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Color centers in the O-band (1260-1360 nm) are crucial for realizing long-coherence quantum network
nodes in memory-assisted quantum communications. However, only a limited number of O-band
color centers have been thoroughly explored in silicon hosts as spin-photon interfaces. This study
explores and compares two promising O-band color centers in silicon for high-fidelity spin-photon
interfaces: T and *Cu (transition metal) centers. During T center generation process, we observed the
formation and dissolution of other color centers, including the copper-silver related centers with a
doublet line around 1312 nm (*Cug), near the optical fiber zero dispersion wavelength (around 1310
nm). We then investigated the photophysics of both T and *Cu centers, focusing on their emission
spectra and spin properties. The *Cug line under a 0.5 T magnetic field demonstrated a 25%
broadening, potentially due to spin degeneracy, suggesting that this center can be a promising

alternative to T centers.

Building a practical and efficient quantum network is essential to scaling the
computational power of quantum computers, leading to the wider appli-
cation and development of secure quantum communications'™. To effi-
ciently send flying qubits (photons) over long distances in an optical fiber
network, their particular wavelengths need to be either centered around the
lowest dispersion wavelength of 1310 nm (O-band) or the lowest loss
wavelength of 1550 nm (C-band). It is also important to state that an
intermediate node such as a quantum repeater is necessary to optimize the
flying qubits’ communication and network range’™"’. For optimization, it is
considered that high dimensional energy-time entangled qubits is a pro-
mising platform for carrying quantum information efficiently with high
information capacity between high fidelity quantum memory nodes™"".
Additionally, it is also considered that for low error rate communications,
operating the high dimensional quantum channels near 1310 nm is desir-
able due to minimal timing errors over long distances, increasing state
fidelity. It is essential to develop a high fidelity quantum node with near
unity radiative efficiency devoid of possible nonradiative pathways that can
be integrated with on-chip photonic devices to interface with O-band
quantum channels efficiently. Further to this discussion, the radiative life-
time of the defect centers also must be decreased by integrating them into
cavity structures in order to achieve high coherence fast photonic qubit
interactions.

Solid state color center qubits in silicon have been examined as pro-
minent candidates for quantum nodes for several reasons'**’. Silicon is the
dominant, scalable, and well researched platform for nanoelectronic and
nanophotonic circuits to control and interface with qubits. It is possible to
create reproducible color centers and donor defects in silicon with excep-
tional characteristics. Furthermore, recently developed **Si substrates that
are isotopically purified up to 99.9998% offer a host devoid of magnetic field
fluctuations, supporting good qubit coherence” . In silicon hosts, spin
qubits with long lifetimes of up to 3 hours for shallow phosphorus donors™
and 2.14 seconds for deep selenium donors”* have been developed.
Phosphorus donors operate in the microwave region, and selenium donors
have a mid-infrared transition, both mechanisms of which are less expe-
ditious to interface with current fiber network infrastructure.

Color centers in silicon, such as G, W, and T centers, are promising due
to their easily reproducible defect generation processes, bright photo-
luminescence (PL) emissions near the O-band, long coherence time, narrow
emission linewidths, and their ability to be integrated into silicon photonic
devices'*”™*. G and W centers have bright single photon emission owing to
their singlet-singlet transitions” . These defects possess great potential as
highly indistinguishable single photon sources for integrated quantum
photonics. G centers in particular also exhibit a metastable triplet excited

state transition as a possible spin photon interface™.
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Alternatively, T centers have shown promising properties that make
them suitable as efficient and coherent spin photon interfaces in the tele-
communication wavelengths*'~". T centers have a doublet line (TX, and
TX,) with 1.76 meV spacing, most likely resulting from internal stress™. T
centers consist of two carbon atoms occupying a single silicon site, while a
hydrogen atom is bonded with one of the carbon atoms forming a Cjj,
symmetry”’. The T center is hypothesized to be formed by capturing an
interstitial carbon-hydrogen complex at a substitutional carbon site™.
Electronically, the T center site includes a bound exciton and an unpaired
electron, where two electrons constitute a spin-0 singlet state, while the
unpaired hole has a spin-3/2 state™.

The first (TX,) and second (TX,) excited state transitions of T centers
were reported to be at =~ 1325.9 nm (935.1 meV) and 1323.4 nm (936.9
meV) respectively, close to the O-band zero dispersion wavelength. The
ensemble linewidth of TX, zero-phonon line (ZPL) of T centers was
reported as 26.9 peV in natural silicon and 0.14 peV in **Si*". The reported
TX, lifetime was 0.94 ys, leading to a possible ZPL dipole moment of 0.73
Debye and a Debye-Waller factor of 0.23 at 1.4 K*'. Spin resonance mea-
surements have shown a nuclear spin coherence time of over a second from
Hahn echo measurements”'. The aforementioned properties make T centers
an attractive platform for a metropolitan scale quantum network.

A less studied possible candidate for spin-photon interfaces is a Cu-Ag
transition metal defect in silicon which is known as the *Cu defect. The *Cu
defect has been shown to have a doublet emission at approximately 1312.15
nm, which is closer to the zero dispersion wavelength compared to T
centers” . This was first discovered by McGuigan et al. in a lightly Cu
doped silicon substrate and reported to exhibit an isoelectronic bound
exciton nature in the ground states™ . However, the defect induced lattice
distortion, as well as the photophysics and radiative dynamics of its bound
excitons, has not been as well studied as T centers.

In this work, we examined and identified the relevant transformations
between the plethora of color centers in the process of generating Cu related
defects and T centers in silicon. Our sequential observation of Cu related
defects and T centers, during fabrication on the same silicon substrate, made
comparison possible between the two color centers. We then studied the
photophysics of the *Cu doublet transitions, which appeared in the inter-
mediate process steps, using cryogenic microphotoluminescence (y¢PL)
spectroscopy and we compared it with the subsequently generated T centers
on the same substrate. Our analysis of the temperature dependent PL
suggested that of the two peaks of the *Cu doublet transitions, one was
associated with at least one strongly localized state and the other with a
loosely bound state. Electron spin resonance and magneto-PL measure-
ments on the *Cu transitions revealed an effective Zeeman factor of 364
ueV/T and an ensemble g-factor of 2.002, which demonstrates the potential
of using *Cu defects as a potential alternative candidate to T centers for a
spin-photon interface.

Results and discussion

Fabrication process and transformation of color centers

We examined a combination of ion implantation and rapid thermal
annealing processes to control and optimize the generation of Cu-related
defects and T centers. Our process was adapted from earlier studies™”. A
float-zone (FZ) grown, dilute boron-doped silicon substrate was used, with a
resistivity of 1000 2 - cm to 2000 €2 - cm with carbon and hydrogen impurity
concentrations less than 2 x 10" cm ™. First, carbon ions were implanted
into a silicon substrate at 7 ° with 38 keV energy and a dose of 7 x 10 cm .
This implantation recipe produced an ion profile whose peak concentration
was at 118.8 nm from the surface with a 42.8 nm straggle based on SRIM-
2013 simulations, with the profile shown in Fig. 1a-i".

The lattice damage from carbon implantation was repaired by rapid
thermal annealing (RTA) at 1000 °C for 20 seconds in an argon environ-
ment with a flow rate of 3000 sccm. The maximum temperature was
achieved after a 28 second ramp up, while the cooling was done passively
under high argon flow (20000 sccm). Figure la-ii shows the temperature

profile used. This recipe is commonly used to introduce substitutional
carbon centers in silicon to form G centers™"*. In order to promote the
C-H groups needed to form the T centers, we implanted hydrogen ions into
the silicon substrate at 7° with 9 keV energy and a dose of 7 x 10" cm ™. As a
result of this implantation, we obtained a hydrogen concentration profile
illustrated in Fig. la-iii with a peak concentration at 120.8 nm from the
surface and with a straggle of 38 nm, matching the carbon concentration®.
Thereafter, the samples were cleaned using acetone and isopropyl alcohol
then N, blow dried.

Afterward, the samples were treated in deionized H,O to promote
hydrogen diffusion and bonding with carbon atoms. The treatment was
done in a cleanroom setting under a fume hood, using a hot plate with a two
step process. The samples were treated in deionized H,O with a hot plate
temperature of 115 °C for 30 minutes, and subsequently with the hot plate
increased to 180 °C and held for 37 minutes (Fig. 1 a-iv). This two step
treatment was performed under the fume hood and was designed to apply a
controllable amount of thermal energy, with H,O surface temperatures up
t0 95.5 °C. The treated samples were then placed into the RTA chamber for
the last step to promote the binding of C-H groups with substitutional
carbon sites to form T centers. Inside the nitrogen environment, the samples
were annealed at 420 °C for 3 minutes within a SiC susceptor. Figure 1b
shows the yPL spectrum taken between 1100 nm and 1400 nm at 5 K after
each process step to examine the Cu-related defect and T center formation
mechanism and their precursors compared to untreated silicon substrate.
As a benchmark of lattice damage in silicon, it was observed that the silicon
transverse-optical (TO) transition line around 1130 nm (bandgap) was
completely destroyed upon carbon implantation, which was recovered by
RTA in step ii”’. Owing to the low atomic mass, hydrogen implantation only
showed a 10% decrease in the Si TO line compared to step ii. The deionized
H,O treatment also acted as an annealing process, which enhanced the Si
TO line damaged by hydrogen implantation. After the second RTA step, we
observed a 30% decrease in Si TO line intensity, which might have been due
to replacement of the Si sites with the C-(C-H) complex that led to the T
center formation®’. We observed a similar trend in the Si phonon replica
around 1195 nm. Superimposed on the phonon replica, after step v, we
observed the weak X center line at 1191.7 nm. The origins of the X center
were uncertain; initial studies had suggested an interstitial nature with a
possible tetrahedral or tetragonal symmetry, while the recent ab initio stu-
dies on candidates such as 13-X or 14-A defects were inconclusive®™.

After carbon implantation at step i, before rapid annealing of the
resulting lattice damage, we clearly observed the formation of W and G
centers whose ZPL transitions were at 1217.48 nm and 1278.5 nm,
respectively, with Gaussian full width at half maximum (FWHM) line-
widths at approximately 0.65 nm and 0.8 nm. The G center is a carbon
related defect, thought to be composed of two substitutional carbon atoms
connected by an interstitial silicon atom™*". Here, we observed the G line
clearly without any annealing. The lifetime of the produced G center was
also measured up to 6.67 ns at 7.5 K (Supplementary Fig. 7), which was
slightly longer than the 5.9 ns previously reported for the ensembles but
indicating the dominance of nonradiative processes”**. The W line had a
phonon sideband up to 1250 nm, while the G line phonon sideband
extended up to 1400 nm, including a local vibrational mode at 1381 nm®,
Annealing at 1000 °C for 20 seconds, as shown in 1a-ii, however, led to the
disappearance of the G and W lines. This disappearance indicated the
displacement of implantation induced silicon interstitials into the lattice
during thermal annealing. The W line is thought to be a cluster of interstitial
silicon atoms in the lattice with a ZPL at approximately 1218 nm’>*>%%,

The W line was replaced in step ii by three phonon replicas at 1221.45
nm, 1230.07 nm, and 1238.64 nm with FWHM of 0.58 nm, 1.2 nm, and 1.65
nm, respectively, as shown in Fig. 1b. These lines were approximately 7 meV
apart, indicating the energy of the involved phonons. The peak energies and
separation are aligned with prior literature where it is identified as the Cu
line, a complex of four Cu atoms®>****””. We observed a similar structure for
the *Cu!' doublet peak around 1312.15 nm (Fig. 1b-(4), consisting of a 0.56
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Fig. 1 | Family of color centers in silicon and the T center generation recipe.

a Process steps: i) Simulated depth profile of carbon implantation with 38 keV ion
energy. ii) Temperature (red line) and gas flow (blue dashed line) profiles for rapid
thermal annealing recipe at 1000 °C for 20 seconds. iii) Simulated depth profile of
hydrogen implantation with 9 keV ion energy. iv) Hot plate temperature variation
for H,O treatment. v) Temperature (red line) and gas flow (blue dashed line) profiles
for rapid thermal annealing at 420 °C for 3 minutes. After these five steps, T centers
are generated, comprising two carbon atoms(blue), a hydrogen atom (red) and an

128
Wavelength (nm) Wavelength (nm)

unpaired electron(light red), within silicon host (beige). b Change in the micro-
photoluminescence (PL) spectrum at each process step, where each identified line is
marked with vertical dashed lines and the spectra are stacked with equal spacing
vertically for easier identification. The X, W, G, and T emission lines are magnified at
the bottom. The observed 0.56 meV split "Cu doublet at approximately 1312.15 nm
is denoted as the low (*Cug) and high (*Cu‘l)) energy line. All spectra were taken at 5K
using a 532 nm continuous wave (CW) laser with 900 W/cm? intensity and 600
grooves/mm grating.

meV split into low (*CuJ) and high (*Cu?) energy lines at 1312.98 nm and
1312.20 nm respectively. Here, the superscript, m, indicates the number of
phonons involved in the transition, hence denoting the phonon replicas,
while the subscript, n, indicates the order of the transition in the excitonic
energy ladder. We concurrently observed 6.4 meV phonon replicas at
1321.64 nm (called *Cuy) and 1331.06 nm (called *Cu2). The full list of
zero-phonon and phonon-assisted transitions is given in Supplementary
Note 12. The observed spectral peaks were formed after the carbon
implantation and RTA at 1000 °C, after step ii. The depth profiles were
collected using secondary ion mass spectroscopy (SIMS) for steps i and ii,
and are shown in Supplementary Fig. 8. Cu and Ag residues were observed,
and we suspect their presence was due to the manufacturing process. We
speculate that the formation of Cu and *Cu! was due to the atomic rear-
rangement during our annealing process. The Gaussian FWHM linewidth
of the *Cu) peak was approximately 0.66 nm, while the *Cuj) peak had a
linewidth of 0.523 nm. These peaks disappeared when deionized H,O
treatment was applied.

The G center emission was recovered after hydrogen implantation. It
resulted from the implanted proton induced interstitials and persisted after
the deionized H,O treatment™. However, it had a high intensity phonon
sideband from 1280 nm to 1400 nm, with the previously reported E-line
evident at 1381 nm™, as observed in step i. Furthermore, after step v, a
small peak was observed around 1285 nm, corresponding to the I-center, a
variation of the T center perturbed by the presence of oxygen atoms’’. The
oxygen concentration [O] was less than 2 x 10" cm ™ in the substrate. As a
result of the two step H,O treatment and RTA at 420 °C for 3 minutes, we
obtained a clean TX, zero-phonon line at 1325.1 nm with 0.63 nm linewidth
and a TX, line at 1322.65 nm with 0.79 nm linewidth.

Pump power dependent microphotoluminescence spectro-
scopy of T center and *Cu defects

Figure 2a shows the TX, and TX; lines in the samples that were carbon and
hydrogen implanted and H,O and RTA treated (black curve), and also the
case where the samples were RTA treated only after step iii (without H,O
treatment, blue curve). T center peaks were still observed without the H,O
treatment. This indicates that, although deionized H,O treatment facilitates
high-purity sample development, it is not required to induce T center
formation®. When we applied step v RTA process, without H,O treatment,
we were able to observe *Cuj) and *Cu{ peaks alongside the T center TX,
and TX; lines, while the phonon replica *Cu} at 1321.64 nm showed itself as
a shoulder peak to TX,;. Hence we speculated that the *Cu centers were
susceptible to hydrogenation either via implantation or H,O treatment used
for hydrogen diffusion. We concluded that the H,O treatment (step iv) can
eliminate the *Cu emission while preserving the T centers.

The integrated intensity of TX, and TX; emissions as a function of
pump power is given in Fig. 2b. The saturation power was calculated from
the fits as 7.8 W/cm® and 14.3 W/cm® for TX, and TX, respectively™.
Presented in Fig. 2b inset, at 30 W/cm® pump power, the ratio of ZPL
intensity between TX, and TX; started at approximately 2.725, which
gradually decreased and reached a minimum plateau point at approximately
900 W/cm’® pump power where TX, states saturated. The optically injected
carriers kept populating the TX states up to 1500 W/cm’.

The same analysis was done for *CuJ and *Cu? peaks and the shoulder
*Cuy peak. Like TX, and TX,, the *Cu) and *Cu{ intensities exhibited
saturation at high pump power. Note that the broad *Cuy line, at the lower
energy side of the *Cuj) and *Cu! lines, followed the same trend as the *Cu
and *Cu! lines, suggesting that the *Cug line can be attributed to a phonon
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Fig. 2 | Cryogenic microphotoluminescence(¢PL) characteristics of TX,, TX, and
*Cun"‘ transitions in silicon. (a) PL spectrum showing the formation of TX,, TX,,
*Cug, *Cu(ll, and "Cu} peaks in samples processed with different process steps.

(b) Pump power dependence of the TX, (black line) and TX (red line) PL integrated

Intensity (W/cm?) Intensity (W/cm?)

intensities. The solid lines show the fit of integrated intensity for each line. Inset: ratio
of TX,/TX; intensities with increasing pump power. (c) Pump power dependence of
the "Cu (green line), ‘Cu? (blue line) and "Cu} (purple line) PL integrated inten-
sities. Inset: ratio of "‘Cu)/'Cu{ intensity with increasing pump power.
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Fig. 3 | Temperature dependence of microphotoluminescence (uPL) on T center
zero-phonon line (ZPL) (TX, and TX,) and Cu doublet at 1.313 ym ('Cuj and
“Cu)). a Temperature dependent yPL spectra of ‘Cul, ‘Cu) and "Cu! lines. Inset:
Intensity ratio of "Cu®/"Cu{ as a function of reciprocal temperature. b ZPL transition
energy of TX, (black dots), TX, (red dots), *Cug (green dots), and *Cu[l’ (blue dots) as
a function of temperature. The four black solid curves denote the fit by the four
parameter Passler model”". The grey dashed curves are for bulk silicon. ¢ The energy
difference between "Cu) to ‘Cul (green dots) and TX, to TX; (black dots) as a

function of temperature. d TX, (black dots), TX, (red dots), *Cug (green dots), and
"Cu? (blue dots) integrated ZPL intensity as a function of temperature. e The inte-
grated PL intensity of TX, and "Cu) as a function of reciprocal temperature. The
solid black curves denote the fits by Eq. (3). f TX, (black dots), TX, (red dots), *Cug
(green dots), and "Cu! (blue dots) linewidth as a function of temperature. The error
bars in the figure denote the standard deviation of the fitting parameter. Excitation
laser: 532 nm, power: 900 W/cm®.

replica. Unlike the T center, the intensity ratio between *Cu) and *Cu?
began at approximately 2, and stayed constant up to 300 W/cm?, and then
gradually decreased at higher power. Note that Cu center phonon replicas
appeared at the higher energy side of *Cu{ and *Cu! lines between 1221 nm
and 1240 nm (Fig. 1b-2) while there was no visible T center spectrum
(Fig. 1b-4) during process steps ii to iv.

Temperature dependent microphotoluminescence spectro-
scopy on T center and *Cu defects

To investigate the nature of the observed *Cu doublet emission at 1312.15
nm, we performed a comparative study of the temperature dependent 4PL
spectroscopy measurement on the T center ZPL. Under low injection

below pPL intensity saturation, Fig. 3a shows the temperature dependent
pPL spectra of the *Cu}, *Cuj) and *Cu! lines from 4.5 K to 30 K on an FZ
silicon sample with carbon implantation and subsequent RTA process
detailed in steps i and ii of Fig. la. A similar temperature dependent
measurement of the T center ZPL (TX, and TX,) from 4.5 K to 40 K was
also performed on an FZ silicon sample which was processed using fab-
rication steps i through v. The yPL spectra are shown in the Supple-
mentary Note 3.

Figure 3b presents the temperature dependencies of the *Cu), *Cuy,
and T center ZPL transition energies that were extracted from Gaussian fits
of their spectra. At cryogenic temperatures, the thermally induced redshift
of the semiconductor bandgap can be expressed by the four parameter
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model,
E(T) = E(0) — a®/2p (2T /©®)* (1)

where a denotes the slope dE/dT in the limiting case of T — oo, p is a
dimensionless parameter related to the phonon dispersion coefficient
(€2,)—ep)?
() 2
temperature’". For simple fitting purposes, Eq. (1) can be rewritten as a
polynomial expression,

and O approximately equals the average phonon

E(T) = E(0) — AT?. @)

The transition energies of *Cug, *Cu(l), and T centers were fitted using
Eq. (2) and represented by the black curves in Fig. 3b. The dimensionless
fitting parameter p is equal to 1.25, 1.23, 2.27, and 2.36 for *Cu?, *Cu),
TXj, and TX,, transitions respectively. For comparison purposes, since the
defect centers were in a sea of silicon atoms, we assumed that the average
phonon temperature was the same and equaled © = 406 K for silicon”. We
then extracted the value of « tobe 31.2 peV/K, 16.8 ueV/K, 262 peV/K, and
295 peV/K for *Cu(l), *Cug, TX;, and TX, respectively. The silicon band
gap variation with temperature, plotted as grey dashed lines along with the
*Cu?, *Cuf), and T center transition energies, was calculated by using the
following parameters for silicon: p = 2.33, a =318 yeV/K,and © ~ 406 K'".
TX, and TX; parameters were close to silicon values, indicating a smaller
modification of the silicon matrix by the T center in the sample where
steps i through v were performed. At the end of our processing steps, our
analysis suggested that the lattice was effectively restored to the pre-
processing state.

In stark contrast, the red shifting behavior of *Cuj) and *Cu! transition
energies exhibited a dramatic deviation from the silicon bandgap, resulting
in a much smaller fitting parameter of p and & compared to the silicon and T
centers. This further confirmed that a significant distortion of the silicon
matrix occurred during step i, where the injected carbon ions and displaced
silicon atoms occupied the interstitial sites, creating vacancies in the
implantation path. Step ii promoted the impurity migration and resulted in
the formation of 0.56 meV-split doublet luminescence centers. A much
lower value of p and « resulted in a more significant phonon dispersion. In
Fig. 3¢, we observed that the energy difference between the *Cu® and *Cu
lines was reduced by at least 0.1 meV until approximately 30 K, before
quenching. The significant phonon dispersion led to a higher dependence of
doublet splitting of the *CuJ and *Cu] lines with respect to temperature as
compared to the T center doublet. On the other hand, the reduction in
energy difference between TX, and TX; was less dependent upon increasing
temperature, owing to the minor modification of the silicon matrix. Fig-
ure 3d shows the integrated PL intensities of the *Cu, *Cu{, and T center
ZPLs with increasing temperature. TX, and TX; began to quench around 20
K, while the *Cu]) line quenched much earlier. The intensity of the *Cu? line
exhibited a plateau up to 15 K. The measured 1.75 + 0.01 meV spectroscopic
splitting between the TX, and TX lines at 4.5 K matched the previously
reported value”. The reported disassociation energy of the bound exciton
was 22.5 meV’”. The TX,, intensity (black dots in Fig. 3€) was fitted using the
following thermal partition function,

1(0)

I(T) =
) 1+Aexp(—f—%)+BT3/zexp(—f—%

3)

by setting E; = 1.75 meV, as the excess energy of the excited state TX; to TX,
and E, = 22.5 meV, as the activation energy to the silicon band edge. This is
shown as the black curve in the upper panel of Fig. 3e. The integrated PL
intensity ratio I.¢,0 /I*Cug (inset of Fig. 3a) with respect to inverse tem-
perature, yielded a thermal activation energy (E,) of 0.44 +0.12 meV. This
agreed with our measured spectroscopic splitting value of 0.56 +0.01 meV
that was within our data fitting error. The aforementioned observation
suggests that, like TX; and TX,, the *Cu) line can be associated with a

transition from the higher excited state to the lower *Cu state of the same
defect center. As shown in the lower panel of Fig. 3e, Eq. (3) can be used to fit
the *Cu] intensity by setting E; to be the measured spectroscopic doublet
splitting of 0.56 meV, yielding an E, value of 3.35 meV after the fit con-
verged. This suggests a much smaller binding energy than the T center
bound excitons and agrees with the much earlier intensity quenching of the
*Cug line even below 10 K. The total electron and hole binding energy Eg,
associated with the bound exciton localized to this defect, was calculated to
be 225.2 meV by subtracting the transition energy of *Cuj by the silicon
bandgap at low temperature. Like the T center, Eg > E, probably suggests
that this 0.56 meV-split doublet related luminescence center consists of one
strongly localized and another loosely Coulombic bound particle. This is
potentially another candidate for a long lifetime spin-photon interface in the
telecommunication band”. Note that the uPL intensity plateau of the *Cu?
line below 15 K was likely due to the thermal induced carriers from the lower
energy *Cuj state populating the higher energy *Cu! state.

Figure 3f shows the temperature dependent variation of FWHM
linewidths. Both the lower energy states, TX  and *Cug exhibited constant
linewidths of approximately 542 ueV and 318 peV, respectively, within
experimental error. However, for the higher energy states, the TX; linewidth
stayed constant at approximately 598 peV until around 20 K and then
increased to 927 ueV at 40 K. The *Cu! linewidth increased from 263 ueV to
444 peV from 4.5 K to 15 K. It then gradually decreased to 343 peV at 30 K.
The observed broadening with respect to the Fourier transform limited
linewidth of T center (< 1 neV) could have resulted from: (1) nearby fluc-
tuating charges which could have led to pure exciton dephasing or spectral
diffusion, depending upon the rate of energy Stark shift, (2) ensemble
emitting centers where individual ZPLs were shifted due to different local
strains, (3) isotopic effects from natural silicon, in which the i with non-
zero nuclear spin caused resonance shift and magnetic field fluctuations, and
(4) phonon-assisted broadening. However, for temperature variation of
linewidths in general, phonon contribution is not significant for T = 30 K.
We thus attributed the broadening of TX; with temperatures < 30 K, to the
increasing charge fluctuations associated with thermally induced electrons
resulting from increasing temperatures. The minor variation of the TX,
linewidth compared to the TX, linewidth can be due to its more localized
exciton wavefunction. This also applies to the constant behavior of linewidth
for the lower energy *Cu) state compared to the *Cu? state. The *Cu?
linewidth gradually increased up to 15 K, then decreased and finally
quenched above 30 K as shown in Fig. 3f. This whole behavior could be
attributed to increased charge fluctuations from the thermally induced
carriers, considering the small activation energy of 0.56 meV for charge
transfer from *Cu)) to *Cu! state. The decrease in the *Cu! linewidth can be
due to charge stabilization of the fully occupied *Cu{ states at higher
temperatures.

Photoluminescence dynamics of T center and *Cu defects

The recombination lifetime for TX,, was previously measured to be 0.94 us*',
while its calculated recombination lifetime was between 2 us to 10 us”.
Accordingly, we performed temperature dependent time resolved photo-
luminescence (TRPL) measurements on TX, and TX; color center transi-
tions to elucidate their radiative and nonradiative bound exciton dynamics.
We excited samples with a pulsed laser (600 nm, pulse width = 5 ps) at an
angle of approximately 45° to the sample surface via a plano-convex singlet
lens, creating a large excitation spot diameter of approximately 40 ym. We
achieved sufficient counts for the TRPL histogram integration while
refraining from saturating the T centers. The yPL was collected from the
excitation spot via a 20 x (NA = 0.4) microscope objective perpendicular to
the sample surface and passed through a 0.5 m long monochromator to a
near-infrared (NIR) photomultiplier tube (PMT) unit with =400 ps timing
resolution attached to the exit port. The TRPL was then performed using the
time correlated single photon counting (TCSPC) technique. The high-
density 1200 grooves/mm grating used achieved a spectral resolution of 0.04
nm so that only the ZPL of TX, or TX; fed into the PMT, and the phonon
sideband photons were rejected.
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Fig. 4 | T center and 'Cu™ bound exciton radiative dynamics. a Time-resolved
photoluminescence (TRPL) trace of TX, as a function of temperature fitted rate
equation. Inset: zoom-in of early TRPL rise time. b Radiative lifetime and carrier
populations as a function of temperature, with the TX,, state recombination
mechanism depicted in the inset. The carrier populations of TX, and higher excited
states are denoted as n1y(t), and ,,(t) with corresponding lifetimes of 7, (red circles,
left y-axis) and 7.,. 7y denotes the relaxation time constant from the higher excited
state to TX, (blue circles, left y-axis), and N, denotes the maximum available TX,
states (black dots, right y-axis). ¢ TRPL trace of the combined doublet decay of "Cu

exciton. Inset: Possible state recombination mechanism for “Cu, comprised of Cu
(gold) and Ag (purple) atoms, includes phonon assisted pathways. d Bound exciton
recombination rate as a function of temperature. T',, 1y, (black triangles), I',, x,
(red triangles), T',, ., (blue triangles),T, 1y (black dots), T, 1y (red dots), I',.¢,
(green dots) denote the nonradiative and radiative recombination rate of TX,, TX;,
and *Cu;” accordingly. Inset: The inverse PL decay time of TX,(black dots), TX; (red
dots), and "Cu’” (green dots) as a function of temperature. The error bars in the
figure denote the standard deviation of the fitting parameter.

Figure 4a shows the resulting TRPL traces of TX, transition with sample
temperatures from 5 K to 40 K. At low temperatures, the TX, 4PL decay
exhibited a prolonged tail and the trend remained similar with increasing
temperature until reaching 20 K, after which it changed to a faster decay. As
shown in the inset of Fig. 4a, a slow rise of the TX, PL intensity was visible at 5
K and 10 K and gradually vanished with increasing temperature. We spec-
ulate that the carrier transition to TX, from the higher excited states (TX, to
TX,5) led to a slow rise of the photoluminescence to its peak’. We phe-
nomenologically explain this process using a simple two level system coupled
to the continuum of states, as shown in the inset of Fig. 4b. Such a slow rise
component of the yPL intensity and its variation with temperature was not
observed in TX; states nor G centers (see Supplementary Note 5 and 6), nor
reported in prior W, G and T center studies*""*"*****°, The lack of
observation by the earlier works* for TX,, could be due to a combination of
the following factors: (1) the near silicon band gap laser used for excitation (A
=965 nm)"', which led to fewer photogenerated carriers, (2) the temperature
during TRPL, which was around 1.2 K, leading to lower population at higher
energy levels, and (3) the 40 ns time resolution limitation in the measurement,
which was not sufficient to capture the tens of nanosecond dynamics of a slow
rise in the TRPL trace".

We rule out the possibility of an experimental artifact in our study for
the following reasons: (1) we eliminated the ambient light contamination
and phonon sideband contribution using a combination of 1325 nm, 50 nm
bandwidth bandpass filter, and a 1200 grooves/mm grating with a spectral
resolution of 80 ueV to isolate the zero-phonon line. (2) We observed
temperature-dependent changes in TX, decay, which is shown and analyzed
in Fig. 4a, b and d, and explained further in following paragraphs. And, (3)
using the same experimental apparatus, we did not observe such slow rise in
temperature-dependent TRPL measurements of *Cu and G-centers.

The measured yPL decay of TX, can be interpreted as the carrier
relaxation from TX, to a ground state with a lifetime 7, (radiative and
nonradiative) and a nonradiative carrier feeding from an effective higher
excited state 71,,(f) to TX, with a characteristic time constant 75 Note that
since the carrier transition from the silicon band edge was fast (tens of fs),”*”
it could not be resolved in the measurement and thus was absorbed into the
initial carrier populations #4(0) and #,,(0). The following rate equations
describe the carrier populations of ny(f) and n,,(¢):

dn, ny N, (Ny—n
dat __T0+Tf ( N, @)
dn n n, (Ny—n
i=e e () ®
ex f 0

where 1y and 7, are populations of the optically excited carriers in TX o and
higher excited states respectively. 7, is the recombination lifetime of the TX
state, and 7, is the effective lifetime of higher excitation states. 77 is the
characteristic time constant of the nonradiative carrier feeding to TX, states.
Nj denotes the total amount of available TX , states that can be occupied.
As shown in Fig. 4a, the TRPL trace of TX, was adequately fit by
equations, and the extracted fitting parameters are shown in Fig. 4b as a
function of temperature. We extracted a recombination lifetime of
Tp = 1.56 * 0.13 us at 5 K. With increasing temperatures, 7, decreased to
26.0 + 0.2 ns at 40 K, where TX,, emission almost vanished. Importantly, we
observed the carrier transition lifetime of 7= 11.0 £ 0.3 nsat 5K and 10 K.
This low value of 77 contributed to the demonstrably slow rise of TRPL
traces. The observed 11 ns carrier transition and the resulting slow yPL rise
(only observed for TX, below 10 K) was caused by a much more localized
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nature of TX states. 7ywas found to be three orders of magnitude faster than
the recombination lifetime of TX,, indicating a strong coupling between the
localized TX, and the delocalized higher excited states. At a temperature of
30 K the value 7 was found to have increased to 50.0 + 0.3 ns.

Considering that the pump power was fixed for TRPL measurement at
all temperatures, the ratio of initial occupation of TX, states to its total
amount of available states, ";’\}(?), showed a sharper increase at 30 K, indicating
the start of thermal disassociation of TX, bound exciton. Note that the
timing resolution of the detector ( =~ 400 ps) used was much faster than the
lifetimes of the carriers, and hence the detector’s resolution can be con-
sidered negligible in the fit. We also performed the rate equation fitting by
setting n,, = n;, where n; denotes the TX; carrier population, but the
simultaneous fitting of TX;and TX, yPL decay trace could not be achieved.
This agrees with the hypothesis that the nonradiative carrier transition is
dominated by higher excited states, which also corresponds to our case of
the above silicon bandgap pumping. The coupling between TX; and TX,
states can be a much faster process that can only be investigated by reso-
nantly pumping the TX state.

Figure 4c shows the temperature dependent TRPL of *Cuj)-*Cu! lines.
Due to the small 0.56 meV-splitting and experimental limitations, both
*CuJ and *Cu! lines were measured together with a TRPL window between
1309 nm and 1316 nm. With the presence of higher distortion in the lattice
in Fig. 3b (increased deviation of dashed model lines from the temperature
dependent fit of measured *Cu” data from Si lattice), the *Cul-*Cu?
recombination occurs at a faster rate, with a lifetime 7, of 52 + 5ns at 6.7 K.
We observed an increase in the fitted lifetime to 71 + 2 ns at 30 K, due to the
increased population transfer between *Cuj and *Cu? and other higher
excited states with slower recombination rates. To further investigate the T
center bound exciton recombination dynamics, we assumed that both the
radiative and nonradiative recombination channels contributed to the 4PL
recombination rate. They are specified by their respective recombination
rates I, and I',..The time integrated yPL intensity I of TX, and TX, at
temperature T is proportional to the quantum efficiency I(T) o< T i’rm. With
the radiative recombination dominated by the bound exciton recombina-
tion channel at T = 0 K, I(T) can be written as:

= 1(0) rr .

nr tot

I(T) = 1(0)—1

T, +T ©

In the equation, I(0) was extrapolated from data in Fig. 3d. I}, is the
recombination rate extracted from the rate equation fit of TX, or the single
exponential fit of TX;. Then, the radiative recombination rate was obtained
from equation (6). The resulting yPL dynamic parameters of TX, and TX,
as a function of temperature were plotted in Fig. 4d. The recombination rate
of TX; (73 = 0.60 £ 0.06 us) was nearly twice of TX, at 5 K and gradually
increased up to 30 K in line with TX,, behavior. The extracted radiative and
nonradiative bound exciton recombination rates of TX, and TX;, with the
experimental error bars, are shown in the inset. Compared with the non-
radiative rate, the radiative rates of both TX, (black circle) and TX; (red
circle) were found to be relatively constant = 1.5 us ' and 3.6 us ',
respectively, corresponding to a Fourier transform limited linewidth of =
0.494 neV and 1.19 neV.

The relatively temperature-independent rates (below 30 K) indicate
potentially the suppression of thermally induced fluctuation of the bound
exciton wavefunction along any direction due to the three-dimensional
quantum confinement’. A higher excited state (TX) is theorized to be more
delocalized, characterized by a larger TX, radiative rate. The slight increase
in both TX, and TX; radiative rates with increasing temperature was due to
the thermally induced delocalization of the bound exciton wavefunctions.
Above 30 K, the fast nonradiative recombination was observed to dominate
both TX, and TX; channels. This could be due to the thermal disassociation
of bound excitons, or the Shockley-Read-Hall (SRH) process, induced by
unwanted impurities or vacancies in natural silicon, which results in the
quenching of the T center 4PL intensity above 30 K.

On the other hand, the radiative recombination rate of combined
*Cun'” emissions showed abnormal behavior, reducing with increased
temperature from 18.76 ys~* at 6.7 K to 6.13 s~ at 30 K, while the non-
radiative recombination rate increased to 7.88 ys~' and became the domi-
nant decay channel. This counterintuitive phenomenon was attributed to
the difference in decay rates and multiple phonon-assisted decay pathways
(phonon replicas). We speculate that *Cuj) decay was faster than that of
*Cu9, rendering the *Cu pathway dominant due to the increased popu-
lation transfer at higher temperatures, as shown by the plateau in the *Cu{
plot observed in Fig. 3d. After 30 K, the radiative decay of both *Cu! and
*Cu{ is thermalized by nonradiative and phonon-assisted decay through
*Cu states, which is outside of the spectral window of TRPL.

Magnetic field induced broadening in the ensemble of *Cu color
centers

The T center bound exciton pairs with its ground state electron (which has a
spin with an isotropic g-factor of gz = 2.0005) to form a singlet with an
unpaired hole spin with an anisotropic g-factor in TX,, state”. The aniso-
tropic hole spin leads to different g-factors and diamagnetic shift coefficients
based upon the orientation of the defect in the lattice’’. Under a magnetic
field, the unpaired hole spin undergoes Zeeman splitting and diamagnetic
shifts. The total shift in the peak energy for spin dependent lines can be
identified as Ap = ( + g, + g,)usB, + x|B.I>, where g, and gj, are the g-factors
for electrons and holes, i is the Bohr magneton, y is the diamagnetic shift
due to higher order Zeeman effect, and B, is the applied magnetic field””. The
splitting enables a spin-photon interface that is essential for quantum
memory applications. For the purpose of exploring other spin-photon
interfaces, we examined the 0.56 meV-split *Cu doublet luminescence
center under a magnetic field to assess their potential candidacy as a spin-
photon interface.

For an ensemble of defects, each of the hole spins in a singlet state has a
different g-factor due to the different orientations in the lattice. This leads to
an additional inhomogeneous broadening of the PL spectrum under the
magnetic field alongside lifetime broadening, thermal broadening, and
spectral diffusion between individual defect emissions. The resultant
amplitude A of the spin-polarized photoluminescence has a Voigt-like
profile that accounts for these effects, described by the equation below™”:

By 8) = % (hme )

o, /2n
(0,/27+(by—e,5|B. I day

@)

Here, Afis detuning, o; & o;, are Gaussian-broadened and homo-
geneous linewidths, and e.is the effective average Zeeman factor dependent
on the hole g-factor variations. This leads to an approximate Voigt line-

width T = | /(T_y)? + (e B.D)"

To assess the possibility of a spin-photon interface, we measured the
magnetic field induced broadening of the 0.56 meV-split doublet line using
non-resonant photoluminescence spectroscopy under an out of plane DC
magnetic field ranging from 0 mT to 500 mT at 4.5 K. Instrument limita-
tions and the broadening induced by the natural silicon substrate did not
allow us to distinguish the spin degeneracy lifted transitions within the
ensemble fully. Figure 5a shows the magnetic field induced broadening of
the ensemble *Cu}' color center transitions. The intrinsic Voigt linewidth at
4.5 K and 0 mT is measured as 229 ueV for the *Cu) line and measured as
235.9 ueV for the *Cul line. While there was not a significant broadening
observed for the *Cu(l) line, a sizable linewidth increase was observed for the
first excited state *Cu), by 25% to 290 peV. This increase in the linewidth
was much larger than the instrument resolution. Using Eq.7, we extracted
the effective Zeeman factor &,gas 364 peV/T for the *Cug color center defect
transition. Assuming that the *Cu doublet line was similar to that of T
centers, we expected the formation of an unpaired hole-spin, interacting
with the ground state electron within the first excited transition of the *Cu)
line. Further electron spin resonance analysis, which is shown in Fig. 5b,
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Fig. 5 | Magnetic field induced broadening in the ensemble of 0.56 meV-split
doublet luminescence centers. a The Voigt profile linewidth of ‘Cu (green dots)
and "Cu? (blue dots) lines under a DC magnetic field with intensity up to 500 mT.
Compared to the zero field linewidth of 230 ueV, we observed an increase in
inhomogeneous linewidth of the "Cu line by 25% at 500 mT, while there was not a
significant broadening in the "Cu? line. Inset: PL spectrum of "Cuj and "Cu? lines
against DC magnetic field between 0 mT (yellow dots) and 500 mT (red dots). The
linewidth of the "Cu{ line was fitted using a hyperbolic equation to determine the

mean Zeeman factor as 364 yeV/T. The error bars in the figure denote the standard
deviation of the fitted linewidth. Excitation laser: 532 nm, power: 900 W/cm’.

b Temperature dependent electron spin resonance measurements revealing a spin
resonance at 335 mT, leading to an isotropic g-factor around 2.002. As predicted in
the literature”, the observations were consistent with an isotropic triplet state. Inset:
Goniometric electron spin resonance spectrum to determine isotropy of the spin
states.

revealed that the ensembles of *CuJ and *Cu) defects provided a lambda-
type spin-photon interface, with a degenerate ground level split, an isotropic
g-factor of 2.002, and a Lorentzian broadening of 4 G, consistent with earlier
observation of the isotropic triplet nature of the *Cu) peak”. The ESR
resonance signal at approximately 335 mT showed a Gaussian like broad-
ening of 10 G above 10 K and disappeared completely above 30 K, consistent
with the quenching of the *Cu! PL lines. This further supports the pre-
ceding discussion that the magnetic field induced broadening in Fig. 5a is
due to the spin degeneracy of the *Cu line.

Conclusions

In this study, we have examined the process steps leading to the formation of
*Cu and T color centers. During the T center formation process, the well
known G and W centers were already present after low dose carbon
implantation. Subsequently, we observed that the G and W centers dis-
appeared after the annealing process at 1000 °C, only to be replaced by a
doublet peak at 1312.15 nm also referred to as the *Cu§ and *Cu? peaks,
both of which are isoelectronic bound exciton peaks similar to T centers and
originating from a Cu-Ag transition metal color center. These optical
transitions are present in the spectra of carbon implanted and annealed
samples alongside perturbed Cu line phonon replicas. Furthermore, we have
observed that the doublet *Cu"" optical transitions persist alongside TX,
and TX; if H,O treatment is omitted and only RTA is applied to the sample
following hydrogen implantation.

Furthermore, we have examined and compared the TX, and TX; with
*Cuf) and *Cu! transitions and investigated their origins. The temperature
dependent yPL measurements verified that the *CuJ and *Cu? peaks resulted
from lower and higher excited state transitions, respectively, of the same color
centers whose formation induced a higher perturbation to the silicon host,
compared to the less perturbative T centers. We further estimated a much
smaller exciton binding energy associated with *Cu defect, down to 3.35 meV.

Based on the abovementioned process, we examined the bound exciton
dynamics of the generated *Cu!! and T color centers. With time resolved
4PL measurements, we obtained radiative lifetimes of the *Cu;' transition at
52 *5ns, and for the T center at 1.56 + 0.13 us. We have confirmed our
experimental results by fitting the rate equation modeling between TX, and
higher excited states. We found a slow carrier transition between TX; and
TX,, corresponding to the initial period slow rising dynamics in our mea-
sured TRPL histograms. We further extracted the radiative and non-
radiative recombination rates of the three-dimensional confined T center
bound excitons. Reducing possible nonradiative decoherence pathways is of
utmost importance for high fidelity quantum network nodes, while cavity

quantum electrodynamics (QED) interactions can increase the coherent
photonic qubit emission rates.

Lastly, we further studied the electron spin resonance (ESR) properties
of the resolved *Cu!” doublet peak around 1312.15 nm, which shows a spin-
degeneracy evidenced by the ESR spectroscopy, and the 25% broadening
observed under magnetic field. Thus, *Cu represents a unique platform at
the zero dispersion regime in the O-band for qubit interactions alongside T
centers. The calculated excited state radiative lifetimes, and the magneto-
optic and electron spin resonance measurements support the development
of these silicon color centers for the purpose of realizing solid state quantum

memories in scalable and metropolitan quantum networks™”.

Methods

Power and temperature dependent microphotoluminescence
spectroscopy

A 532 nm solid state continuous wave (CW) laser was used for the above
bandgap excitation with a continuous reflective neutral density (ND) filter for
precise power control. A 925 nm dichroic mirror was used to reflect the
incoming excitation laser to an objective (numerical aperture of 0.4) for
focusing and PL collection. The laser spot on the sample was approximately 2
pm. The samples were housed in a Lakeshore Janis ST-500 microscopy
cryostat with a quartz window vertically set up. The collected PL was passed
through the dichroic mirror and then a 905 nm long pass filter for eliminating
pump residual and the PL was directed into a Princeton Instruments 0.5 m
long monochromator (SpectraPro 2500) with 600 grooves/mm grating. For
magneto-PL measurement, DC permanent ring magnets with field intensities
of 100 mT, 200 mT, 300 mT, 400 mT, and 500 mT were used to apply a
vertical magnetic field perpendicular to the sample surface (parallel to [100]).
The objective was installed on a precision optical rail, ensuring that the
alignment was the same for each measurement after changing the applied
field intensity. A liquid nitrogen cooled InGaAs camera was used to measure
individual lines with a spectral resolution of approximately 100 pm. The
transmission efficiency for the following components were: objective lens =
7%, dichroic mirror =~ 90%, long pass filter ~ 90%, grating ~ 55%, and PMT
coupling efficiency =~ 90%. Additionally, detection efficiencies for the fol-
lowing were: InGaAs array = 80% and PMT = 2%. Overall the collection
efficiency for PL measurement was approximately 2.5%.

Time resolved microphotoluminescence spectroscopy

The yPL spectroscopy setup was modified to utilize a pulse laser at 600 nm
selected from a supercontinuum source (NKT Photonics SuperK Extreme) ata
2 MHz repetition rate, which created a 40 ym spot on the sample with an angle
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of approximately 45° for side pumping. The focal points of the side excitation
path and the collecting Mitutoyo objective were aligned by co-propagation
from both beam paths. The collected light was passed through the same
spectrometer with 1200 grooves/mm grating (spectral resolution =~ 40 pm)
and directed to a photomultiplier tube (PMT). The RF synchronized signal
and PMT output were connected to a Swabian Instruments (TimeTagger 20)
time-to-digital converter, achieving an overall timing resolution of 400 ps. The
collection efficiency for TRPL measurements was approximately 0.06%.

Cryogenic ESR measurement

The cryogenic ESR measurement of Cu related defects was performed using
Bruker EMXplus EPR spectrometer. The microwave probe frequency was set
at 9.381 GHz, and the magnetic field was swept between 40 mT to 600 mT.

Data availability
The data that support the findings of this study are available from the
authors upon reasonable request.
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Supplementary Note 1: Statistical Photophysics of TXoand TX;

Supplementary Figure 1 shows the statistical variations in the TXo and TX1 emissions excited
by a 300 mW, 532 nm laser over the surface of an float-zone (FZ) Si substrate with Carbon and
Hydrogen implantation. Due to the local environmental variations for each T-center, such as
neighboring impurities of Boron or Oxygen, we observed a variation in the peak energy, intensity,
and linewidth. Supplementary Figure 1 (a) indicated a variation in the peak intensities for TXoand
TX1with a standard deviation of a third of the mean intensity over the sample. On the other hand,
we did not observe a significant change in the peak energy (only 12 peV for TXp and 14 peV for
TX1), which is given in Supplementary Figure 1(b). It might suggest that the local strain and the
internal electric fields over the sample were mostly uniform. Further studies under magnetic field
would help to investigate the local-strain-related effects. Supplementary Figure 1(c) shows the
variation in the inhomogeneous linewidths at 5 K. The standard deviations for TXo and TX1
linewidths were measured as 30.5 peV and 18.6 peV, respectively. These values were

comparable to the deviations in the peak energy shown in Supplementary Figure 1(b), which may



be explained by the inhomogeneous nature of the ensemble centers, while there was not a

significant variation of impurity effects over the sample.
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Supplementary Figure 1. Statistical variations of TXo and TX1 microphotoluminescence (pPL) over a float-zone (FZ)
silicon substrate. (a) The change in the PL peak intensity over the sample excited with a 300 mW, 532 nm laser at 5
K showed a standard deviation of a third of the mean intensity over the sample. Each data point was measured at a
random position on the sample. The points were separated from each other at a distance greater than the excitation
spot size. (b) The variation of the peak energy for TXo and TX1. The y-axis is divided into two regimes to present TXo
and TX: data together, separated by ~1.8 meV. The reported deviations are 12 peV for TXo and 14 peV for TXa. (c)
The linewidth of TXo and TX: at different positions. The standard deviations of the inhomogeneous linewidth for TXo
and TX1 over the sample was over an order of magnitude less than the mean linewidths.

Supplementary Note 2: Statistical Photophysics of *Cug and *Cu(l’

Supplementary Figure 2 shows the variations in emission characteristics of an FZ silicon
sample containing “CuJ and *Cu! defects excited by a 300 mW, 532 nm laser over different
locations on its surface. Due to local variations in the formation and measurement of each defect
center, such as neighboring impurities unrelated to the defect, local strain, and minor
temperature differences, we observed a variation in the peak energy, intensity, and linewidth.
Supplementary Figure 2(a) shows the variation in the emission intensity for containing *Cu and

*Cul. The standard deviation of intensity for *Cug was approximately a third of the mean
intensity, while for *Cu and *Cu?, the standard deviation was approximately one-seventh of
the mean intensity. Similarly to the T-center, we did not observe a significant change in the peak
energy at different locations on the sample (68 peV and 74 peV), given in Supplementary Figure
2(b). This would suggest that the local strain and internal electric fields in the sample were mostly
uniform, but further studies under magnetic field would reveal more information on the local-

strain related effects. The variation for the inhomogeneous linewidths is shown in



Supplementary Figure 2(c). The standard deviations for the linewidths of the *Cu centers were
less than one-eighth of the mean linewidth, which is larger than that observed for T-centers. We

speculate that this could be because copper and silver are heavier atoms as compared to carbon
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Supplementary Figure 2. Statistical variations of “CuJ and *Cu? microphotoluminescence (uPL) over a float-zone
(FZ) silicon substrate. (a) The change in the PL peak intensity over the sample excited with a 300 mW, 532 nm laser
at 5 K, demonstrating a standard deviation that is a third of the mean intensity over the sample. Each data point was
measured at a random position on the sample that was separated from each other at a distance greater than the
excitation spot size. (b) The variation of the peak energy for “Cud and *Cu!. The y-axis is divided into two regimes
to present *Cu and *Cu? data together, which separated from each other by ~0.5 meV. The reported deviations
were 68 peV for *Cul and 74 peV for *Cu? (c) The linewidth of TXo and TX: at different positions. The standard
deviations of the inhomogeneous linewidth for *Cud and *Cu? over the sample was over an order of magnitude
less than the mean linewidths.

Supplementary Note 3: Extended Data for the Power and Temperature Dependent PL of T-

center and *Cu Peaks

Supplementary Figure 3 shows the PL spectra for the power and temperature dependent
measurements, which are summarized in Figures 2 and 3 in the main text. Qualitatively, the
power and temperature induced inhomogeneous broadening is evident. As the temperature
increased, the emission intensity appeared to drop, and as the power increased, the emission
intensity appeared to increase. For temperature-dependent intensity, this trend is described by
Equation (3) in the main text. In addition, we saw a red shift in the PL spectrum for increasing
temperatures, described by the Passler model in the main text (Equations (1) and (2)).
Supplementary Figure 4 shows the PL spectra for the power-dependent behavior of the *Cu

peaks. The summary of the trends of power dependency has been given in Figure 2c in the main

text.
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Supplementary Figure 3. Temperature and power-dependent microphotoluminescence (uPL) spectra of TXoand
TX1. (a) PL spectra of TXo and TX1 at temperatures between 5 K to 40 K. (b) PL spectra of TXo and TX1 under 532 nm
laser excitation with pump powers ranging from 1 uW to 1000 uW at 5 K.
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Supplementary Figure 4. Microphotoluminescence (uPL) spectra of *Cud, *Cu?, and *Cu} peaks under 532 nm
laser excitation with pump powers ranging from 1 uW to 1000 uW at 5 K.



Supplementary Note 4: Effect of Final RTA Duration on the Defect Emissions

Supplementary Figure 5 shows the effect of annealing duration on our PL spectra for different
defect centers in FZ silicon. All samples were prepared by the same method until step (iv),
outlined in Figure 1(a) of the main text. By varying the duration of the annealing of the sample
at 420 °C in step (v), we saw that the T-center emission intensity (Supplementary Figure 5(a))
generally increased with annealing time. However, due to the instrumentation limitation on our
rapid thermal annealer (RTA), we could not increase our annealing time beyond 4 minutes.
Furthermore, we saw that the (Supplementary Figure 5(b)) intensity of the X-center phonon line
emission also increased with annealing duration, while the X-center zero-phonon line (ZPL) did
not significantly increase. Increasing the RTA duration also slightly increased the intensity of the
Silicon TO line, since RTA effectively “heals” the silicon lattice. We also saw that increasing RTA
time caused an increase in the emission of the I-center, which is a T-center perturbed by oxygen.
While increasing the annealing time of the sample increased the intensity of the T-center
emission, it also increased the emission of other defect centers and their respective phonon lines.
This can contribute to nonradiative emission processes, effectively broadening the silicon T-
center linewidth. Thus, we believe that the 3 minute annealing time mentioned in the main text
was a satisfactory approach to getting reasonable T-center emissions while minimizing
unnecessary contribution from the potential nonradiative processes caused by the presence of

other defect centers.
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Supplementary Figure 5. The change in microphotoluminescence (pPL) spectra due to rapid thermal annealing
(RTA) duration at 420 °C in FZ silicon substrate. (a) TXo and TXz, (b) X-line, (c) Si TO phonon-assisted emission, and

(d) I-line.

Supplementary Note 5: Extended Data for Temperature Dependent TRPL of TX1 Emission

Supplementary Figure 6 shows the temperature dependent time resolved photoluminescence
of the TX1 emission in the T-center. The curves were fitted with the exponential decay with offset
function in the OriginPro software, using the Levenberg-Marquardt algorithm for fitting

convergence. Overall, the radiative lifetime for TX1 decreased as the temperature increased,
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which was the same trend we saw for TXo in Figure 4 of the main text.
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Supplementary Figure 6. Temperature-dependency of TX1 decay. The PL decay histogram was smoothed using a

2nd-order Savitzky-Golay filter with a 20-datapoint window. The excited-state lifetime was measured as 609 + 64.7

nsat5K,329+16.14nsat 10K, 149+ 4.02 nsat 20K, 59.6 + 1.94 ns at 30 K, and 39.6 + 2.34 ns at 40 K.
Supplementary Note 6: Extended Data for Temperature Dependent TRPL of G-Center
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Supplementary Figure 7. Temperature-dependency of G-center decay. (a) From the TRPL data the excited state
lifetime was estimated to be 6.703 £ 0.008 ns at 7.5 K, 6.722 + 0.009 ns at 10 K, 6.960 + 0.011 ns at 20K, 6.75 + 0.012
ns at 40 K, 3.417 £ 0.016 ns at 60 K, and 0.846 * 0.006 ns. (b) The raw data of the G-center TRPL decay was plotted
with respect to time.
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Supplementary Figure 7 shows the temperature dependent time resolved photoluminescence

of the G center emission. The G-centers measured here were the ones produced after carbon



implantation as described in Figure 1 of the main text (only step (i) shown in Figure 1(a) was
done). The G-center TRPL was collected using the same TCSPC technique described in Methods.
The curves were fitted with the exponential decay with offset function in the OriginPro software,
using the Levenberg-Marquardt algorithm for fitting convergence. We saw an initial slight
increase in the G-center radiative lifetime with increasing temperature followed by a rapid
decrease. The increase in lifetime up to 40 K is minimal. Combined with the potential noise
sources in our data collection process, we think this was due to experimental error, and there

was likely not a significant change in radiative lifetime below 40 K in G-centers.

Supplementary Note 7: Secondary lon Mass Spectrometry (SIMS) Data in Support of the

Copper Related Defect Center in Silicon

Supplementary Figure 8(a) and Supplementary Figure 8(b) show the Secondary lon Mass
Spectrometry (SIMS) data for the copper and silver concentrations in our silicon samples that
showed *Cu and Cu peaks. The samples were prepared according to Figure 1(a) steps (i) and/or
(ii) in the main text. It appeared that annealing increased the concentration of the copper and
silver below the surface, likely due to drive-in diffusion. The concentration of silver and copper
was greater than 1 x 10 cm~3 for depths 50nm below the surface for the unannealed samples.
This appeared to fluctuate around 1 x 10'® cm™3 below the surface after annealing. We believe
the relatively high concentration of silver and copper impurities was from the silicon wafer
manufacturing process. Supplementary Figure 8(c) shows the crystalline structure of the *Cu

defect center.



1E19 4 — gtep (i) Only —— Step (i) Only
—— Steps (i) + (ii e i)+
_ ps (i) + (i) . gl Step (i) + (ii)
3 @
S 1E18 13
=
2 é 1E17 4
,g 1E17 4 e
g g
S S 1E16
O 1E164 1)
3 <
1E15
1E15 4
@ Silicon Silver
@ Copper
1E14 T T T T T T T 1E14 T T T T T T
0 50 100 150 200 250 300 0 100 200 300 400 500
Depth (nm) Depth (nm)

Supplementary Figure 8. Secondary lon Mass Spectrometry (SIMS) data of a silicon sample with *Cu emission
peaks. (a) Copper concentration in the silicon sample at varying depths. The black line shows the sample after just
carbon implantation, which damaged the native silicon lattice, introducing vacancies. The red line shows the sample
after carbon implantation and annealing at 1000 °C, healing the lattice, diffusing the impurities, and creating the
defect centers. (b) Silver concentration in the silicon sample at varying depths. The black line showed the sample
after carbon implantation, which damaged the native silicon lattice, introducing vacancies. The red line showed the
sample after carbon implantation and annealing at 1000 °C, healing the lattice, diffusing the impurities, and creating
the defect centers. (c) The crystalline structure of the *Cu defect center in Silicon. *Cu defect is composed of a
substitutional silver and three interstitial copper atoms in a silicon lattice. The atoms in the diagram represent
elements as follows: black atoms are Silicon (Si), the light mauve atom is silver (Ag), and the brown atoms are copper
(Cu).

Supplementary Note 8: Power and Angle Dependent Electron Spin Resonance (ESR)

Spectrum of the *Cu center in Silicon
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Supplementary Figure 9. Electron Spin Resonance (ESR) spectrum of *Cu centers in silicon. (a) The power-
dependent ESR spectra showing the saturation of the resonance signal with a broadening from 3.5 G to 9.5 G. (b)
Angle-dependent ESR spectrum of *Cu center using a goniometer showing the isotropy of ESR signal.

Supplementary Figure 9(a) shows the saturation level of the spins in *Cu center ensembles.

Here, we observed a broadening in the resonance linewidth from 4 G to 8 G after 8 mW excitation



power over the resonant cavity. We observed a similar increase in the linewidth when the
temperature increased from 5 K to 10 K, while the intensity of the first derivative signal decreased
from peak to peak due to saturation and thermalization of the spin dependent states. Figure
Supplementary Figure 9(b) examines the isotropy of the spin ensemble under a magnetic field
from different angles, the summary data of which was given in Figure 4(b) inset in the main text.
The Electron Spin Resonance (ESR) spectra taken at every 10 degrees after rotating the field

provided an identical signal with a broadening of 4 G at 5 K.

Supplementary Note 9: Generation of *Cu Centers Using lon Implantation and Annealing

To generate *Cu centers reproducibly in silicon, we implanted Cu and Ag into FZ silicon wafers
with doses of 7 x 10'° cm2and 1.5 x 10%° cm™?, respectively. The Cu and Ag ion energy was 160
keV and 250 keV, respectively. The simulated atom concentration as a function of depth for the

implantation is shown in Supplementary Figure 10.
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Supplementary Figure 10. Simulated depth profile of the (a) Cu and (b) Ag implantation on float-zone (FZ) silicon.
The doses for Cu and Ag implantation were 7x10'° cm2and 1.5x10%° cm?, respectively. The ion energy for Cu and
Ag implantation was 160 keV and 250 keV, respectively.

A subsequent rapid thermal annealing process was performed for atomic reconstruction and
formation of Cu-related defect centers. As shown in Supplementary Figure 11(a), annealing at

various temperatures with a 10 second duration led to the appearance of Cu lines from 800 °C —

900 °C. With increased temperatures, Cu lines disappeared, but *Cu lines appeared at 1000 °C.
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Supplementary Figure 11. Microphotoluminescence (1PL) measurement of Cu lines and *Cu lines resulting from
annealing process on the Cu + Ag implanted FZ silicon. (a) PL spectrum corresponding to annealing from 800 °C
to 1050 °C at 10 second durations. (b) PL spectrum corresponding to annealing from 800 °C to 1050 °C at 20
second durations. (c) PL spectrum corresponding to annealing at 900 °C from 10 second to 60 second durations.

In Supplementary Figure 11(b), annealing at various temperatures with a 20 second duration led
to the appearance of Cu lines starting at 850 °C and the coexistence of Cu lines and *Cu lines at
900 °C. The emission intensity was weaker than that derived from the 10 second annealing
process. This was likely due to the thermal dissociation of Cu-related defects after doubling the
annealing duration. As shown in Supplementary Figure 11(c), annealing with varying duration at

900 °C led to the appearance of Cu lines at 10 seconds and *Cu lines at 20 seconds.

Supplementary Note 10: Generation of *Cu-related Centers and T Centers Without Boiling
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Supplementary Figure 12. Microphotoluminescence (1PL) measurement of *Cu and T center lines generated with
varying rapid thermal annealing (RTA) durations (1-4 min) at 470 °C without applying boiling. T = 7 K. Without
boiling, we observed the coexistence of Cu-related lines and T centers lines under 470 °C RTA for 2 minutes.
Increasing RTA duration up to 3 minutes removed the Cu-related lines but preserved the T center lines.
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In Supplementary Figure 12, we used four identical samples treated similarly, and separately
applied rapid thermal annealing using the same tool by modifying the hold time of the same
recipe. Without boiling, we observed the coexistence of Cu-related lines and T centers lines
under 470 °C RTA for 2 minutes. Increasing RTA duration up to 3 minutes removed the Cu-related
lines but preserved the T center lines. Furthermore, we observed the formation of a very low
intensity *Cu line after 4 minutes annealing. We speculate that these low intensity lines are
formed due to a probabilistic process, and we found that the observation at 4 minutes annealing
is not repeatable. The formation and annihilation of the defect centers under rapid thermal
annealing is a probabilistic process. The constituent impurities are moving randomly according
to the available thermal budget, which might cause the defect to reform again due to available

thermal energy in the environment.

Supplementary Note 11: Polarization Dependent Photoluminescence of T and *Cu Center

Ensembles
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Supplementary Figure 13. Polarization dependent microphotoluminescence (uPL) spectroscopy of T and *Cu
centers. (a) Polarization dependent PL of T center zero-phonon line (ZPL) TXo— TXz and (b) *Cud - *Cu? ,emissions
showed an isotropic behavior as expected from the ensemble properties.

Supplementary Figure 13 showed the polarization dependent photoluminescence of T
and *Cu centers. Both defects showed an isotropic dependency on the excitation polarization as

expected from an ensemble of doublets. It was shown that there was no preference for

12



polarization between the doublets TXo — TX1 and *Cul - *Cu? which might have caused a

population transfer between them.

Supplementary Note 12: Verification of Phonon Replicas for *Cu Centers with Previous

Literature

We verified the presence of a *Cu defect by individually identifying ZPL peaks and phonon

sideband resonance peaks in accordance with literature!2. According to the phonon replica

spacing, the calculated phonon energy was 6.4 meV.
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Supplementary Figure 14. Identification of zero-phonon line (ZPL) and phonon assisted transitions of *Cu center.
Graph: The *Cu spectra showing ZPL transitions alongside the first two phonon replicas. Table: The measured values
were compared against previously reported values [1-2], with a constant shift attributable to the spectrometer
calibration. Superscripts denote the number of phonons involved and subscripts denote the degree of the excited

state.
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Supplementary Note 13: Measured Temperature and Gas Profiles During Rapid

Thermal Annealing of T-center Samples
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Supplementary Figure 15: The profile of rapid thermal annealing (RTA) processes taken from MPTC RTP-600-xp
rapid thermal annealer. a. First annealing step at 1000 °C for 20 seconds. Light blue line is the Argon (Ar) gas profile
with maximum value of 15000 sccm, red line is the programmed temperature profile and black dots are the actual
temperature measured by a pyrometer (minimum temperature range: 200 °C). b. Second annealing step at 420 °C
for 3 minutes, Light blue line is the Nitrogen (N2) gas profile with maximum value of 18000 sccm, red line is the
programmed temperature profile and black dots are the actual temperature measured by a thermocouple
(maximum temperature range: 600 °C).

Supplementary Note 14: Magnetophotoluminescence Measurements on T-center

Samples

We have repeated magnetophotoluminescence measurements on T-center samples with
magnetic fields up to 0.5 T, which is shown in Supplementary Figure 16(a). We have
guantitatively analyzed the data using our measurements and previously reported parameters.
The homogeneously broadened linewidth at 4.2 K is 230 MHz in natural Si3. There are 12
reported T-center orientational subsets with measured hole g-factors ranging from 1.069 to
3.457 under a magnetic field aligned along <110> crystallographic axis. Our measurements are
done under <100> magnetic field, which modifies the hole-g factors of the T-center orientational
subsets ranging between 0.91 and 2.55, and an average g-factor of 2.003 along <100>, assuming
equal concentrations®. This leads to an effective Zeeman factor of 116 peV/T. Under 0.5 T

magnetic field, the Lorentzian linewidth of broadened homogeneous transition is 14 GHz. Solving

14



equation 7 in the main text to obtain the TXo linewidth under 0.5 T magnetic field would lead to
an inhomogeneous linewidth broadening from 42.8 GHz (177 peV) to 46.2 GHz (191 peV),
assuming uniform broadening. As shown in Supplementary Figure 16(b), this broadening of ~14
pueV is close to our instrument resolution with 1200 g/mm grating. Thus, due to the
inhomogeneous broadening speculated for different orientational subsets and other effects

within the T-center ensembles in a natural Si substrate, no significant broadening is observed.
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Supplementary Figure 16: Magnetic-field-dependent microphotoluminescence (uPL) of TXo and TX1 lines. Due to
different orientational subsets among the T center ensembles in a natural Si substrate, no significant broadening is
observed.
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