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Quantum technologies would benefit from the development of high performance quantum defects
acting as single-photon emitters or spin-photon interface. Finding such a quantum defect in silicon
is especially appealing in view of its favorable spin bath and high processability. While some
color centers in silicon have been emerging in quantum applications, there is still a need to search
and develop new high performance quantum emitters. Searching a high-throughput computational
database of more than 22,000 charged complex defects in silicon, we identify a series of defects formed
by a group III element combined with carbon ((A-C)Si with A=B,Al,Ga,In,Tl) and substituting on
a silicon site. These defects are analogous structurally, electronically and chemically to the well-
known T center in silicon ((C-C-H)Si) and their optical properties are mainly driven by an unpaired
electron in a carbon p orbital. They all emit in the telecom and some of these color centers show
improved properties compared to the T center in terms of computed radiative lifetime or emission
efficiency. We also show that the synthesis of hydrogenated T center-like defects followed by a
dehydrogenation annealing step could be an efficient way of synthesis. All the T center-like defects
show a higher symmetry than the T center making them easier to align with magnetic fields. Our
work motivates further studies on the synthesis and control of this new family of quantum defects,
and also demonstrates the use of high-throughput computational screening to detect new complex
quantum defects.

INTRODUCTION

Quantum Information Science (QIS) hold the promise
of revolutionizing the way we communicate, sense and
compute [1–4]. Qubits have been explored in vari-
ous physical systems, including superconducting circuits,
trapped ions, quantum dots or point defects [5–8]. Quan-
tum defects can act as an “artificial atom” in the semi-
conductor host “vacuum” with their spin state being con-
trolled by light. These defects, often called spin-photon
interfaces, have been proposed as the fundamental build-
ing blocks of quantum communication and distributed
modular quantum computing[9, 10]. While the nitrogen-
vacancy (NV) center in diamond has been the poster
child for quantum defects, it is far from perfect, suffering
from issues such as high spectral diffusion and low effi-
ciency (low Debye-Waller factor). Diamond is also not
easy to process and nanopattern. Consequently, many
efforts have been directed towards the search for new
quantum defects in alternative hosts. Silicon has recently
gained interest as it is the most mature semiconduc-
tor offering endless possibilities in nanofabrication and
scalability[11]. In addition, silicon has a favorable nuclei
spin bath that should lead to high spin coherence times
(T2)[12]. There is a recent surge of interest from the QIS
community in re-investigating known color centers in sil-
icon that emits in the telecom. A series of these color
centers (e.g., the G center, the C center, and the T cen-
ter) are now being synthesized, integrated in devices and

used for quantum operations[13–22].

These recent successes call for a more systematic search
of new quantum defects in silicon. Here, we used a
high-throughput computational screening approach to
discover a new class of complex defects. These new de-
fects are based on a group III element bound to carbon
and substituting on a silicon site (e.g., (B-C)Si, (Al-C)Si
and (Ga-C)Si). These color centers are good candidates
for spin-photon interfaces as they are paramagnetic and
offer emission in the telecom as well as other favorable
optical properties such as brightness and efficiency. We
relate their atomistic and electronic structure to the T
center (C-C-H)Si which is currently the prominent para-
magnetic quantum defect in silicon[16, 17, 19–22]. Be-
cause of this analogy, we call these new color centers T
center-like defects and rationalize their similarities to the
T center based on chemical arguments. Notably, some of
these T center-like defects can outperform the T center in
terms of optical properties, sensitivity to magnetic field
alignment, or yield during synthesis.

RESULTS

High-throughput screening and electronic structures

We used a high-throughput computational screening
approach to identify promising quantum defects in sili-
con. We start off by constructing a electronic-structure
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FIG. 1. Defect atomic structures and single-particle Kohn-Sham levels computed at full HSE levels. T center and the T-like

centers (acceptor-carbon pair) show similar electronic structures with a
′′
and b1 orbitals close to the CBM. The wavefunctions

of the defect level show their p orbital character from C dangling bonds.

database of defects. Our previous work explored inter-
stitial and substitutional defects in silicon [23]. In this
study, we focus on substitutional-interstitial complex de-
fects. Each of these complex defect is initialized by com-
bining a substitutional defect with a nearest-neighbor in-
terstitial either hexagonal or tetrahedral. We considered
a set of 56 elements that are readily ion-implantable. By
combining the stable charge states of simple defects [23],
we constructed a database comprising over 22,000 com-
plex defects in various charge states.

Using this database, we searched for promising spin-
photon interfaces that show charge stability for a range of
the Fermi level within the band gap, non-singlet ground
state, bright emission (transition dipole moment >2 D),
and emission within the telecom wavelength. At the
screening level, we approximated the emission wave-
length using the Kohn-Sham energy difference at the
single-shot HSE level (HSE0). We refer to the method
section and our previous work for detailed screening pro-
cedures [23]. We identify a class of five complex de-
fects, all in neutral charge state and exhibiting a dou-
blet ground state. We follow up by performing full self-
consistent HSE computations on these defects and show
the defect Kohn-Sham levels and their structures in Fig-
ure 1, with the T center ((C-C-H)Si) shown as a reference.
The T center is excited through a defect-bound exciton
where a hole in the silicon valence band is formed while
the unoccupied a” defect state is filled [16]. The excited
state can be described by a delocalized hole attracted to
a negatively charged (C-C-H)Si. All our identified defects
are composed of a group III (B, Al, Ga, In, Tl)-carbon
pair that occupies one Si site and exhibit a similar atomic
structures to the T center (see Figure 1). Their electronic

structure is also very similar with only one unoccupied
defect level in the band gap that lies close to the con-
duction band. We refer to these as T center-like defects
and they are also excited through a defect-bound exci-
ton. Defect-bound exciton quantum defects have disad-
vantages (e.g., low operating temperature, weak bright-
ness) compared to the two-level defect structures such
as the NV center in diamond. However, in small band
gap materials like silicon, they are often more easy to
find when telecom emission is targeted [23, 24]. Bound-
exciton defects are amenable to quantum operations as
demonstrated by the T center.

Similarly to the T center, the defect level in the band
gap for the T-like defects originates from the p orbital
of the dangling bond on the carbon atom, as shown by
the wavefunction in the defect structures (see Figure 1)
[16]. This similarity can be understood from a simple
chemical picture: in the T center, each C4+ contains four
dangling bonds and only one of the carbon is saturated
by the hydrogen, thus the unsaturated dangling bond on
the other carbon atom give rise to the defect level. This
bond order can also be satisfied by replacing the C-H
with a ground III acceptor (A3+), which forms the T-
like defects in our case. The T center has a symmetry of
C1h due to the presence of the hydrogen atom, while the
T-like defects have a higher symmetry of C2v.

The electronic structures of the T and T-like centers
can be further understood using a fragment molecular
orbital (MO) picture as shown in Figure 2. For the T
center, the interaction between the p orbital of -CH and
the p orbital of the -C gives rise to the anti-bonding a

′′

orbital close to the conduction band minimum (CBM)
(see Figure 2a). We note this orbital is only occupied by



3

C

Si

Si

p

C

Si

Si

σ

a’’

σSi

C

Si

H

a’
a’
a’’
a’

a’

𝛑C

H

SiSi

p
Si

C

H

Si C

Si

Si

𝛑

(a)

A

Si

Si

σ

b1

b1

b2

b2

a1𝛑
Si

A
Si

pA

Si

Si

(b)

C

Si

Si

𝛑

C

Si

Si

p

C

Si

Si

σ

FIG. 2. Molecular orbital diagrams of (a) T center the (b)
T-like center (B-C)Si in this case). In either case the frontier
orbital is dominate by the unsaturated -C fragment, results

in the nearly constant a
′′
/b1 orbital in those defects.

one electron and the spin splitting is not captured by the
MO schematics. Similarly, the interaction between the π
orbital of the acceptor and p orbital of the -C fragment
results in the frontier orbital lying close to the CBM, this
is now denoted as b1 due to the C2v symmetry of the T-
like defects (see Figure 2b). In both case the p orbital
from the unsaturated -C fragment dominates the fron-
tier orbital, thus different acceptor atoms barely influ-
ence the a

′′
/b1 level positions. We further corroborated

this by substituting both saturated and unsaturated C
with Ge and Si as discussed in Supplementary Note 1.

While replacing C in -CH barely alters the defect levels,
substituting unsaturated C reduced the splitting between
a
′′
/b1 for T/T-like centers cross the spin channels. This

results in undesired defect level in the spin-up channel
(see Supplementary Note 1). This highlights the criti-
cal role on optical properties played by unpaired electron
in the p orbital in the T center and T center-like de-
fects. This a”/b1 p orbital is perfectly positioned close
to the conduction band allowing emission at an appro-
priate wavelength in the telecom through a defect-bound
exciton process.

FIG. 3. (a) One of the initial defect configurations in the
MI high-throughput database, with an acceptor substitution
on Si, and a carbon with hexagonal interstitial. These two
defects are placed as the nearest neighbours. (b) Optimized
structure results in T-like defect configuration with C2V sym-
metry.

We also note that the T center-like defects formed
through relaxation of the substitutional-interstitial com-
plexes during our high-throughput screening. Interest-
ingly, only the hexagonal interstitial results in the for-
mation of T center-like defect (see Figure 3) while all
the other combinations do not. The only exception is
the (B-C)Si, which forms in either case. While hexag-
onal interstitial in silicon is often a metastable defect
[23], our finding highlights the importance of considering
metastable defects when building a comprehensive com-
plex quantum defect database as recently also discussed
by Deak et al.[25].

Optical properties

A high performance spin-photon interface requires ex-
cellent optical properties, including bright emission at ap-
propriate wavelengths and minimal losses in the phonon
sidebands of photoluminescence (i.e., high Debye-Waller
factor). Although it is promising that T center-like de-
fects share similar electronic structures with the T center,
we performed more precise optical computations to eval-
uate their performance. We start off by computing the
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TABLE I. Kohn-Sham level difference (∆KS), zero-phonon line (ZPL), transition dipole moment (TDM), the relevant charge
transition level (CTL) with respect to EVBM, bound exciton stability (BES), and the Debye-Waller factor (DWF) of the T and
T-like centers.

Defect ∆KS (eV) ZPL (meV) TDM (Debye) CTL (0/−1)(eV) BES (meV) DWF
T center 1.04 985 0.46 1.070 85 0.165
(B-C)Si 1.121 999 0.65 1.088 89 0.275
(Al-C)Si 1.029 790 1.81 0.891 101 0.136
(Ga-C)Si 1.096 908 1.11 1.004 96 0.198
(In-C)Si 1.104 914 1.14 1.031 117 0.139
(Tl-C)Si 1.126 959 0.81 1.081 122 0.116

zero-phonon line (ZPL) of the quantum defects. The ex-
cited states of the T-like series are prepared using the
constrained HSE (∆-SCF method) by enforcing the oc-
cupation of b1 state in the spin-down channel an creat-
ing a hole at the VBM [16, 26]. The ZPL is the en-
ergy difference between the relaxed defect in the excited
and ground state. We also estimate the brightness or
radiative lifetime by the transition dipole moment ob-
tained from the ground-state wavefunctions, as detailed
in the methods section [26–28]. These results are sum-
marized in Table I. We found that all of the T-like series
emit in the near IR region, with Al-C and B-C complex
exhibiting the lowest and highest ZPL energies at 790
meV and 999 meV, respectively. Given that all these de-
fects are excited through transition between the host and
defect bands, forming a defect-bound exciton, it is cru-
cial to consider their stability of this exciton. For the T
center-like defects, the bound exciton stability measures
the tendency for the bound exciton to “break” and form
a free hole and the negatively charged defect, offering a
measure of the defect’s stability against photoionization
rather than optical excitation. This is effectively the en-
ergy difference the ZPL and the (0/−1) charge transition
level (see next section), as shown in Table I. Generally,
the T-like series show bound exciton stability that is sim-
ilar to the T center, ranging between 89 meV to 122 meV.
This indicates a stable bound exciton (at low tempera-
ture) given the positive binding energies. We note that
the computed bound exciton binding energy is overesti-
mated by first-principles computations for the T center
probably due to the slow convergence with respect to the
supercell size.[16]. In any case, our analysis supports the
stability of T center-like bound excitons at sufficiently
low temperatures for readout and initialization. Typi-
cally, the T center operates at a few Kelvin [19], well
below the temperature that will break the defect-bound
exciton.

Under the the Huang-Rhys approximation[29], we now
compute the Debye-Waller factor (DWF) that quantifies
the proportion of photons emitted into the ZPL as op-
posed to the phonon sideband which is not suitable for
quantum operations. We first benchmark our results by
comparing the computed DWF of the T center to the ex-
perimental measurements. Our computed DWF of 0.165

aligns reasonably with the experimental value of 0.23 re-
ported in Ref.[17]. See the details of the computed PL in
Supplementary Note 2. Previous studies have reported
an overestimated DWF of 0.856 for the T center, which
might attribute to the finite size effects in small super-
cells or specific technical details in the ∆SCF computa-
tions [30]. Combining DWF (efficiency) with the TDM
(brightness) allows us to comprehensively assess the op-
tical properties of the T-like defects. Notably, We found
that B-C emerges as closely analogous to the T center,
with a predicted ZPL of 999 meV – near the T center’s
985 meV – and comparable brightness values (TDM of
0.65 D for B-C and 0.46 D for the T center). However,
B-C distinguishes itself with a DWF of 0.275, approxi-
mately 1.7 times that of the T center, marking the high-
est efficiency within the T-like series. We note that it
has been recently suggested that a higher DWF not only
enhances the emission efficiency of the ZPL but also re-
duces the non-radiative recombination, which plays a pre-
dominant role in the telecom wavelength, as detailed in
Ref.[31]. According to their model, we estimated that
B-C’s non-radiative recombination rate is around three
orders of magnitude lower than that of the T center, po-
sitioning B-C as a highly promising spin-photon interface
with superior emission efficiency at a wavelength compa-
rable to the T center.

The other defects among the series also present inter-
esting properties that are worth noting. Al-C, in particu-
lar shows the highest transition dipole moment in the se-
ries with 1.81 D. While emitting at a longer wavelength of
790 meV, it is estimated to emit with a radiative lifetime
of 0.7 µs, which is an order of magnitude smaller than
the T center (7.8 µs). A similar trend is observed with
Ga-C, In-C, and Tl-C, where their radiative lifetimes are
3 to 5 times shorter than that of the T center, with val-
ues of at 1.7, 1.6, and 2.72 µs, respectively. Meanwhile,
their DWFs are found to be comparable to that of the
T center. We observe a general trend where the pres-
ence of heavier elements in the defects tends to reduce
the DWF (with the exception of Al-C), possibly due to
the greater amount of relaxation during excitation the
(∆Q). To further validate the above findings, we com-
pared the transition dipole moment and vertical excita-
tion energies (excited electronic structures with ground-
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FIG. 4. Comparison between the simulated PL spectrum and
the experimental measurements for (a) AlC and (b) GaC com-
plex defects. The characteristic peaks are highlighted and in-
dexed for the simulated PL lineshape.

state atomic structures) calculated using both ∆SCF and
time-dependent DFT (TDDFT) methods, both on top of
HSE. The results were consistent across both methodolo-
gies, with detailed comparisons available in Supplemen-
tary Note 3. We note that the recent development of
the TDDFT method in periodic systems has enabled the
evaluation of nuclear forces[32]. However, this topic is
beyond the scope of our current work.

Comparison with experiments

There is a track-record of studies on color centers in
silicon preceding the advent of QIS. There is substan-
tial evidence from this past literature suggesting that
the complexes we identified exist and have been syn-
thesized previously. Photoluminescence (PL) spectra of
Al-C and Ga-C complexes have been reported. Irion
and colleagues observed the “Al1” spectrum in electron-
irradiated Al-doped silicon, with a measured ZPL of 836
meV, closely aligning with our predicted value of 790
meV [33]. The comparison between the computed and
experimental PL lineshapes, as shown in Figure 4(a), re-
veals a good correspondence. It is particularly notable
that the signature “(Al1)1” peak around 780 meV is cap-
tured by our model’s peak 3. This quasi-localized vi-
brational mode (LVM) is shown in Suppelemtary Note
1 and involves a fair amount silicon around the defect.
This is in correspondence to the experimental interpre-
tation that this mode is a defect-meditated zone-center
optical phonon mode (OΓ)[33]. We note that the “C-
line” at 789 meV shown in the experimental data is as-
sociated with carbon-oxygen complex[34]. Overall, the
agreement between theory and experiment indicates that
the experimentally reported defect is likely to be the T
center-like Al-C. Similarly, Thonke and the coauthors re-
ported “Ga1” spectrum from Ga-doped silicon placed
under electron irradiation with a subsequent annealing
[35]. The reported ZPL of the Ga1-line at 875 meV
again closely matches our predicted value of 908 meV.
Figure 4(b) plots the measured and the predicted PL
spectrum that are in excellent agreement. The charac-
teristic (Ga1)1 peak at 820 meV that involves the quasi-
localized mode of the defect is reproduced by the peak 3
in the simulated PL. Compared to (Al1)1, (Ga1)1 shows a
stronger localization character, as detailed in Supplemen-
tary Note 2. Our results strongly suggest the existence of
Ga-C pair complex defects as the origin of the Ga1 line.
We note that both the gallium and aluminium experi-
mental data indicates a Zeeman splitting in the emission
spectra. This is consistent with the doublet nature of the
T center like defects [33, 35].

Regarding the B-C complex, clear PL evidence remains
elusive. We note that there was early experimental confu-
sion of whether boron-carbon complex could be responsi-
ble for the T-line [36]. Though experimental efforts later
resolve the confusion by identifying the defect symmetry
of the T center to be C1h though stress measurements
[37]. Interestingly, our findings suggest that the PL line-
shapes of the B-C complex closely resemble those of the
T center. The higher DWF of B-C complex might result
in its sideband being covered by the phonon sideband of
the T center, see Supplementary Note 4. We hypothe-
sized that low concentration of B-C could coexist with
the T center in B-doped silicon samples. Without a tar-
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geted synthesis, it might be challenging to isolate these
two defects. Recently, the G and G∗ centers have sug-
gested that defects with similar PL signature can be con-
fused for each other[13, 14, 38]. Finally, to the best of
our knowledge, there is no clear experimental evidence
showing the existence of (In-C)Si and (Tl-C)Si complexes
[39–41]. Their synthesizability might be limited by the
thermodynamic factors which will be discussed in greater
details in the subsequent section.

Thermodynamic analysis

We have identified the T center-like defects as promis-
ing candidates for spin-photon interfaces. While previ-
ous experimental PL have shown evidences for the exis-
tence of these defects, we perform now a thermodynamic
analysis to further investigate their stability and suggests
pathways for their formation. Figure 5 shows the defect
formation energies with respect to the Fermi level for
all T center-like defects. All of the defects show simi-
lar charge stability with the neutral charge dominate the
band gap. In fact, most of the T-like defects, similar to
the T center, show (0/−1) charge transition level around
1 eV, with Al-C shows a slightly lower level at 0.89 eV,
as summarized in Table I. Using first-principles compu-
tations, we investigate the potential decomposition of the
complex defect centers into simpler defects. The chemi-
cal potentials used for evaluating formation energies are
referenced to the elemental forms. Previous studies sug-
gested that the T center forms by a CSi that captures
an interstitial CHi[37]. Based on this insight and our
previous work on the T center, we evaluate both CSi +
CHi/Ai and CSi + CHC/AC as competing products with
the complex. Our results confirms that both the T and
the T centers-like defects are more stable than the CSi

+ CHi/Ai. This supports the hypothesis that they could
form by a substitutional defect trapping an interstitial.
Furthermore, our analysis indicates that all T center-like
defects tend to thermodynamically decompose into sub-
stitutional defects. However, it is likely that the complex
defects could be kinetically trapped. This is because the
decomposition into substitutional defects is a complex
rearrangement involving a silicon vacancy, which could
be kinetically hindered at lower temperatures. The ex-
perimental evidence for the existence of (Ga-C)Si and
(Al-C)Si outlined in the previous section supports this
view. We also note that other complex in silicon such
as the G-center have also been shown to be kinetically
stabilized[42]. Additionally, we also performed ab ini-
tio molecular dynamics simulations at 300 K for each of
the defects. Over a 50 ps production run, no dissocia-
tion events were observed (see Supplementary Note 5 for
more details).

Both our previous first-principles work and experimen-
tal evidences have shown that controlling the hydrogen

content or chemical potential of hydrogen (µH) is essen-
tial to the production of the T center[16, 43, 44]. We now
extend this investigation to the formation of the T center-
like defects. Since the T center-like series also involve
unpaired electrons on the carbon atoms (i.e., a radical
in chemistry), we expect that passivating this unpaired
electron using hydrogen might favor the formation of the
T center-like defects. Given hydrogen’s high mobility, we
suggest a two-step process for creating these defects (with
a high yield): 1) synthesizing hydrogenated T center-like
defects (i.e., (A-C-H)Si), and 2) selectively removing hy-
drogen while the other elements are kinetically frozen to
lead to the formation of paramagnetic defects (i.e., (A-
C)Si). We now user first principles computed energies
and consider a system open to hydrogen with chemical
potential µH, where µH = 0 eV is referenced to the H2

molecule at 0 K. In practice µH is controlled by hydro-
gen gas or water partial pressure and temperature. The
grand-canonical thermodynamic potential of different de-
fects in function of the hydrogen chemical potential is
shown in Figure 6 for the T center and T center-like de-
fects. Figure 6(a) focuses on the T center where the the
lines are respectively indicative of the thermodynamic
potential for the fully hydrogenated T center (H-C-C-H)
in blue, fully dehydrogenated (C-C) in orange and par-
tially hydrogenated (C-C-H) in dashed red. The single
carbon substitution (CSi) competing with the complex is
shown in green. Our previous work has shown that the
T center is first synthesized at high µH (ion implantation
followed by immersing in boiling water) that favors the
formation of H-C-C-H over the decomposition into sub-
stitutional defects (green line) [16]. The complex is then
dehydrogenated by carefully controlling the µH during an
annealing step. Notably, the T center is very sensitive to
this annealing step and is only stable in a very narrow
window (blue area in 6 (a)). A too high µH will not
dehydrogenate the H-C-C-H complexes at all and a ex-
cessively low µH will form fully dehydrogenated defects.
This analysis underscores the sensitivity required for suc-
cessfully processing the T center.

We now carry out the same analysis for the T center-
like defects, as shown in Figure 6 (b) to (f). Similar
to the T center, a high µH promotes the hydrogenated
defect (blue line), even when competing against the de-
composition into substitutional defects (green line). This
suggests that ion implantation with hydrogen might be
favoring the formation of T center-like (hydrogenated)
defects. To then produce the paramagnetic, dehydro-
genated form of T center-like defects, we propose anneal-
ing the system at a low µH. Assuming this is done under
the conditions that only allow hydrogen to diffuse, we
would be able to kinetically stabilize the acceptor-carbon
complex. This mechanism is applicable for all T-center
like defects. What changes is the conditions necessary
to achieve the formation of the hydrogenated defect and
to anneal out the hydrogen. The upper (lower) bound
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FIG. 5. Defect formation energy vs. the Fermi energy for (a) T and (b-f) T-like defects. The zero of Fermi energy is referenced
to the valence band maximum. Elemental chemical potentials are used as reference. Decomposition into simple defects are
considered in this case, including CSi and CH/acceptor interstitial (CHi/Ai).

of µH for ion-implantation IC (annealing condition AC)
are presented in Table II. For instance, ion-implantation
of the T center needs to be performed with µH more
positive than −0.61 eV, corresponds to a temperature
lower than 624◦C in hydrogen atmosphere (pH2=1 bar),
which can be easily fulfilled. Due to the narrow anneal-
ing range with µH ∼ −0.99 eV, the T center needs to
be annealed around 462◦ by assuming the pH2=1e−7
bar, in reasonable agreement with experimental temper-
ature of 400◦ in nitrogen atmosphere. Comparatively
speaking, B-C indicate a superior synthesizability with
a wider range of ion-implantation and annealing tem-
perature. Ion-implantation can be performed as long as
T IC < 856◦C, and with annealing TAC > 440◦C under
the same conditions of the T center. In general, heavier
group III complex becomes more difficult to synthesize
as their µIC

H becomes more positive (lower T IC) and their
µAC
H becomes more negative (higher TAC). Addition-

ally, the decomposition energy ∆Ed that measures the
decomposition tendency of the acceptor-carbon complex
into simple defect counterparts show the similar trend, as
summarized in Table II. Therefore, the heavier group III
complex could become more difficult to be kinetically sta-
bilized due the decomposition tendency, and this might
explain the lack of experimental evidence of In-C and

Tl-C in silicon.

TABLE II. Chemical potential of hydrogen for ion-
implantation and annealing condition µIC

H /µAC
H (eV) for the

T and T-like centers, their corresponding temperature TIC/
TAC (◦C), and the decomposition energy ∆Ed (eV).

Defect µIC
H µAC

H ∆Ed

T center −0.61 −0.99 0.76
(B-C)Si −0.77 −0.98 0.21
(Al-C)Si −0.26 −1.27 1.00
(Ga-C)Si −0.11 −1.28 1.20
(In-C)Si 0.14 −0.52 1.49
(Tl-C)Si 0.03 0.11 1.48

DISCUSSION

Using a high-throughput computational screening ap-
proach, we identified a series of new quantum defects
analogous to the T center in silicon. These defects com-
prise of an acceptor-carbon complex on the silicon site,
exhibiting similar electronic structure to the T center
where the unpaired electron on the carbon p orbital sets
the in-gap defect level close to the CBM, leading to tele-
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FIG. 6. Stability of the T and T-like defects in a grand canonical ensemble open to hydrogen. The hydrogenated defect
structures are shown in the inset circles. Chemical potential of hydrogen corresponds to implantation (IC) and annealing
condition (AC) are shown by the arrow. The annealing hydrogen poor chemical potential are highlighted by the shaded area.

com emission. We propose that these T center-like de-
fects could be used as spin-photon interfaces similarly to
the T center, and be excited through a defect-bound ex-
citon. Experimental evidences show that some of these
defects have probably been synthesized and reported as
color center in silicon in previous studies (well before the
advent of quantum technologies).

This series of quantum emitters offers a range of wave-
length such as telecom O-band (B-C), S-band (Al-C),
and E-band (Ga-C). Many of these defects have a radia-
tive lifetime similar to the T center with the exception
of Al-C complex whose lifetime is an order of magni-
tude shorter. The T center is typically operated at a few
Kelvin and will not be able to be used at higher tem-
perature because of the low bound exciton energy. We
expect similar operational temperature range for these T
center-like color centers. The T center has shown spin
coherence time in the millisecond range (T2=2.1 ms)[17]
and we expect the T center-like to be comparable, as spin
coherence is predominately influenced by the host nuclei
spin bath at these low temperatures.

All the T center-like defects have an important prac-
tical advantage over the T center due to their higher

symmetry (C2v vs C1h). This benefits the control of
these defects in terms of alignment with the magnetic
field needed to split the doublet state. Considering the
crystal axis, an ensemble of the T center can consist up
to 12 inversion symmetry orientations, each responsible
for a branch of the optically detectable magnetic reso-
nance (ODMR) measurements. In contrast, it is expected
that each of the T-like defects will show only 6 branches
in an ensemble, simplifying the identification of defect
orientation during experiments. This information facili-
tates the alignment of the magnetic field for optimal spin
readout[45, 46] and integration with nanophotonic struc-
tures. In terms of synthesis, we propose that a process
including the synthesis of hydrogenated T center-like fol-
lowed by an annealing step could lead to a high yield of
the T center-like defects. Our analysis indicates that the
annealing might not require as precise control as for the
T center, presenting a potential advantage for these de-
fects in terms of defect production yield. While all the
T center-like defects are of interest, we note that B-C is
especially appealing as it emits in the O-band similarly
to the T center, with a comparable radiative lifetime and
a significantly higher DWF.
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CONCLUSION

Silicon color centers are strong contenders as qubits in
scalable quantum networking and computing. Exploring
the complex defect database of more than 22,000 defects
that are built by our automated high-throughput com-
putational workflow has led to the discovery of a class
of spin-photon interface based on a group III element
bound to carbon on a silicon site. These defects are
analogous structurally and electronically to the T cen-
ter and show attractive properties including a doublet
ground state and efficient emission of photons in the tele-
com. Compared to the T center, these new defects have
higher symmetry facilitating the alignment with the mag-
netic field during ODMR and can have more attractive
optical properties. While experimental evidences show
that these color centers can be produced, we suggest a
synthesis route that could enhance the yield of the T-like
defects by forming hydrogenated complexes that are sub-
sequently dehydrogenated through annealing. Our work
highlights the importance of comprehensive complex de-
fects database for discovery of new spin-photon interface
and motivates further experimental and theoretical in-
vestigations of these T center-like defects for quantum
applications.

METHODS

The high-throughput defect computations were per-
formed using the automatic workflows that are imple-
mented in atomate software package [47–49]. The first-
principles calculations were performed using Vienna Ab-
initio Simulation Package (VASP) [50, 51] with the pro-
jector augmented wave (PAW) method [52]. All the
calculations were spin-polarized with the Perdew-Burke-
Erzhenhoff (PBE) functional. Charged defects were sim-
ulated using a supercell size of 216 atoms. 520 eV cutoff
energies were used for the plane-wave basis and only the
Γ point was used to sample the Brillouin zone. All the
defect structures were optimized at a fixed volume un-
til the ionic forces are smaller than 0.01 eV/Å. On top
of these PBE computations, we have performed single-
shot Heyd-Scuseria-Ernzerhof (HSE) (HSE0) computa-
tions that have shown to correct the PBE electronic
structure at a minimal cost [23, 53]. In total our database
includes 22266 complex charged defects from 56 elements
that are identified as easily ion-implantable[23]. Each of
these complex defect was initialized by a substitution and
a interstitial (tetrahedral or hexagonal) defects.

For the T-like defects, we performed lower throughput
more precise computations. The full self-concistent HSE
was used in a larger 512 atoms supercell with a reduced
cutoff of 400 eV. For all the defect calculations, the input
generation and output analysis are performed using Py-
CDT [54]. The formation energy of each charged defect

reads:

Eform[X
q] = Etot[X

q]−Ebulk
tot −

∑
niµi+qEf+Ecorr (1)

where the formation energy is expressed as a function
of the Fermi level Ef [55, 56]. Etot[X

q] and Ebulk
tot are

the total energies of the defect-containing supercell (for
a given defect X in the charge state q) and the bulk, re-
spectively. The third term represents the energy needed
to exchange atoms with thermodynamic reservoirs where
ni indicates the number of atoms of species i removed or
added to create the defect, and µi is their correspond-
ing chemical potential. In this work, we used elemental
chemical potentials as the reference. The fourth term
represents the energy to exchange electrons with the host
material through the electronic chemical potential given
by the Fermi level. Finally, the last term is a correction
accounting for spurious image-charge Coulomb interac-
tions due to finite supercell size, as well as potential-
alignment corrections to restore the position of the bulk
valence band maximum (VBM) in charged-defect calcu-
lations due to the presence of the compensating back-
ground charge density [57, 58]. Kumagai correction was
applied throughout this work [58].
For the grand canonical thermodynamic analysis that

opens to hydrogen, the chemical potential of hydrogen
µH can be linked to the synthesis conditions using an
ideal gas model.

µH(T, P ) =
1

2
(EH2

− TSexp
H2

+RT ln(PH2)), (2)

where EH2
is the energy of the H2 molecule. Sexp

H2
is

the entropy of H2 measured experimentally at standard
condition [59], pH2 is the partial pressure of H2. We used
the H2 molecule at 0K as our reference, zero chemical
potential.
The transition dipole moment was evaluated using the

single-particle wavefunction that was calculated at HSE
level and further processed with PyVaspwfc code [60].
The radiative lifetime was approximated using Wigner-
Weisskopf theory of fluorescence: [27, 28, 61]

1

τ
=
nr(2π)

3ν3|µ|2

3ε0hc3
, (3)

where τ is the radiative lifetime, nr is the refractive index
of the host, ν is the transition frequency corresponding
to the energy difference of the Kohn-Sham levels, µ is the
transition dipole moment, ε0 is the vacuum permittivity,
h is the Planck constant, and c is the speed of light. The
transition dipole moment is given as:

µk =
iℏ

(ϵf,k − ϵi,k)m
⟨ψf,k|p|ψi,k⟩ , (4)



10

where ϵi,k and ϵf,k are the eigenvalues of the initial and
final states, m is the electron mass, ψi and ψf are the
initial and final wavefunctions, and p is the momentum
operator.

Time-dependent density functional perturbation the-
ory was used to compute transition dipole moment and
vertical excitation energies in the CP2K package us-
ing the Gaussian Plane Waves method[62, 63]. The
Gaussian type orbitals are mapped to the multigrid
solver with a relative cutoff of 50 Ry. A TZVP ba-
sis was used when available, otherwise the DZVP ba-
sis was used, along with an auxiliary basis to accel-
erate hybrid computations[64, 65]. The hybrid func-
tional HSE06 was used in the exchange-correlation ker-
nel for the TDDFT calculations. In this work used GTH
pseudopotentials.[66]. Only the Γ point was used to sam-
ple the Brillouin zone. All structures were relaxed in fixed
volume in CP2K until the magnitude of forces was less
than 0.01 eV/Å. The convergence of the excited state
energies was set to 1e−7 eV.

PL spectra were computed with ground and excited
states structures at HSE level and phonon calculated
within GGA level, following the method proposed by
Alkauskas [29]. All the calculations were performed in
a 512-atoms cell. Ground-state phonon is assumed to
be identical to the excited states [67]. The phonon
properties are computed using Phonopy and compressive-
sensing method implemented in [68–70]. The PL spectra
were plotted using pyphontonics with a Gaussian broad-
ening of 2 meV[71]. The ZPL positions were set to the
values that were computed using HSE ∆SCF method.
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