass linked

to the SiðiÞ motion, the standard Born-Oppenheimer
approximation used in solid-state physics breaks down
for the G center in silicon. In other terms, the SiðiÞ nucleus
position cannot be considered as frozen at a fixed site when
solving the electronic wave functions and energies of the
defect. Nevertheless, this rotational degree of freedom can
be introduced in a simple tight-binding model to extract the
defect eigenstates and associated energies, as proposed in
Ref. [15]. As in the first step of the standard Born-
Oppenheimer approximation, the electronic wave function
of the G defect can be written as the product of its center-of-
mass wave function φðRc:m:Þ by the wave function of the
electron cloud relative to the center of mass ϕðr − Rc:m:Þ:

ψðrÞ ¼ φðRc:m:Þ · ϕðr − Rc:m:Þ: ð1Þ

This expression holds in both ground and excited states,
but, to simplify notations, we omit the indices GS and ES
referring to the ground and excited states, respectively. As
the electron cloud reconfiguration is several orders of
magnitude faster, it always follows adiabatically the motion
of the defect center of mass. The DFT-calculated potential
energy surface (PES) along the motion path of the SiðiÞ can
be approximated by a six-period cosine function in both
ground and excited states, albeit with different barrier
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amplitudes [15]. Because of the tunnel coupling between
adjacent sites, the silicon atom, thus, behaves like a
quasiparticle in a potential of six identical coupled wells
[Fig. 1(c)]. Using the Bloch theorem, the six rotational

eigenstates of the defect center of mass can be expressed in
Dirac notation as

jφðmÞi ¼ 1
ffiffiffi

6
p

X

5

n¼0

eikmnajni; ð2Þ

where m∈ ⟦0; 5⟧, km is the wave vector of the Bloch
function, a is the period of the potential, and jni is the wave
function describing the SiðiÞ atom localized in the site n.
From this equation, we directly get that the SiðiÞ is equally
delocalized on the six possible sites for each eigenstate of
the G center [Fig. 1(c)]. In other terms, the probability to
measure it in any of the positions shown in Fig. 1(b) is 1=6.
However, as a result of its delocalization, the SiðiÞ average
position, and, therefore, the defect center of mass, is on the
h111i axis for all six stationary rotational states. The wave
vector expression is derived from the Born–von Karman
boundary conditions (eikm6a ¼ 1):

km ¼ mπ

3a
: ð3Þ

The time-independent Schrödinger equation describing the
stationary states of the defect center of mass is HjφðmÞi ¼
EðmÞjφðmÞi. Considering E0 ¼ hnjHjni the energy of each
uncoupled site and δ0 ¼ hnjHjn� 1i the tunneling cou-
pling energy between adjacent sites, the energy of the
eigenstate jφðmÞi is written as

EðmÞ ¼ E0 þ 2δ0 cos ðkmaÞ: ð4Þ

Combining Eqs. (4) and (3), we finally obtain the formula
for the six eigenenergies of the defect center of mass:

EðmÞ ¼ E0 þ 2δ0 cos

�

m
π

3

�

: ð5Þ

The rotational energy levels of the G center, in both
ground and excited states, are, thus, arranged in a quartet
fine structure with degeneracy 1∶2∶2∶1 and splittings
δ0-2δ0-δ0, as represented in Fig. 1(d). However, due to a
higher energy barrier for the SiðiÞ rotation, the tunneling
coupling energy is much smaller in the ground state [15].
As a result, the quartet energy splitting in this level is
negligible compared to the excited one: δ0;GS ≪ δ0;ES . We
note that the same quartet structure is found for the
electronic states of the benzene molecule [15]. Indeed,
the G center in silicon and the benzene molecule share
similar electronic wave functions resulting from the delo-
calization of their components in a six-well periodic
potential. For the benzene, the electrons are delocalized
in the potential created by six fixed nuclei, whereas for the
G center, it is the SiðiÞ that is delocalized between six crystal
sites and instantaneously followed by the electron cloud.

(a)

(c)

(d)

(e)

(b)

FIG. 1. The G center in silicon in the unperturbed case.
(a) Microscopic structure of the defect. Two substitutional carbon
atoms C (black) connected by an interstitial silicon atom SiðiÞ
(purple) are aligned along the h111i crystal axis. (b) In the h111i
direction, the G center structure showing the six possible
equivalent sites for the SiðiÞ. (c) In gray, a sketch of the energy
potential of the six identical coupled wells experienced by the
SiðiÞ along its motion path around the C-C axis. This potential is
similar in both the electronic ground and excited states of the G
center, albeit with different barrier heights [15]. In colors, density
distributions for the six rotational states of the defect center of
mass, with level degeneracy indicated on the right. The rotational
energy splittings are shifted for clarity and should not be
compared to the potential barrier energy. (d) Quartet energy-
level structure of the six delocalized states of the center of mass of
the G center. Energies are offset by E0 (see the main text).
(e) Theoretical zero-phonon line spectrum of the unperturbed G
center in both absorption and photoluminescence. Δ is the
difference between the quartet energy splittings in the ground
and excited states. Each emission line corresponds to optical
transitions between rotational states where the SiðiÞ is equally
delocalized over the six sites.
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In the Franck-Condon approximation, the selection
rules for optical dipolar transitions between these levels
are given by

hψGSj−d ·EjψESi¼ hφðmÞ
GS jφðm0Þ

ES i · hϕGSj−d ·EjϕESi: ð6Þ

Since hφðmÞ
GS jφðm0Þ

ES i ¼ δm;m0 the Kronecker symbol, the rota-
tional quantum number m must be preserved during the
optical transition. Hence, optical transitions are allowed
only between the same rotational eigenstates. Let Δ be
the difference between the tunneling coupling energy in
the ground and excited states: Δ ¼ jδ0;ES − δ0;GS j. From the
optical selection rules, it results that a quartet fine structure
with relative line intensities 1∶2∶2∶1 and splittings
Δ-2Δ-Δ should be observed in absorption and emission
[Fig. 1(e)]. Indeed, such quartet spectra have been mea-
sured on an ensemble of G centers in isotopically purified
bulk 28Si [2]. In both absorption and PL spectra, the energy
splitting is ΔðexpÞ ¼ 2.5� 0.2 μeV (0.60� 0.05 GHz). As
previously mentioned, since Δ ≃ δ0;ES , the average time for
the SiðiÞ atom to tunnel from one site to another in the
excited state can be approximated by t0 ≃ πℏ=ð2ΔÞ [42].
By using the experimental splitting value ΔðexpÞ from
Ref. [2], we obtain t0 ≃ 0.41 ns. Concerning G centers
at the single-defect scale, neither this quartet structure nor
any other fine structure has been reported so far.

III. SINGLE G CENTERS IN SOI

The silicon sample used here is the SOI wafer from
Ref. [16]. Its top silicon layer is made of 54 nm of
isotopically pure 28Si grown at 650 °C, 20 Torr with
28SiH4 in a reduced pressure-chemical vapor deposition
reactor, on top of 4 nm of silicon with natural isotope
abundance. To create G centers, it is locally coimplanted
with carbon ions and protons at 8 and 6 keV energies,
respectively, using several fluences ≥ 3 × 1010 cm−2 [16].
The experimental setup is a homemade confocal micro-
scope built in a He-closed cycle cryostat, equipped with
superconducting single-photon detectors (more details in
Refs. [3,24]). We perform above-band-gap optical excita-
tion using a 532-nm continuous laser and select sample
areas in which well-separated single G centers can be
optically addressed. For practical reasons, all measure-
ments have been performed at 30 K.
Optical raster scans of the SOI silicon sample with 28Si

on top show well-isolated light spots [Fig. 2(a)]. Their PL
spectra enable an unambiguous identification of genuine G
centers due to the presence of a zero-phonon line (ZPL) at
1278 nm and the E line at 1382 nm [Fig. 2(b)] [24]. The
single-photon emission is confirmed by the observation of
antibunching at zero delay in the autocorrelation function
gð2ÞðτÞ of the PL signal [Fig. 2(c)].

IV. ANALYSIS OF THE SINGLE-PHOTON
POLARIZATION

A. Measurements

Analysis of the polarization of single photons from G
centers reveals a luminescence mechanism more complex
than an optical transition associated with a single-emission
dipole orientation. Emission polarization diagrams are
acquired on single G defects by rotating a half-wave plate
in front of a fixed polarizer in the detection path. PL
photons are collected perpendicularly to the (001) top
surface of the 28SOI sample. To retain only the G center
PL, diagrams are corrected from unpolarized background
contribution measured at a single point close to defects. The
first observation from Figs. 3(a) and 3(b) is that the
polarization emission diagrams of single G centers are
strongly anisotropic. For some G defects, the PL signal is
maximum at 90°, corresponding to the crystal axis ½11̄0�
[Fig. 3(a)]. In contrast, for others, a PL maximum is
detected at 0°, i.e., toward the [110] axis [Fig. 3(b)]. A
statistical analysis of 39G centers in 28SOI shows that only
these two directions are permitted, with 50=50 probability
within statistical fluctuations [Fig. 3(c)]. Another informa-
tion from these diagrams is that no half-wave plate angle
can cancel the PL signal from single G centers, as all
diagrams show a visibility ≤ 68% [Fig. 3(d)]. The average

(b)

(a) (c)

FIG. 2. TheG center in silicon. (a)Optical scan at 30Kof the SOI
sample coimplanted with carbon ions and protons [16]. Hot spots
are isolated G centers. (b) Low-resolution PL spectrum of a single
G center showing the zero-phonon line at 1279 nm and the E line
associatedwith the defect local-vibrationalmode. (c) Second-order
autocorrelation function demonstrating single-photon emission
with an antibunching at zero delay gð2Þð0Þ ≃ 0.17 < 1=2.
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visibility over the set is 58%, with a standard deviation of
7%. The polarization diagrams of single G centers cannot
be explained by the presence of a single-emission dipole.
As a consequence, the G center luminescence originates
from multiple dipoles.

B. Interpretation

To understand the polarization emission diagram of the
G center, we need to return to its microscopic structure. The
interstitial silicon atom can take six positions in the plane
perpendicular to the h111i defect main axis, as shown in
Fig. 1(b). For a given static position of SiðiÞ, symmetry
point group theory for C1h symmetry authorizes a single-
emission dipole perpendicular to the symmetry plane [15].
For a [111]-oriented G center, this leads to three pairs of
possible dipoles aligned along the ½11̄0�, ½011̄�, and ½1̄01�
axes for the f0; 3g, f1; 4g, and f2; 5g SiðiÞ positions,
respectively [Fig. 3(e)]. From simple symmetry consider-
ations, when projected onto the (001) sample top surface
from which PL is collected at normal incidence, these
dipoles produce linearly polarized photons at 90°, 45°, and
135°, respectively. The three corresponding polarization
diagrams are, therefore, oriented along these angles, each
with a visibility of 100%. None of these dipoles taken alone

can explain the single-photon polarization observed from
individual G centers [see Figs. 3(a)–3(d)]. The far field
emission diagram of each of these three dipoles collected
within the numerical aperture of our microscope objective
can be simulated using the finite-difference time-domain
(FDTD) method [43]. These calculations show that the PL
collected for the ½11̄0� dipole, that is parallel to the (001) top
surface, is between 2.03 and 2.17 times more intense than
that of the other two dipoles, depending on the defect depth
in the Si layer (Appendix A). Considering these three
emission dipoles as independent and equally probable, we
obtain the polarization diagram in Fig. 3(f), pointing toward
½11̄0� and with a visibility varying between 67.0% and
68.5% depending on depth. The same polarization diagram
would also be obtained for a ½1̄1̄1�-oriented G center, while
G centers aligned along ½1̄11� or ½11̄1� would give diagrams
turned by 90°. This model is in very good agreement with
the experimental data in Figs. 3(a)–3(d), allowing one to
conclude that the interstitial silicon atom of these single G
centers does move over time during the measurements.
Note that, at this stage, it is not possible to deduce whether
or not these G defects are in the unperturbed geometry
described in Sec. II. Since the electron density is equally
distributed over the six sites for all energy levels, each of

(a) (c) (e)

(b) (d) (f)

FIG. 3. Polarization emission diagrams of single G centers in silicon. (a),(b) Typical polarization emission diagrams recorded on two
single G centers and corrected from background counts (see the main text). The diagram visibility V and orientation angle ϕ are
extracted from data fitting (solid lines) with a function V · cos2ðθ − ϕÞ þ 1 − V. Note that θ is the angle of the detected polarization, i.e.,
twice the angle of the rotating half-wave plate. (c),(d) Histograms of the distribution of the angle ϕ and visibility V measured on 39 G
centers, respectively. (e) Orientations of the emission dipoles of a [111]-oriented G center depending on the position of the SiðiÞ: dipoles
along ½11̄0�, ½011̄�, and ½1̄01� for the SiðiÞ positions f0; 3g, f1; 4g, and f2; 5g, respectively. (f) Polarization emission diagrams (dashed
lines) for each of the three dipoles considering photon collection from the (001)-top surface. Their amplitudes correspond to the relative
ratio of PL collected intensity (see the main text). The indigo thick line represents the total polarization diagram resulting from the
contribution of the three dipoles (Appendix A).
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the three dipoles has the same probability to emit and the
polarization diagram should be identical to the one from
Fig. 3(f). To gain more information about their center-of-
mass motion, we need to examine the fine structure of these
individual G centers.

V. ZPL FINE STRUCTURE

A. Measurements

High-resolution PL spectra recorded on individual G
defects show a fine structure radically different from the
one presented in Fig. 1(e). Figure 4(a) displays the ZPL
spectra recorded on seven individual G centers in 28SOI for
which antibunching with gð2Þð0Þ < 1=2 has been measured
with no spectral filtering. Except for one defect (G-5), all G
centers show at least two or three ZPL lines. Since single
defects are investigated here, these multiple lines are
evidence of a fine structure of the G center. This effect
is to be distinguished from a lifting of orientational
degeneracy under stress between nonequivalent defect
orientations in ensembles of G centers [35,44,45]. These
fine structures cannot be explained by a static configuration
with no SiðiÞ displacement, as the associated C1h mono-
clinic point group symmetry would allow only a single
transition between A0 and A00 singlet orbital levels [15]. The
disparity in pattern and line positions observed between
defects indicates an extrinsic origin, resulting from different
local environments. Importantly, the quartet fine structure
reported on unperturbed G centers has a characteristic
splitting of 10 μeV, more than 2 orders of magnitude

smaller than in Fig. 4(a) [2]. Because of the spectral
resolution of our spectrometer (≃150 μeV), such a quartet
would appear as a single-emission line in the spectra. The
fine structures with meV-line splittings in Fig. 4(a) rather
indicate a significant perturbation of single G centers
induced by their local environment.
PL spectra of individual G centers in SOI strongly

change with polarization filtering. We focus on the single
G-0 and G-1 defects that both have well-resolved fine
structures. The G-0 center shows a doublet fine structure
with an energy separation of 0.70� 0.02 meV. As shown
in Fig. 4(b), when the detected polarization is perpendicular
to the main axis of the defect emission diagram, the
highest-energy line L0 is completely extinguished. When
the selected polarization is parallel, the L0 line is similar to
the previous spectrum with no polarization filtering. On the
contrary, the second line L1 has the same intensity for both
polarization angles, corresponding to roughly one-half
compared to the unfiltered spectrum. A similar behavior
is observed on the triplet fine structure of the G-1 defect
whose splittings from L0 to L2 are 1.00� 0.02 and 0.86�
0.02 meV [Fig. 4(c)]. The strongest line L0 is globally
unchanged for the polarization parallel to the orientation of
the G-1 diagram and cancels out for the perpendicular
orientation. The intensity of the other two lines L1 and L2 is
roughly decreased by a factor of 2 compared to the
unfiltered spectrum in both cases.
The intensity of the different ZPLs is measured as a

function of the angle of the detected polarization for G-0
and G-1 centers in Figs. 5(a) and 5(b). For both centers, we

(a) (b) (c)

FIG. 4. Fine structure of single G centers in SOI. (a) High-resolution ZPL spectra recorded on single G centers. (b)[(c)] From top to
bottom, ZPL spectrum measured on the defect G-0 [G-1] while filtering on the polarization perpendicular and parallel to the main axis of
the defect polarization diagram, respectively, as indicated in the top left corners. Note that the orientation of these two defects in the
crystal is different: ½1̄11� or ½11̄1� for G-0 and [111] or ½1̄1̄1� for G-1. The spectra with no polarization filtering from (a) are reproduced
in dashed lines; the other PL spectra are normalized to its maximum. Colored areas represent the 0.3-meV integration range used in
Figs. 5(a) and 5(b).
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observe that the L0 line is linearly polarized as its intensity
follows a sinusoidal modulation with a visibility close to
unity: 90� 10% and 94� 5% for G-0 and G-1, respec-
tively. In contrast, the intensity of the other lines stays
globally constant as a function of polarization angle.
Furthermore, the intensity ratios when the L0 line is at
maximum are roughly 2∶1 and 4∶1∶1, for G-0 and G-1,
respectively.

B. Interpretation

The ZPL pattern evolution with polarization shows that
the G defect environment lifts the quasidegeneracy between
the optical transitions associated with the three dipole
orientations of the unperturbed case. The L0 signal varia-
tion is not compatible with the emission from three dipoles
described above and results instead from a single dipole.
Since the L0 intensity reaches a maximum at 0° for G-0 [90°
for G-1], we can associate it to the [110] dipole (½11̄0�
dipole for G-1). According to Fig. 3(f), such an emission
can take place only if the SiðiÞ is localized in one of the two
interstitial sites 0 or 3 [Figs. 5(a) and 5(b)]. Considering the
emission dipoles allowed by the symmetry of the G center
(see Sec. IV), to produce the L1 and L2 lines, the only
possible explanation is an equal mixture of dipoles [101]
and [011] for the center G-0 (dipoles ½1̄01� and ½011̄� for
G-1). For the G-0 doublet, this implies that the L1 line
corresponds to the four positions f1; 2; 4; 5g of the inter-
stitial silicon atom [Figs. 3(e) and 5(a)]. Assuming that all
SiðiÞ sites are equally occupied over the time of the
acquisition, the relative intensity of L1 after the polarizer
should be ≃1=2.1 of the maximum intensity of L0

according to FDTD simulations (Appendix A). Within
error bars, these values well match the experimental data
for G-0 displaying maximal intensity ratio of 2∶1, as shown
in Fig. 5(a). Following the same reasoning for defect G-1,
possible SiðiÞ position configurations for the lines L2 and L1

would be f1; 2g and f4; 5g or f1; 5g and f2; 4g [Fig. 5(b)].
Furthermore, their relative intensity should be half that of
the line L1 of G-0 associated to twice more sites. This
interpretation is in good agreement with the experimental
data for G-1 showing maximal intensity ratios of roughly
4∶1∶1 [Fig. 5(b)]. We note that the G-3 center that also has
a triplet fine structure shows the same polarization behavior
as G-1 (see Appendix B). It is, therefore, very likely that
these two defects experience a similar perturbation at
first order.
The ZPL evolution with polarization establishes that the

defect center of mass is not in delocalized rotational states,
as expected for unperturbed G centers (Sec. II). Instead,
these G defects experience an external perturbation dis-
torting their original symmetry and freezing the rotational
dynamics of their center of mass. Partial delocalization of
SiðiÞ could still happen between adjacent sites (i.e., for
f1; 2g or f4; 5g) but only if their energy difference is on the

order of or smaller than the tunneling coupling energy.
Given the energy scale at stake here compared to δ0;ES ≃
2.5 μeV (see Sec. II), we can consider this tunneling effect
to be unlikely for the single G centers under study.
Consequently, the center-of-mass eigenstates in both
ground and excited states are the wave functions localized
on each of the six SiðiÞ sites and not the Bloch states derived
previously in Sec. II.
Let us introduce ẼðnÞ

GS and ẼðnÞ
ES , the defect energy when

the SiðiÞ is located in site n for the ground and excited states,
respectively. The selection rules derived in the Franck-
Condon approximation naturally [Eq. (6)] imply that the
localized site of the defect center of mass is preserved
during optical emission. As a result, the energy of the ZPL

associated to the SiðiÞ being on site n is ẼðnÞ
ES − ẼðnÞ

GS. Since

(b)

(a)

(c)

FIG. 5. Signature of the localization of SiðiÞ in single G centers.
(a),(b) Evolution of the ZPL intensity vs angle of the detected
polarization for defects G-0 and G-1, respectively [see Figs. 4(b)
and 4(c)]. Solid lines are models considering the emission lines
result from the SiðiÞ sites indicated in the hexagons on the right.
(c) In gray, calculated PES along the motion path of the interstitial
silicon atom for a G center in the ground state under 0.1%
½11̄0�-uniaxial strain. In colors, numerical solutions for the
resulting states with level degeneracy indicated on the right.
The energy splitting is increased for clarity and should not be
compared to the energy scale on the PES.
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the G center has comparable geometric configurations in
the ground and excited states, the SiðiÞ sites corresponding
to degenerate ZPL transitions have also the same energy
levels. For instance, for the doublet ZPL fine structure of
G-0 defect, we can infer that

Ẽð0Þ
GS ≃ Ẽð3Þ

GS; Ẽð1Þ
GS ≃ Ẽð2Þ

GS ≃ Ẽð4Þ
GS ≃ Ẽð5Þ

GS: ð7Þ

The same relations hold as well for the excited state. The
energy separation between the ZPL L0 and L1 is, thus,
jΔ̃ES − Δ̃GSj, where Δ̃ is defined as the energy splitting
between the two subsets of degenerate localized states,
i.e., Δ̃ ≃ Ẽð0Þ − Ẽð1Þ.
Although the optical transitions preserve the configura-

tion of the defect, our observations show that the SiðiÞ of
these single G centers does move over the acquisition time.
More precisely, it spends on average the same amount of
time in each of the six possible sites. This motion cannot be
thermally activated hopping as kBT (≃2.6 meV at 30 K) is
much smaller than the potential barrier energies in both the
ground and excited states (89 and 33 meV, respectively,
from Ref. [15]). Instead, the motion of the center of mass of
G centers could result from the excess energy provided to
the system during the above-band-gap optical excitation.
As this off-resonant excitation is not a direct transition, the
selection rules derived for resonant optical transitions do
not apply [Eq. (6)]. At each optical excitation, the inter-
stitial silicon of the G center randomly hops between the
different positions, like a ball in a six-slot casino roulette
wheel. By repeating the optical cycles, each SiðiÞ site is on
average equally occupied, thus explaining our experimental
data from Secs. IV and V. The next step is to determine
which perturbation is responsible for preventing the delo-
calization dynamics of these individual G centers and
generating the observed fine structures.

VI. PERTURBATIONS FROM SOI STRUCTURES

Since single G centers are incorporated in a SOI
structure, the first perturbation that comes to mind is lattice
strain. Indeed, the difference in thermal expansion coef-
ficients between Si and SiO2 leads to in-plane strain in the
top silicon layer [46]. Furthermore, even state-of-the-art
commercial SOI wafers are known to present lattice
undulations at the micron scale resulting from the bonding
process used during fabrication [47]. To test whether the
ZPL splitting patterns come from the SOI structure, we first
investigate G defects fabricated with a similar coimplanta-
tion method in a bulk silicon sample made of 1.5 μm of 28Si
on top of a natural Si substrate. G defects are created using
a fluence of 1010 cm−2 for both carbon atoms and protons
and with the same energies as for the SOI sample (Sec. III).
Figure 6 shows the ZPL spectra measured on randomly
chosen isolated G center spots in the bulk sample. For all
investigated defects, a single ZPL line at 1278.6 nm is

observed and without any ZPL fine structure found. These
results demonstrate that the frozen delocalization of the G
defect center of mass is indeed due to its formation in the
SOI structure.
To evaluate the impact of homogeneous uniaxial strain

on the G center, we apply DFT calculations and map
the PES of the interstitial silicon atom of the defect
(see Appendix C for DFT methods). As discussed in the
previous section, given that the G center microscopic
structure has similar geometry in both ground and excited
states, the splitting pattern of the rotational levels will be
qualitatively the same in both states, albeit with different
energy splitting. Therefore, we can focus only on the
external perturbation in the ground state.
The ab initio PES calculated for a G center in its ground

state under 0.1% ½11̄0� uniaxial strain is displayed as a
gray curve in Fig. 5(c). Unlike the unperturbed case from
Fig. 1(c), the PES is not a sixfold symmetric periodic
potential anymore. In particular, the well minima of sites
0 and 3 are shifted by ≃1.9 meV compared to the four other
sites [Fig. 5(c)]. Solving the time-independent Schrödinger
equation for this perturbed potential leads to two separated
subsets of rotational states, as shown in Fig. 5(c). The
highest energy sublevel corresponds to the two degenerate
states localized on sites 0 and 3, whereas the lowest one is
associated to the four degenerate states localized on sites
f1; 2; 4; 5g. Consequently, such ½11̄0� uniaxial strain does
freeze the delocalization of the SiðiÞ of the G center.
Furthermore, as optical transitions occur between states
localized at the same PES potential minima, this strain
perturbation explains the doublet fine structure observed on
G-0 defect [Fig. 5(a)]. Our calculations indicate that the
origin of the ZPL splitting pattern is the energy difference
of the center-of-mass potential minima between the excited
and ground states.
To explain the G center triplet fine structure, an extra

perturbation needs to be added to the uniaxial strain to split
the fourfold sublevel [Fig. 5(b)]. A possible candidate
could be an electric field, possibly coming from localized

(a) (b)

FIG. 6. ZPL spectra recorded on isolated G center spots in a
bulk 28Si sample plotted (a) with and (b) without vertical offset.
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charges at the silicon-to-oxide interface [48]. The impact of
an electric field on G centers is beyond the scope of the
paper and will be investigated in future works.
At last, to compare different uniaxial strain directions,

the ZPL energies are estimated using the Delta self-
consistent-field (ΔSCF) method described in Ref. [49],
for each set of equivalent equilibrium frozen configurations
of the G center. The ΔSCF method is used here, as
calculating the PES for each strain direction and magnitude
would be too heavy on computational resources. As shown
in Appendix C, for the four simulated strain directions,
namely, ½11̄0�, ½110�, ½001�, and ½111�, only the magnitude
of the ZPL splitting and the overall energy shift of the
spectrum differ between different directions. Especially,
hardly any splitting is observed for the [111] strain, because
this totally symmetric perturbation equally modifies the
barrier energy for all sites at first order. Assuming a linear
strain regime, this calculation method qualitatively repro-
duces the ZPL splittings observed on ensembles of G
centers under uniaxial stress along (001), (111), and
(110) [35] (see Appendix C). This confirms its validity
for estimating the behavior of the G center ZPL doublet
with strain direction.

VII. CONCLUSION

In this work, we have investigated the center-of-mass
motion of the G center in silicon resulting from the motion
of its intrinsic interstitial silicon atom between six crystal
sites. For the unperturbed G center, the distinctive quartet
fine structure arising from the SiðiÞ perfect delocalization by
tunnel effect and the subsequent selection rules for the
optical transitions can be derived from a simple tight-
binding model. Single-photon polarization analysis from
individual defects shows that the G center emission
emanates from three dipoles matching the six possible
sites of the SiðiÞ. Individual G centers in 28SOI exhibit ZPL
fine structures that strongly vary not only from one center
to another, but above all with approximately 1-meVenergy
splittings. Such ZPL splittings are more than 2 orders of
magnitude larger than the one observed on an ensemble of
unperturbed G centers in bulk 28Si [2]. The evolution of the
ZPL patterns with polarization evidences that the optical
transitions of these single G centers are not compatible with
a center-of-mass delocalization and instead occur while the
SiðiÞ sits at a fixed position, chosen among the six potential
minima. Ab initio simulations identify uniaxial strain as
being the dominant mechanism blocking the G center
tunneling rotation by partially lifting the energy degeneracy
between the different SiðiÞ sites. The correlation between
the strain inherent to the SOI structure and the giant ZPL
fine structure measured on single G centers is corroborated
by the lack of any ZPL splitting for G centers fabricated
with the same ion implantation method but in a 28Si bulk
sample. As above-band-gap excitation does not obey the

selection rules for direct optical transitions, we believe this
off-resonant excitation causes the SiðiÞ to hop randomly
between the six sites, as if it were shaken in a six-slot
roulette wheel.
The current results are a milestone on the road to

controlling the quantum properties of the G center in
silicon. The sensitivity of its fine structure to lattice
distortion could be used as submicron-scale optical strain
sensor in SOI-based nanomechanical resonators [50].
Furthermore, strain tuning of the defect optical emission
wavelengths could be an alternative pathway to standard
electrical tuning based on the Stark effect [51,52]. As the
motion of the SiðiÞ is also allowed in the metastable electron
spin triplet level [15,34,39,53], investigating the rotational
dynamics of the G center could also be performed through
its spin quantum degree of freedom.
Our results highlight the key role on the properties of

color centers of the inhomogeneous strain field in SOI
films. The resulting ZPL fluctuations between defects, as
shown here for G centers, will have to be efficiently
compensated in view of developing quantum photonic
chips relying on the emission from multiple color centers.
However, far from being only a drawback, strain perturba-
tion looks to be an attractive resource in the specific case of
the G center, as it enables one to isolate single-dipole
optical transitions following the freezing of its center-of-
mass delocalization. This opens the route toward an
efficient coupling to single-mode SOI nanophotonic
cavities for cavity quantum electrodynamics experiments.
For instance, in contrast, Purcell-enhanced PL will be
reduced for the unpolarized optical transitions of unper-
turbed G centers [54]. In this context, it is worth mentioning
that suspended silicon nanobeams fabricated by selectively
etching the buried silica are likely to remove the microscale
strain fluctuations resulting from the Si-SiO2 interface in
order for the G centers to experience the same unperturbed
strainless environment [47]. Following local strain engi-
neering strategies developed for the tuning of semiconduc-
tor laser emission [55,56], these nanostructures could also
be combined with adjacent tensor arms to provide a
homogeneous strain environment for color centers. As a
result, the G centers will exhibit highly uniform optical
emission lines with no center-of-mass delocalization.
Taking benefit of these recent advances, one could use
strain to engineer the PL properties of G centers in silicon
in a deterministic way.
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APPENDIX A: DIPOLE COLLECTION
EFFICIENCIES

In solid-state systems, the properties of light emitters
vary depending on their local environment. For a point
emitter embedded within a thin dielectric film (such as G
centers in our experiments), both the spontaneous emission
rate and the radiation diagram are strongly modified with
respect to the ones it would exhibit in a uniform dielectric
medium. They furthermore depend on the orientation of the
emitter’s optical dipole as well as its distance to the film
interfaces [57,58]. These effects can be accurately simu-
lated numerically using the FDTD method [43]. We
implement in the present work the commercial software
suite RSOFT from Synopsys (version 19.09). Since the top
surface of the SOI sample is (001) oriented, both ½1̄01� and
½011̄� dipoles will lead to the same results [see Fig. 3(e)].
The dipole spontaneous emission enhancement factor F
resulting from Purcell effect in the top silicon layer is
computed as function of the defect depth for ½11̄0� and ½011̄�
dipoles [Fig. 7(a)]. The value of F indicates whether the
dipole emission is enhanced (F > 1) or reduced (F < 1)
compared to its value in bulk silicon. While the emission of
the ½11̄0� in-plane dipole is little affected, the one of the
½011̄� out-of-plane dipole is inhibited by a factor of ≃2 due
to the SOI structure. On the contrary, the dipole orientation
has a small impact on its collection efficiencyCeff through a
0.85-numerical aperture microscope objective, as shown in
Fig. 7(b). However, it strongly varies with the dipole depth,
from ≃2.5% at the surface to ≃4.5% at the oxide interface.
The total collected PL is proportional to the product F · Ceff
for each dipole [Fig. 7(c)]. As its relaxation is strongly
dominated by nonradiated decay channels [24], we implic-
itly assume that the excitation probability of the G center is
not impacted by the Purcell effect. To obtain the relative
contribution between the in-plane and out-of-plane dipoles,

we compute the ratio r ¼ ðF½11̄0� · C½11̄0�
eff Þ=ðF½011̄� · C½011̄�

eff Þ.
As displayed in Fig. 7(d), the defect depth has little
influence on this ratio that evolves in the [2.0–2.2] range
within the 60-nm-thick silicon layer.

(a) (b)

(c) (d)

FIG. 7. Numerical simulations using the FDTD method of
the dipole collected intensity as a function of the defect depth.
(a)–(c) Respectively, Purcell factor F, collection efficiency Ceff,
and their product for the dipoles ½11̄0� (red) and ½011̄� (blue).
(d) Evolution of the relative PL contribution between these two
dipoles.

(a)

(b)

FIG. 8. Triplet ZPL fine structure of G-3 defect. (a) From left to
right, ZPL spectrum measured on the defect G-3 with a polarizer
selecting the polarization perpendicular and parallel to the main
axis of the defect polarization diagram, respectively, as indicated
in the top left corners. The spectra with no polarization filtering
from Fig. 4(a) are reproduced in dashed lines; the y axis is
normalized to its maximum. Colored areas represent the 0.2-meV
integration range used in (b). (b) Evolution of the intensity of the
three ZPLs vs angle of the detected polarization [see Figs. 4(b)
and 4(c)]. Solid lines are models considering the emission lines
result from the SiðiÞ sites indicated in Fig. 4(b).
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APPENDIX B: TRIPLET FINE STRUCTURE
ANALYSIS ON DEFECT G-3

The spectral analysis with polarization from Sec. V is
performed on the single G center G-3 that presents a triplet
ZPL fine structure. The evolution of its ZPLwith polarization
filtering reproduces the behavior observed on the triplet fine
structure of defect G-1 [Figs. 4(c) and 5(b)]. Especially, we
measure again that the highest optical line is fully canceled
for polarization perpendicular to the defect emission diagram
[Fig. 8(a)]. The quantitative analysis of the ZPL intensities as

a function of detected polarization angle shows that this line
is indeed linearly polarized while the other two ZPLs are
unpolarized [Fig. 8(b)], as circularly polarized photons are
not compatible with the symmetry of the G center (see
Sec. IV). Like the single G centers in SOI previously
investigated, the PL from the G-3 defect results from optical
transitions occurring between localized states of its center of
mass. In particular, the ZPL fine structure of the G-3 center
could be explained by the same localized SiðiÞ sites as for the
G-1 center, such as the ones proposed in Fig. 5(b).

APPENDIX C: AB INITIO CALCULATIONS
FOR PERTURBED G CENTERS

1. DFT methods

We apply DFT calculations on a G center perturbed by
uniaxial strain and map the ground state PES along the
rotational motion path of the central silicon atom of the
G center. Along the associated Q vibrational coordinate,
we sample all six minima and barrier points and one
additional middle point between these, using 24 single-
point calculations in total for a single PES calculation.
These geometric configurations are relaxed by climbing
image nudged elastic band method on the sampling images
until a 10−4eV=Å threshold is reached in the forces. This
precision is necessary for the accurate modeling of small
perturbations resulting in small relative energy differences.
Consequently, we need to compromise the accuracy in the
total energy by using the Perdew-Burke-Ernzerhof func-
tional. The calculations are performed in the plane-wave-
based Vienna Ab initio Simulation Package (VASP) [59].
The defect is modeled in a large 512-atom supercell with
single Γ-point sampling in the reciprocal space. The core
electrons are treated in the projector augmented wave
formalism [60–63]. The atomic positions remain fixed

(b)

(a)

FIG. 9. Energy of the (a) ZPL doublet splitting and (b) average
ZPL shift for a [111]-oriented G center under various directions
of uniaxial strain, calculated using the ΔSCF method.

FIG. 10. Evolution of the energy shift of the two ZPLs L0 and L1 of a [111]-oriented G defect under different uniaxial strain directions
to mimic the behavior of an ensemble of G centers under [001], [111], and [110] uniaxial strain, respectively. Numerical simulations
were performed using the ΔSCF method.
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during this calculation. The rotational reorientation is
modeled in analogy to our previous work in Ref. [15].

2. ZPL patterns for different uniaxial strains

We estimate the evolution of the ZPL patterns under
different strain directions using the ΔSCF method in the
nonequivalent local minima positions. We can safely
assume that the ZPL shift is dominated by the relative
energy shift in the local minima of the PES for the larger
strain regimes where frozen position approximation holds.
We note that this simulation method is not accurate to
predict the correct ZPL energy (≃654 meV for the unper-
turbed G center), but it enables one to qualitatively extract
strain-induced ZPL splitting trends, as shown in the
following. The ZPL energy is calculated for each subset
of equivalent equilibrium SiðiÞ positions for four uniaxial
strain directions: [001], [110], ½11̄0�, and [111]. As visible
in Fig. 9(a), the ZPL splitting energies are proportional to
the strain amplitude in the ½−0.2%;þ0.2%� investigated
range. The largest splitting is obtained for the [110] strain,
while hardly any splitting is observed for the [111] strain,
as it corresponds to a totally symmetric perturbation. All
four simulated strain directions produce an overall shift of
the ZPL doublet fine structure [Fig. 9(b)].
As a safety check, we calculate the evolution of the ZPL

patterns of an ensemble of G centers subject to uniaxial
strain along the crystal directions used in a previous
piezospectroscopic experiment [35] (Fig. 10). For a
[001] strain, all four possible h111i crystal axes of the G
center experience the same lattice distortion and, hence, the
same doublet fine structure. Under a [111] strain, the [111]-
oriented G centers will feel a totally symmetric perturbation
with no splitting, while the three other G orientations will
undergo a perturbation equivalent to a ½1̄1̄1� strain for
[111]-oriented G center. Consequently, three optical lines
are expected to split for a G-center ensemble under [111]
strain. The [110] strain will separate the orientations into
two families: [111]- and ½1̄1̄1�-oriented centers, on one
hand, and ½1̄11�- and ½11̄1�-oriented defects, on the other
hand. The strain experienced by these last two orientations
will be equivalent to a ½11̄0� strain acting on a [111]-
oriented G center. As a result, four optical lines are
expected to emerge for an ensemble of G defects under
[110]-uniaxial strain. Assuming the linear regime of
Hooke’s law prevails, the ZPL splittings calculated for
these three uniaxial strains are in good qualitative agree-
ment with the uniaxial stress measurements performed on a
ensemble of G centers in Ref. [35].
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