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Abstract: Quantum light sources play a fundamental role in quantum technologies ranging from
quantum networking to quantum sensing and computation. The development of these technologies
requires scalable platforms, and the recent discovery of quantum light sources in silicon represents
an exciting and promising prospect for scalability. The usual process for creating color centers in
silicon involves carbon implantation into silicon, followed by rapid thermal annealing. However,
the dependence of critical optical properties, such as the inhomogeneous broadening, the density,
and the signal-to-background ratio, on centers implantation steps is poorly understood. We
investigate the role of rapid thermal annealing on the dynamic of the formation of single color
centers in silicon. We find that the density and the inhomogeneous broadening greatly depend
on the annealing time. We attribute the observations to nanoscale thermal processes occurring
around single centers and leading to local strain fluctuations. Our experimental observation is
supported by theoretical modeling based on first principles calculations. The results indicate
that annealing is currently the main step limiting the scalable manufacturing of color centers in
silicon.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Perfect crystals do not exist owing to the presence of inherent defects. Most crystalline defects
are undesirable in silicon wafers. However, certain types of defects such as straight dislocations,
stacking faults, and extrinsic dopants are essential for microelectronics and optoelectronic
devices [1–8]. Luminescent atomic defects, or color-centers, also show great potential for solid
state-based quantum technologies because they can mimic the optoelectronic properties of an
embedded single atom [9,10]. The G-center is the most well-known luminescent atomic defect in
silicon, first measured in 1968 after electron irradiation of silicon [11]. It is composed of two
carbon atoms bound to the same silicon self-interstitial [12–20]. The G-center was the first to be
isolated [21,22] because it has the largest oscillator strength among color-centers in silicon and a
short (nanosecond) decay time [17,23]. The W and T centers were isolated afterwards [24–26].
More recently, a single spin in silicon has been observed optically and the integration of a single
center in a silicon waveguide was reported [26,27]. However, despite important progress, the
scalability of classical and quantum light sources is still a challenging question [28,29]. The
inhomogeneous broadening of approximately 15 nm in the zero-phonon-line of single centers
[21] compared to the broadening for an ensemble (0.3 nm) [17,30], the signal-to-background
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ratio, cause challenges to the indistinguishability of photons originating from distinct centers
[31].

The fabrication process of single centers consists of two main steps. The first step involves the
implantation of carbon to increase carbon density within the silicon matrix and the second step
involves rapid thermal annealing to cure the crystal [32–34]. We investigate the role of rapid
thermal annealing on the dynamic of the formation of single-color centers in silicon. We find that
the density of centers decreases exponentially with the annealing time. We also observe that the
inhomogeneous broadening dramatically depends on the annealing time and can be decreased by
a factor of three compared to the current practice. We attribute the observations to nanoscale
thermal processes occurring around single centers and leading to local strain fluctuations. This
work shows that while annealing is critical for the formation of single color-centers, it also
constitutes the current limiting factor for the large-scale synthesis of single artificial atoms in
silicon.

2. Silicon implantation and experimental setup

Figure 1(a) presents a commercial 230 nm float-zone SOI wafer that is carbon implanted at 36 keV
at a fluence of 5× 1013 cm−2 to increase the concentration of carbon in the middle of the silicon
layer at a depth of about 100 nm. An ensemble of G-centers is formed as shown in Fig. 1(b).
After cleaning, the carbon implanted sample was annealed using a rapid thermal processor with
controllable annealing time and temperature. The annealing in Fig. 1(c) was performed under
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Fig. 1. Implantation process of color centers in silicon and characterization setup.
(a-c) The fabrication process uses a standard commercial SOI wafer that is implanted with
carbon at 36 keV at a fluence of 5× 1013 cm−2(a). The implantation results in the formation
of a G-center ensemble in the middle of Si-layer (b). The creation of single color-centers
involves rapid thermal annealing under controlled conditions (c). Characterization setup to
detect the luminescence of single centers in silicon. SNSPD: superconducting nanowire
single-photon detector. CW-laser: continuous-wave laser. LP: long pass filter. DM: dichroic
mirror. L: lens (d).
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nitrogen (N2), an inert gas, to create color centers. A rigorous control profile with rapid ramp-up
and ramp-down was used to achieve the target temperature for a short duration that is significant
for the damage-repairing process caused by the ion implantation. The rate of temperature rise
was 275 °C per second, while the cooling was performed at a rate of 85 °C per second.

The annealing time was varied from 3 to 50 seconds in our work, with distinct samples being
used for each annealing time. Figure 1(d) presents the optical measurements setup, a home-built
confocal photo-luminescence microscope operating at 5 K. A continuous-wave (CW) laser beam at
532 nm was used to pump the sample with a power of 0.3 mW. A dichroic mirror and an additional
long-pass filter separated the signal from the pump beam. Integrated photoluminescence (PL)
from 1200 to 1600 nm was collected using a superconducting single-photon detector (SNSPD)
with a system detection efficiency of 85% at 1310 nm. To measure second-order auto-correlation,
we used a Hanbury-Brown and Twiss interferometer that consists of two SNSPDs and a fiber beam
splitter. The detectors, in combination with a steering mirror, were utilized to make fine-raster
scans of the samples. Finally, the photoluminescence spectrum was recorded with an InGaAs
camera at the exit of a grating spectrometer with a resolution of 0.28 nm.

3. Results

3.1. Annealing dependent dynamic of the formation of color-centers

Photoluminescence (PL) raster scans of the sample before implantation, after implantation, and
after annealing are presented in Fig. 2. Typically, a vintage sample (before annealing) does not
contain any color centers, and this is confirmed by the PL shown in Fig. 2(a). After carbon
(C) implantation, Fig. 2(b) shows a strong PL signal compared to the non-implanted sample.
The relatively uniform signal over the sample corresponds to an ensemble of G-centers with
a spectrum shown in black in Fig. 2(d). During implantation a high concentration of C(i) is
generated through the direct incorporation of the carbon into the silicon lattice, and through
the formation of silicon self-interstitials, Si(i), which can replace substitutional carbons, C(s) in
the lattice to create C(i). The created C(i) is highly mobile, moving relatively freely throughout
the lattice until it is captured by another C(s) elsewhere in the silicon structure [17,35,36]. This
intermediate (CC) center then undergoes a structural rearrangement to become the bright B-form
of the G-center (GCB) composed of two C(s) and an interstitial Si(i) [36]. The process of
implantation and creation of ensemble of G-centers, although well established, will be particularly
relevant to understand the creation and quality of single centers upon annealing.

Figure 2(c) shows diffraction-limited spots measured after the rapid thermal annealing step
at 1000°C for 20 seconds. The inset shows a magnified region containing a single defect. The
spectrum of the defect is shown in Fig. 2(d) (red color). We observe a detuning between the
zero-phonon lines (ZPLs) of the single center and the ensemble. The full peak width at half
maximum (FWHM) of the single G-center is limited by the resolution of the grating (0.28 nm),
while the FWHM of the ensemble is 0.88 nm. The larger FWHM of the ensemble compared
to the literature [23] originates from the carbon implantation that causes more atomic disorder
than proton irradiation [37]. Second-order auto-correlation measurements confirmed that the
emission is from a single emitter. The anti-bunching effect can be seen in Fig. 2(e) where
g2

exp(0) ≈ 0.27± 0.08. The much smaller jitter of the SNSPDs (25 ps) compared to the relaxation
dynamics of the center (30 ns) causes the background signal to limit the value of the antibunching
at zero-delay [21]. We estimate the signal-to-background ratio (SBR) γ, by: γ= S/(S+B), where
S is the collected PL signal when pumping the defect and B is the measured background PL
when the laser is pumping a neighboring region at about ±2 µm away from the defect. From
measurements of the signal and background, the correction to the experimental value can be
estimated from g(2)(τ): gcor

(2)(τ)= [gexp
(2)(τ)-(1-γ2)]/γ2, where gexp

(2)(τ) are the normalized
coincidence counts [38]. The signal-to-background ratio (SBR) from Fig. 2(e), is γ= 0.85± 0.02
and the value matches well with the value at zero-delay of the anti-bunching gexp

(2)(0). The purity
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Fig. 2. Optical characterization of color centers in silicon. Photoluminescence (PL)
raster scan of (a) non-implanted commercial SOI wafer, (b) SOI wafer after C-implantation,
and (c) SOI wafer after annealing at 1000°C for 20 s. The inset in (c) shows a zoom-in image
of a single color-center. (d) Spectra from an ensemble of G-centers (seen in b) and from a
single center (seen in c). (e) Second order auto-correlation measurements exhibiting a clear
anti-bunching at a zero-delay, proving the isolation of a single center.

of the single photon source can thus be quantified by the signal-to-background ratio (a quantity
that is experimentally easier to measure). Each spot observed in the raster scan of Fig. 2(c) is
assumed to be a single or a few emitters. This assumption is justified by the low density of defects
and is further confirmed by the PL spectra of the defects.

3.2. Temperature-dependent signal-to-background ratio and density of single color-
centers

To understand the effect of annealing on the formation of single centers, the PL signal of samples
annealed from 5 seconds to 30 seconds at 1000°C was compared. In Figs. 3 and 4, we consider a
defect as a single center based on the following characteristics: spatial isolation, pronounced
sharp zero-phonon line (<0.3 nm) in the O-band and antibunching in the second-order correlation
function. Figures 3(a)-(d) present the distribution of emitters as a function of the signal to
background ratio (SBR), γ. A SBR value greater than 0.5 indicates that the emission originates
from a single emitter. Other defects correspond to single centers, but their emission rate is
comparable to the background photoluminescence and the value of the antibunching does not
go below 0.5 (see Supplement 1). It is worth mentioning that the low SBR is unlikely to come
from multiple emitters because the spectrum exhibits only a single sharp zero-phonon line. As
the annealing time is increased from 5 s, 10 s, 20 s, to 30 s, the percentage of single emitters
with a SBR (γ) larger than 0.5 increases from 24% to 40%. The relative percentage of spots
corresponding to single photon sources increases with the annealing time. It is worth noting that

https://doi.org/10.6084/m9.figshare.22060619


Research Article Vol. 31, No. 5 / 27 Feb 2023 / Optics Express 8356

the photoluminescence counts of the isolated emitters do not depend on the annealing time. This
indicates that the signal-to-background ratio is improving due to a decrease in the background
signal with the annealing time (see Supplement 1).
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Fig. 3. Evolution of the density of single centers with the annealing time. Density
distribution of single centers with respect to their signal-to-background ratio γ for annealing
times of (a) 5 s, (b) 10 s, (c) 20 s, and (d) 30 s. The inset figures correspond to the PL raster
scan. (e) Dependence of the density of single centers on the annealing time. The solid red
line denotes an exponential fit. The error bars are determined by the standard deviation of
the series of measurements performed in different locations of each sample. The region
colored in blue shows the annealing times which favor ensembles of G-centers. The white
region corresponds to the annealing time window that results in a formation of single color
centers.

The origin of the background signal is difficult to identify because it has no distinct feature
in the photoluminescence spectrum. It may correspond to optically inactive G-centers such as
the A-form or other carbon/oxygen-related defects with no distinct zero phonon line. Thermal
annealing can also introduce defects in addition to those created through implantation. For
instance, oxygen or Si-vacancies may diffuse from the interface between silicon-air and silicon-
buried oxide. To confirm this hypothesis, samples that did not go through the carbon-implantation
step were annealed. We found that the average PL signal increases with annealing time, meaning
that luminescent defects are incorporated through annealing. Compared to carbon-implanted
samples, the PL signal is decreasing because of the rapid thermal destruction of the G-centers at
1000°C. For lower annealing temperatures, we observe a huge enhancement of the background
signal for carbon-implanted samples, confirming that thermal annealing introduces defects. The
improvement of the signal-to-background ratio is also accompanied by a decrease in the density
of defects with the annealing time, as shown in Fig. 3(e). The density of single centers follows an
exponential decay (solid red line in Fig. 3(e)): ρ(t)= a× e(−t/τ), with a= 0.08± 0.03 µm−2 and an
activation time of τ= 24.4± 7.0 s. The error bars in Fig. 3(e) are obtained by raster scanning
the sample in various locations and computing a standard deviation. The current strategy using
relatively high carbon implantation forms a high density of G-centers and annealing at high
temperatures for a short time is necessary for observing single centers. The observation of single

https://doi.org/10.6084/m9.figshare.22060619
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Fig. 4. Emission distribution of single color-centers. Distribution of the zero-phonon
line (ZPL) wavelength for (a) 5 s (sample size is 584), (b) 10 s (sample size is 160), (c) 20 s
(sample size is 181), and (d) 30 s (sample size is 157) of rapid thermal annealing. The solid
red lines correspond to a Gaussian distribution fit. (e) Zero phonon line shift as a function
of the thermal annealing time. The dashed line separates single centers from ensembles’
thermal annealing regime. The solid red line corresponds to a phenomenological polynomial
fit. The error bars in Fig. 4(e) correspond to the uncertainty in the gaussian fit of the ZPL
distribution.

centers is made possible due to the exponential decrease of the density until the single-center
density level is reached. We note that the highest density of 0.07 µm−2 was achieved for 5
s annealing. Annealing the sample for a shorter time led to an ensemble of G-centers. The
maximum detected density of single centers is not limited by the resolution of the microscope
but may be due to more complex phenomena such as electron-hole diffusion that limit the density
of individually addressable single centers. The activation energy of C(s) and Si(i) is on the order
of 4 eV, much larger than the thermal activation of C(i) which is 0.9 eV. At 1000°C the decrease in
the density of centers is mainly due to the release of C(i) from the G-center. The G-centers would
then attain a transition from the B-form consisting of two C(s) to the A-form that consists of one
C(s) and one C(i). The C(i) is then released through a stochastic process. This is confirmed by the
fact that the activation and migration energy of the C(i) is comparable to the thermal destruction
energy of G-centers which is around 0.9 eV [39,40]. It is also worth noting that for annealing
times greater than 30 s, all the single centers are dissolved. Upon annealing, C atoms escape
toward the free surface of the sample [40–42] and cannot seed the formation of G-centers. The
diffusion of carbon toward the surface is confirmed by the secondary ion mass spectrometry
(SIMS) measurements of post-annealed carbon samples at 1000°C for the 20 s (see Supplement
1) where two maxima in the concentration of carbon at both the top and bottom interfaces are
observed. After annealing, another implantation would be required to provide new C(i) to create
new G-centers. The annealing time is thus critical and needs to be fine-tuned to form single
centers.

3.3. Inhomogeneous broadening of single centers

Annealing at high temperatures causes distinct effects on the optical properties of single centers,
especially with silicon color centers where the inhomogeneous broadening (15 nm) is fifty times

https://doi.org/10.6084/m9.figshare.22060619
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larger than the inhomogeneous broadening of an ensemble of G-centers (0.3 nm). We measured
the spectrum for approximately 150 individual defects for each sample annealed from 5 s to 30
s. The distribution of the ZPL wavelength of the single emitter is reported in the histograms
in Fig. 4(a)-(d). The ZPL wavelengths are well fitted by a gaussian distribution in red lines
in Fig. 4(a)-(d). For the sample annealed for 5 s, most defects emit around 1274 nm with a
standard deviation of 5.5 nm. For longer annealing time, the probability of emitting at a particular
wavelength goes down, and the Gaussian distribution becomes exponentially broader, reaching a
variance of 24 nm for an annealing time of 30 s. The total fraction of counts in the lower and
upper tails in fact increases with annealing time, consistent with broadening of the gaussian
distribution (see Supplement 1). For annealing time shorter than 5 s, single centers were not
observed as shown in Fig. 4(e). The increase in the statistical broadening is attributed to the
introduction of defects during annealing such as vacancies [43]. The inhomogeneous broadening
of single centers is always larger than the one observed for an ensemble of centers. The latter can
be considered as the minimum broadening for the given carbon implantation condition since
any other thermal annealing processing results in a larger inhomogeneous broadening. The
mean value of the ZPL emission of single emitters is blue shifted as compared to the ZPL of the
ensemble. The blue shift varies from 5 nm for 5 s annealing to approximately 10 nm for 30 s
annealing. The ZPL wavelengths are well fitted by a Gaussian distribution shown by a solid red
line in Fig. 4(a)-(d) (see Supplement 1).

3.4. Ab-initio calculations of local strain effect

It appears from the statistics of the ZPL emission wavelength of single centers that they are
very sensitive to annealing. Annealing seems to change the local microscopic environment of
the centers [44]. While the overall “blue-shift” can be understood from a macroscopic average
strain, the large inhomogeneous broadening can only be explained by nanoscale processes that
occur during annealing. To better understand these processes, we performed first-principles
calculations of G-centers in silicon using the Vienna ab initio simulation package (VASP)
[45–48]. Excited state calculations are performed using the constrained occupation method
and are subsequently used to obtain the ZPL and PL spectra [36]. The G-center defect is
embedded within a 3× 3× 3 supercell of silicon containing 216 silicon atoms and simulated
using the Heyd-Scuseria-Ernzerhof (HSE06) functional at the Γ-point [13,16,49]. In Fig. 5(a),
we computed the photoluminescence spectra under strain while changing the lattice constant of
the supercell in the xy-plane by -2% to 2% in increments of 1%. A full structural relaxation was
performed alongside the electronic structure optimization to obtain the true defect ground state.
It should also be noted that these calculations are subject to finite-size effects due to the limit of
computational resources, such as the periodic boundary at the edge of the 3× 3× 3 supercell and
the elevated carbon concentration (∼1 carbon per 100 silicon atoms) as compared to experiment
(<1 carbon per 1000 silicon atoms).

Figure 5(a) shows that, as the lattice constant of the silicon supercell increases, the ZPL also
increases in energy, corresponding to a “blue-shift” of the PL spectrum. For compressive strain,
a “red-shift” of the ZPL is observed. For the same magnitude of strain, the shift of the ZPL is
twice as large for tensile than for compressive strain. The asymmetry in the shift of the ZPL is
illustrated in Fig. 5(b). The convexity of the shift vs strain plot suggests that blue shifts saturate
at some point with increasing tensile strains and may explain why the blue shift is static after a
short annealing time in Fig. 4(e). Since the supercell lattice in presence of a G-center is already
under compression as compared to pristine silicon, further compression requires considerable
energy and significantly impacts the electronic structure, while the effect of tensile strain is
comparatively smaller. In the experiment, we measure the average ZPL emission from single
centers to be blue shifted on average by about 10 nm, corresponding to a strain of (∆a/a) ≈ 0.3%.

https://doi.org/10.6084/m9.figshare.22060619
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Fig. 5. Zero phonon line and photoluminescence spectra of the G-center strained in
the xy-plane. (a) PL spectrum of G-center with -2% strain (red),+ 2% strain (blue), and
unstrained (black). All ZPLs are given relative to the experimental ZPL of the unstrained
G-center. (b) ZPL of the G-center vs. strain, relative to the unstrained value. The red
dashed line indicates the ZPL of a defect in a silicon sample annealed for 30s (1270 nm).
The corresponding value of strain is equal to 0.335%. (c) Quenching of G-center defects
in ensembles. (d) Formation of vacancies near a G-center. (e) Incorporation of carbon
interstitials into substitutional lattice positions.

Annealing silicon results in several processes that can affect defect emission, including the
decay of carbon interstitials, quenching of G-center defects in ensembles, and vacancies in the
silicon lattice. These processes can result in local strain around the G-center, which we will now
explore using first principles electronic structure calculations. In the first scenario (Fig. 5(c)),
upon annealing the optically active B-type, with two substitutional carbons, can be converted to
the dark A-type configuration in which one of the carbons moves to an interstitial position. This
is possible because of the small energetic barrier between the A and B forms of the G-center
(20 meV) [16,36]. The interconversion will be accompanied by the destruction of G-centers as
the created C(i) decay (Fig. 5(c)). To compute the strain induced by this process, we placed two
G-center defects inside a 3× 3× 3 silicon supercell, and the atomic positions were relaxed while
keeping the volume fixed by the experimental silicon lattice constant. The volume expands by
1.22% for the isolated G-center as compared to the volume in the presence of a nearby G-center
within the supercell. The second possible process involves the formation of vacancies near a
G-center (Fig. 5(d)). The creation of a vacancy is accompanied by the diffusion of a silicon atom
away from its usual lattice position, becoming a self-interstitial. By introducing vacancies into a
3× 3× 3 silicon supercell containing a G-center at a varying distance away from the defect, we
find that this process tends to locally expand the lattice around the G-center by as much as 1 -
1.5% as compared to the unperturbed case (see Supplement 1). In the third process (Fig. 5(e)), a
carbon interstitial can decay by incorporating into the silicon lattice as a substitutional carbon,
simultaneously creating a silicon self-interstitial. We investigate the effect of this process by
simulating two systems: 1) a 3× 3× 3 silicon supercell containing a single carbon interstitial, and

https://doi.org/10.6084/m9.figshare.22060619
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2) a supercell with one substitutional carbon and one adjacent silicon self-interstitial. Performing
a complete relaxation of the atomic positions and unit cell volume, we find that the volume
of the latter is smaller by 0.330%. In the three processes discussed above, the silicon lattice
locally contracts by a percent or less causing a compensating expansion around the G-center
and explaining the overall “blue-shift” of the emission. Moreover, the magnitude of the induced
local strain is highly dependent on the distance between the G-center and the location of the
microscopic process causing the strain (see Supplement 1). We notice that the strain can vary
from -0.5% to 1% depending on the location of the vacancy and may cause the observed large
inhomogeneous broadening in the emission of single centers.

4. Conclusion

We investigated the effect of rapid thermal annealing on the formation and spectral properties of
single centers in silicon. Rapid thermal annealing is necessary for the formation of single centers
with high signal to background ratio in carbon implanted samples. The annealing time is found
to be a parameter to control the inhomogeneous broadeningannealing and density of defects in
silicon on insulator wafers annealed for a short time. We identified an annealing time window for
single center formation below which only an ensemble of centers exists and beyond which all
single centers are destroyed. We also found that annealing, while important for forming single
centers, creates a fluctuation in their properties such as their zero phonon lines and the fluctuation
was attributed to local strain variations induced by microscopic processes during annealing.
Annealing thus appears to currently be the limiting factor for the scalable manufacturing of single
centers in silicon and calls for color center formation methods not involving the annealing step
such as implanting with lower doses.
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