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Luminescence and optical absorption due to radiation damage centers in silicon have been studied exhaustively
for decades, but are receiving new interest for applications as emitters for integrated silicon photonic technolo-
gies. While a variety of other optical transitions have been found to be much sharper in enriched 2*Si than in
natural Si, due to the elimination of inhomogeneous isotopic broadening, this has not yet been investigated
for radiation damage centers. We report results for the well-known G, W, and C damage centers in highly
enriched 28Si, with optical linewidth improvements in some cases of over two orders of magnitude, revealing
previously hidden fine structure in the G-center emission and absorption. These results have direct implications
for the linewidths to be expected from single-center emission, even in natural Si, and for models for the G-center
structure. The advantages of 2Si can be readily extended to the study of other radiation damage centers in Si.
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I. INTRODUCTION

A multitude of radiation damage centers in Si, with highly
reproducible optical emission and absorption lines, have been
studied exhaustively using a wide variety of techniques over
the past 50+ years [1]. Some of these centers produce very
bright luminescence, and have recently received renewed
interest as possible electrically pumped light emitters, and
single-photon sources, compatible with an integrated silicon
photonic technology [2-4]. Previous high-resolution stud-
ies of these centers in natural Si have shown reproducible
limiting linewidths of typically greater than 0.04 meV, and
it has become widely assumed that these relatively narrow
linewidths represent some kind of fundamental limit for these
centers. A wide variety of other optical transitions in Si have
been shown to become remarkably sharper in 2®Si than in
natural Si ("*Si) due to the elimination of the inhomoge-
neous broadening resulting from the mixture of the three
stable Si isotopes (*Si, 2Si, *°Si) present in "'Si [5-9],
but until now no studies of radiation damage centers have
been undertaken in highly enriched 2®Si. While there have
been studies of radiation damage centers in 308, that material
was not as highly enriched as the available *8Si, and in
addition was grown by the Czochralski process, with the high-
oxygen concentration resulting in additional inhomogeneous
broadening, so no linewidth improvements over "'Si were
observed [10,11].

Here, we report on optical emission and absorption stud-
ies on three well-known damage centers produced in very
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high-purity Si enriched to 99.995% 23Si as part of the Avo-
gadro project [12]. All three emit in or near important optical
communication bands: the C center (790 meV, or 1571 nm,
thought to contain an interstitial C (C;) and an interstitial O
(0Gy) [13-18]), the G center (969 meV, or 1280 nm, thought
to contain a substitutional C (C;), C;, and an interstitial Si
(Si;) [4,15,19,20]), and the W center (1019 meV, or 1217 nm,
thought to consist of three Si; [21-23]). All three produce
strong photoluminescence (PL) in 28Si irradiated with 10-
MeV electrons, and the G center also has relatively strong
absorption transitions. All three no-phonon (NP) lines are
much narrower in 23Si than ever observed in "Si, by over
two orders of magnitude for the C and G centers, and a factor
of ~50 for W.

In particular, the improved resolution of the G transition
possible in 28Si reveals a quartet fine structure which is com-
pletely hidden in the inhomogeneously broadened linewidth
seen for G centers in "™ Si. The explanation of this quartet
fine structure represents an important challenge for theoretical
models of the G center [24,25]. The linewidths of the G-
center components in 23Si are slightly over twice the homoge-
neous lifetime broadening limit. These ultranarrow ensemble
linewidths, and the quartet fine structure of the G line, have
direct implications for the emission and absorption spectra of
individual, isolated centers, even in " Si, and for their possible
use as single-photon emitters.

It is interesting to note that in his review of luminescence
centers in Si, Davies [1] proposed that the limiting linewidths
of centers such as G in the best ™'Si samples might result
from inhomogeneous broadening due to the distribution of Si
isotopes. Our results finally demonstrate the prescience and
generality of this proposal.

©2018 American Physical Society
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II. EXPERIMENTAL METHODS

The 8Si samples used here were cut from the seed end
of the Avogadro crystal [12], enriched to 99.995% 28Si and
containing less than 5 x 10 cm=3Cand 1 x 10% c¢cm=3 O,
and irradiated at room temperature with either 32- or 320-kGy
doses of 10-MeV electrons. Control samples cut from high-
purity undoped floating-zone-grown "*Si received the same
irradiations. Individual samples were subsequently annealed
at 100 °C for 40 hours for the 32-kGy G-center sample and
125 °C for 30 minutes for the 320-kGy G-center sample, and
250 °C for 30 minutes for the C- and W-centers samples,
producing strong photoluminescence (PL). All samples were
etched in HF/HNOj prior to measurements in order to remove
any surface damage. Samples were held in a strain-free man-
ner immersed in liquid He at either 4.2 or 1.4 K, except for the
temperature-controlled experiments which were conducted in
flowing He gas. Note that at the high spectral resolutions
possible with 28Si, there are significant energy shifts between
4.2 K (atmospheric pressure) and 1.4 K (near zero pressure),
resulting from the temperature and pressure dependence of
the Si band-gap energy [26]. The line energies given later are
therefore all specified at 4.2 K and atmospheric pressure.

All PL spectra, and some of the absorption spectra, were
collected with a Bruker IFS 125 HR Fourier transform in-
frared (FTIR) spectrometer, using a CaF, beam splitter, and
a liquid nitrogen cooled Ge detector for PL, or a room-
temperature InGaAs detector and tungsten-halogen source
for absorption. For PL spectra, excitation was provided by
either 532-nm radiation (200 mW, 2.5-mm beam diameter)
or 1047-nm radiation (300 mW, 3-mm beam diameter), with
the bulk excitation at 1047 nm providing a somewhat better
signal-to-noise ratio (SNR). The resolving power of the FTIR
considerably exceeded the specification of 10°, with an in-
strumental FWHM of 0.25 peV, providing more than enough
resolution to determine the FWHM of the W line in 2Si, and
contributing only a small but non-negligible broadening to the
observed width of the G-line components, but was not quite
sufficient to determine the FWHM of the C line in our 8Si
samples using this measurement method.

Higher-resolution absorption spectra for the C and G cen-
ters in 28Si were obtained using single-frequency temperature-
controlled distributed feedback (DFB) semiconductor diode
lasers, scanned by varying the diode current in steps as small
as 1 uA, and calibrated using a high-resolution wavemeter.
For the G center, which had quite strong absorption in our
samples, this could be done in a straightforward transmission
geometry, using a room-temperature InGaAs detector. For the
G-center spectroscopy using the DFB laser (10 uW, 2.3-mm
beam diameter), additional above-gap excitation at 1047 nm
(15 mW, 5.5-mm beam diameter) was also used to reverse
the observed resonant bleaching of the G-center absorption.
A second DFB laser at the G-center wavelength (2.3 mW,
2.4-mm beam diameter, 15° incident angle from the optical
path of the first DFB) was also used to investigate selective
bleaching of the G-center absorption. The absorption due to
the C center was too small to detect directly in our sam-

TABLE I. Energies and full width at half maximum (FWHM)
of C, G, and W no-phonon lines in 2Si from photoluminescence in
the case of W, from photoluminescence excitation for C and from
absorption for G. All energy positions are given for 4.2 K. For the
"Si lines, which are asymmetrical, the peak energy is given. The
absolute energy accuracy is 1 eV for the 8Si results and 10 peV for
the "Si results, but the relative accuracy, for example in determining
the separation of the main G-line components in 28Si, is equal to
0.1 ueV.

Energy (meV) FWHM (ueV)
ZSSi natgj 28Si natgj
Cr 786.9261 786.95
Co 789.5596 789.589 0.19(1) 27(1)
Co (80) 789.5750
Cy (BC) 789.6477 789.676
G, 969.3982 969.436 0.23(2) 46(1)
G, 969.4007 0.23(2)
Gs 969.4057 0.23(2)
G, 969.4083 0.25(2)
Gs, (P0) 969.4135 0.3(1)
Gs;, (*0) 969.4139 0.3(1)
Ge, (P0) 969.4160 0.3(1)
Ge» (0) 969.4163 0.3(1)
W 1018.1829 1018.24 2.0(1) 92(9)

ples, but the absorption spectrum could be obtained by using
photoluminescence excitation spectroscopy (PLE), in which
the resonant absorption of the DFB laser (80 uW, 2.5-mm
beam diameter) light could be detected by monitoring the
broad TA phonon sideband of the C-center emission using
a %-m focal length double spectrometer as a spectral filter,
and a high-sensitivity InGaAs photon-counting detector. The
spectral widths of the DFB lasers were specified to be less than

2 MHz, much narrower than the observed C or W linewidths.

III. RESULTS AND DISCUSSION

In the following three subsections we will discuss our re-
sults for the G, C, and W centers, after first reviewing some of
the relevant literature for each of these systems. A comparison
of the PL spectra of the NP lines of these three centers in 23Si
and "™Si is shown in Fig. 1, demonstrating immediately the
dominance of inhomogeneous Si isotope broadening in deter-
mining the linewidths observed in all "Si spectra. Energies
and linewidths of the observed NP components are given in
Table 1. Also apparent in Fig. 1 is a peak energy downshift
for all three centers in 2®Si as compared to "*Si, ranging from
25% to 50% of the 114-p1eV band-gap shift between 22Si and
"atSi [5]. This energy shift with average host isotope mass will
not be discussed further here as it has already been considered
in detail by Hayama et al . [10,11] in comparing the spectra of
these defects in "*Si and *°Si.

A. G center (969 meV, 1280 nm)

The G center, with a NP line at ~969 meV (~1280 nm) is
one of the most studied radiation damage centers in Si due to
its extraordinarily bright emission, as well as relatively large
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FIG. 1. Photoluminescence spectra of the C, G, and W no-phonon lines at 4.2 K for samples irradiated with a 32-kGy dose are compared
for ""Si (blue) and 2Si (orange). The "Si G-line spectrum is plotted in the inset with the energy range compressed by a factor of 3 to show
the complete spectrum resulting from the three isotopes of Si occupying the interstitial site. The small features labeled with an asterisk in the
C and G Si spectra result from the replacement of one >C in the center with a naturally occurring *C. Note that the relative intensities of the
288i G-line components are affected by reabsorption, as discussed in the text. All spectra were recorded with a resolution of 0.62 ueV (**Si)
and 6.2 peV ("™Si), with the latter being sufficient to minimize instrumental contributions to the observed line shape.

oscillator strength as evidenced by strong optical absorption
even for relatively low G-center concentrations [1]. Beaufils
et al . [4] provide an up-to-date and comprehensive review of
the G-center literature, together with new data on temperature
dependencies, and a precise measurement of the 5.9-ns lumi-
nescence decay time. The G center is now widely agreed to
consist of a substitutional-interstitial C pair (C;-Cs) coupled
to a Si;. Song et al . [20] have argued that the G center exists
in two configurations, A and B, as well as positive, neutral,
and negative charge states, with the G luminescence assigned
to the neutral B form. More recent modeling has proposed
three [24] and even four [25] configurations for the G center,
so its detailed understanding remains in a state of flux.

The formation pathway of the G center is similar to that
of many other radiation damage centers and is relatively
well understood [1]. Irradiation, for example with high-energy
electrons, produces primarily isolated Si; and Si vacancies,
both of which are mobile at room temperature. These may
annihilate with each other, complex with themselves, or inter-
act with other impurities and defects present in the crystal. Of
central importance to the formation of many of these centers
is the replacement of C, by Si; to produce Cj, which can be
directly detected by a variety of probes [1]. C; is somewhat
mobile at room temperature and becomes increasingly mobile
at slightly elevated temperatures, allowing it to combine with,
for example, Cs, leading to formation of the G center, or O;,
leading to formation of the C center. Other centers produced
after higher-temperature annealing may form from the disso-
ciation products of less stable centers.

High-resolution spectra of the G-center NP line taken in
both PL and absorption are shown in Fig. 2. The relative
intensities of the components in the PL spectrum are strongly
affected by reabsorption in the sample due to the remarkably
strong G-center absorption. Indeed, in the PL spectrum of the
320-kGy sample (data not shown), the peaks labeled 1 through
4 are seen as dips in an apparently broadened spectrum.

The relative intensities of the G-center components can be
accurately determined from the absorption spectra, even for
the 320-kGy sample, where the absorption strengths were only

approximately twice as large as in the 32-kGy sample, perhaps
indicating that the creation of G centers at 320 kGy is limited
by the availability of C, in these 28Si samples. The absorption
coefficients and integrated areas of the components are given
in Table II. While G-center absorption spectra were collected
using the FTIR for all samples, there was a small but non-
negligible contribution of the instrumental linewidth to the
observed linewidth even at the highest available resolution. As
a result, the absorption spectra shown in Fig. 2 were collected
using a scanning DFB laser with a linewidth much less than
that of the G-line components. The linewidths of the G-center
components are reported in Table I. They are the same for the
32-kGy and 320-kGy samples. They are a little over twice the
homogeneous linewidth associated with a 5.9-ns lifetime [4],
indicating that nearly all the inhomogeneous broadening has
been removed in 28Si, and revealing the G center as a near-
homogeneous light emitter in the bulk.

The G line in Si is seen to have a symmetrical quar-
tet structure which has been completely hidden within the
inhomogeneous linewidth seen before in ™ Si. The relative
intensities of the four components show within error a 1:2:2:1
ratio, and the pattern suggests transitions between two doublet
levels with splittings of 2.5(2) ueV (1-2 and 3-4 splitting) and

TABLE II. Peak absorption coefficients and integrated absorp-
tion areas for the G-line components in the 2Si sample irradiated
with 320 kGy and annealed at 100 °C.

Abs. coeft. (cm™!) Integrated area (cm™2)

G, 2.13 0.0060
G, 4.02 0.0114
G; 4.05 0.0117
G, 2.17 0.0065
Gs, (PO 0.015 0.00004
Gs, (0) 0.021 0.00007
Gg, (P0) 0.010 0.00003
Gg, (P0) 0.013 0.00004
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FIG. 2. (Top) High-resolution photoluminescence spectrum of
the G line in 2Si (32 kGy, annealed at 100°C). The G line splits
into four main components, labeled 1 to 4. We attribute the smaller
lines 5a, 5b, 6a, and 6b to centers where a '>C has been replaced
by a naturally occurring '*C. The relative intensities of the G-line
components in luminescence are strongly modified by reabsorption.
Spectrum recorded with a resolution of 0.31 eV as indicated. (Mid-
dle) Absorption spectrum of the same transition for a 28Si sample
with a 320-kGy dose and 100 °C anneal, measured with a scanning
single frequency laser. The *C lines are enlarged for clarity. The
sample was illuminated with low power above-gap radiation during
the scan to prevent bleaching. (Bottom) Absorption spectrum on the
same 320-kGy *Si sample with no above-band-gap illumination and
a second higher-power laser set to transition 1 (arrow) in order to
bleach the '2C lines and reveal the full '*C quadruplet. The three
spectra shown here were taken at a temperature of 1.4 K.

7.5(2) pneV (1-3 and 2-4 splitting), but we cannot at this time
determine which of these splittings occurs in the ground state
and which in the excited state, nor can we rule out transitions
between singlet and quartet levels.

Also seen in Fig. 2 are weaker, higher-energy features
labeled Sa, 5b, 6a, and 6b, which we interpret as isotope-
shifted versions of lines 3 and 4 for G centers which contain
one *C and one '?C instead of the predominant two '>C. The
relative intensities of the sum of the a and b components seen
in the high-resolution absorption spectrum are in reasonable
agreement with the intensities to be expected from the *C
natural abundance (['*C]/['>C] = 0.0111), which suggests
that the two carbon sites are inequivalent. If this identification
of 5a through 6b is correct, there must be 13C versions of lines
1 and 2 hidden under lines 3 and 4, as will be verified later. The
origin of the a-b splitting is not understood at the moment.

Isotope shifts of the unresolved NP G line in "'Si due to
one of the three isotopes of Si occupying the Si; site have been
previously reported [27,28] and are shown in the inset to the
middle panel of Fig. 1. The 2°Si and **Si peaks are obviously
absent from the enriched 2*Si spectrum. An unresolved C
isotope shift of 40 eV has been reported in comparing the

relatively broad lines of ™'Si samples containing primarily
12C or a mixture of '?C and '3C [29]. The improved linewidths
available in our 28Si spectra allow a much more precise
measurement of the shifts due to one '*C, which for the a {b}
component is 7.85(20) ueV {8.1(2) ueV}.

When measuring the G-line absorption spectrum using the
scanning DFB laser, a gradual bleaching of the absorption
intensity was noted. The rapidity of this bleaching scaled
with the DFB laser intensity incident on the sample, and the
bleaching could be reversed by illuminating the sample with
above-gap light at 1047 nm. This may indicate that resonant
excitation of a G-line component can drive the transition
from the optically active B state to the optically inactive A
state [20], although the bleaching might also result from a
change in charge state, or by populating a long-lived shelving
state. The bleaching effect lasted at least 15 min with the
sample not illuminated. On the ms to s timescales investigated
here, pumping of either line 1, 2, 3, or 4 resulted in a
simultaneous bleaching of all four main components.

Next, we used this resonant bleaching effect to selectively
reduce the intensity of the main '>C components to better
reveal the spectrum of the isotope-shifted lines from centers
having one '3C, as shown in the bottom panel of Fig. 2. An
additional higher-power DFB laser was set to the energy of
component 1, as indicated by the arrow, while the absorption
spectrum was collected with a scanning lower-power DFB
laser. No above-gap excitation was used during this scan.
This resonant bleaching greatly reduced the strength of lines
1 through 4, revealing the '*C-shifted versions of lines 1 and 2
which are almost coincident in energy with the '>C lines 3 and
4. Under these conditions, all lines were somewhat broader,
and the a-b splittings could no longer be resolved.

The temperature dependence of the full width at half-
maximum (FWHM) of the main G-line components is shown
in Fig. 3. The integrated absorption area of the combined
G-line components was constant from 1.5 to 20 K. Fitting the
FWHM to a simple thermally induced transition model,

P
FWHM=Py+ — (1)
exp(E,/kT) —1

gave a thermal activation energy E, = 12(4) meV for this
broadening, which may be evidence for an electronic excited
state at that energy.

High-resolution absorption spectra of the G-line compo-
nents in 28Si were collected for applied magnetic fields up
to 6 T, and no changes from the zero-field spectra were
observed. Given the greatly reduced linewidths seen in 28Si,
this confirms and strengthens earlier conclusions that the G
line arises from a spin zero to spin-zero transition [27].

B. C center (790 meV, 1571 nm)

The C center, with its NP line at 789.6 meV, is one of the
most thoroughly studied radiation damage centers in Si (for an
earlier review see Sec. 5.1 in [1], and for more recent reviews
see [30,31]). It is known to have C;, symmetry and to contain
one C; and one Oj, and isotope shifts due to both C [17,32]
and O [17] have been observed in spectra of the C center in
nat Sl
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FIG. 3. (Top) The G-quadruplet components broaden identically
with increasing temperature. (Bottom) The temperature dependence
of the G linewidths is plotted versus temperature, from which is
extracted an activation energy E, = 12(4) meV.

The electronic properties of the initial and final states of the
C center are better understood than for the G and W centers.
The C center is known to be a hole-attractive isoelectronic
bound exciton (IBE), also known as a pseudodonor center, in
which the hole is tightly bound by the defect potential, and an
electron is Coulomb bound to this positive charge [30]. The
donorlike excited-state spectrum of the C center has been ob-
served using PLE spectroscopy [13]. In the pseudodonor IBE
model, the tight binding of the hole is thought to quench its

angular momentum. The resulting pseudospin % hole coupled
1

to the spin 5 electron leads to an exchange splitting of the
IBE ground state into singlet and triplet states, with the triplet
state lying below the singlet. Since transitions from the IBE
triplet state to the defect ground state are partially forbidden,
the triplet IBE state has a much longer radiative lifetime than
the singlet, and can be difficult to observe.

In a study of the transient decay of the C-center PL,
Bohnert et al . [18] inferred that the observed NP C line must
originate from the singlet IBE state, and that there must be
an unobserved triplet level lying ~3.2 meV below the singlet
level. This was confirmed later by the observation of PL from
the triplet level (labeled Cr) lying 2.64 meV below the singlet
transition (now labeled Cy) [33]. Here, we find a singlet-triplet
splitting of 2.633 meV, in good agreement with the previously
known result.

PL spectra collected with the FTIR of the main C line
together with the Cr line and 'O and '*C isotope-shifted
versions of the Cy line are shown in Fig. 4. We know that
the linewidth of the Cy line was below the resolution limit of
our FTIR, and there is no reason to believe that this was not
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FIG. 4. No-phonon C, photoluminescence in 2Si irradiated with
32 kGy and annealed at 250 °C. (Top left inset) Energy diagram
showing the singlet and triplet bound exciton levels giving rise to
the Cy and Cr lines. (Other insets) The Cr line and the isotopically
shifted C, lines resulting from naturally abundant '*0 and '3C
isotopes, with the same, but shifted, energy scale as the main figure.
Relative to a normalized Cy line, the amplitudes of the Cr, 130,
and 3C intensities are 0.008, 0.005, and 0.027. Collected at 4.2 K
using 0.62-peV resolution, with the linewidths dominated by the
instrumental contribution.

also true of the Cr line and the isotope-shifted lines. The true
linewidth of the Cy line was determined by collecting a PLE
spectrum using a scanning single-frequency DFB diode laser,
as shown in Fig. 5, and reported in Table I. Unfortunately,
the SNR was insufficient to observe any of the other C
components in PLE.

Two isotope-shifted Cy lines are seen in Fig. 4, one
lying at 789.6477 meV (also shown in Fig. 1) that has been
observed previously in natural silicon and attributed to the
C center with its '2C replaced by a '>C [17]. We find an
isotopic shift of AE = 0.0881 meV, in good agreement with
the previously published AE = 0.089 meV value. We also
observe a distinct isotopically shifted line due to 'O replacing
160, with AE = 0.0154 meV, which is reasonably close to the
0.024-meV shift previously observed in "'Si samples with
high 8O concentration [17]. The much narrower linewidths
available in 28Si make possible a more accurate determination
of these isotope shifts without requiring samples doped with
isotopically enriched O or C.

C. W center (1018 meV, 1217 nm)

The W NP line is known to be an electric
dipole transition at a trigonal center having spin-
zero initial and final states, and showing only a Si
isotope shift in its local vibrational mode replicas
[21]. It is currently thought to consist of three Si; [21-23],
and shifted versions of the W line have been observed in " Si
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FIG. 5. No-phonon C, photoluminescence in 28Si irradiated with
32 kGy and annealed at 250 °C measured in PLE with a scanning
single-frequency laser.

implanted with different noble gas ions [34]. The W center
is thought to exist near more heavily damaged regions, and
its linewidth in "*Si is known to decrease with increasing
annealing temperature [22].

We observe this same behavior as shown in Fig. 6, where
the superimposed low-resolution PL scans show a much
broader energy distribution for the sample annealed at 100 °C
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FIG. 6. A low-resolution (62-ueV) comparison of the normal-
ized W-line photoluminescence in *8Si irradiated with 320 kGy after
anneals at 100 °C (pink) and 250 °C (green) shows the broader energy
distribution of the W center for low anneal temperatures. (Inset)
0.62-1eV high-resolution spectrum of the same line in a *Si 32-kGy
250 °C anneal sample.

compared to the sample annealed at 250°C. Note that the
linewidth of the 250 °C sample shown in the main panel of
Fig. 6 is strictly instrumental; a high-resolution PL scan of
the sample annealed at 250°C is shown in the inset, and
it is from this scan that the linewidth reported in Table I
was obtained. Many weak, sharp lines were observed in the
100 °C annealed sample in the region immediately below the
W line, and while none of these agreed with known [34]
noble-gas-shifted W lines, they may be W centers shifted by
the presence of other nearby defects which are annealed out
at 250 °C. In agreement with earlier observations, and models
for the W-center composition, no isotope-shifted W NP lines
were observed in 28Si.

IV. CONCLUSION

We have shown that the G, C, and W radiation damage
centers can readily be studied in highly enriched, high-purity
288i, even though the levels of C and O in the starting material
are quite low. The inhomogeneous isotope broadening inher-
ent to "Si can be eliminated in 2%Si, resulting in linewidth
improvements of over two orders of magnitude for the C and
G centers. Indeed, the linewidth of the G-center components
seen in 28Si is only slightly more than twice the limit imposed
by homogeneous lifetime broadening, given the measured
5.9-ns G-center lifetime [4]. The improved linewidths in 28Si
allow for the clear observation of distinct isotope-shifted
components which are much more difficult to observe in "*Si.
The spectrum of the G center in 28Si also reveals a quartet
fine structure which is completely hidden in the inhomoge-
neously broadened spectrum in " Si. This fine structure may
have applications in quantum technology, and certainly has
implications for models of the G-center structure and initial
and final states. These results also have direct implications for
the use of individual centers as single-photon emitters even in
"4tSi, since inhomogeneous isotope broadening will be absent
for individual centers.

G, C, and W are only a small subset of the known radiation
damage centers in Si. The same linewidth improvements seen
here for these centers in 2Si will apply to many other centers
as well. The long list of known centers in silicon should
be surveyed to look for possible applications in quantum
technologies. In particular, it would be interesting to find
a center which has an optically resolved hyperfine splitting
since this could lead to an optically accessible nuclear spin
qubit, with the possibility of combining long coherence times
with optical addressability, in a more accessible wavelength
region than the proposed chalcogen spin/photon qubits which
operate near 2900 nm [9]. The C center, with its convenient
emission wavelength near 1550 nm and its potential transient
access to a hyperfine-coupled nuclear spin via its excited-state
triplet, may provide a useful spin-photon interface.
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