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Near-infrared color centers in silicon are emerging candidates for on-chip integrated quantum emitters,
optical-access quantum memories, and sensing. We access ensemble G-color-center formation dynamics
and radiation-induced atomic disorder in silicon for a series of megaelectronvolt proton-flux conditions.
The photoluminescence results reveal that the G centers are formed more efficiently by pulsed-proton
irradiation than by continuous-wave proton irradiation. The enhanced transient excitations and dynamic
annealing within nanoseconds allows optimization of the ratio of G-center formation to nonradiative defect
accumulation. The G centers preserve narrow line widths of about 0.1 nm when they are generated by
moderate pulsed-proton fluences, while the line width broadens significantly as the pulsed-proton fluence
increases. This implies vacancy or interstitial clustering by overlapping collision cascades. The tracking of
G-center properties for a series of irradiation conditions enables sensitive probing of atomic disorder, serv-
ing as a complementary analytical method for sensing damage accumulation. Aided by ab initio electronic
structure calculations, we provide insight into the atomic disorder induced inhomogeneous broadening
by introducing vacancies, silicon interstitials, and oriented strain fields in the vicinity of a G center. A
vacancy leads to a tensile strain and can result in either a red shift or a blue shift of the G-center emission,
depending on its position relative to the G center. Meanwhile, Si interstitials lead to compressive strain,
which results in a monotonic red shift. High-flux and tunable ion pulses enable the exploration of the
fundamental dynamics of radiation-induced defects as well as methods for the optimization of G-center
formation and qubit synthesis for quantum information processing.
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I. INTRODUCTION

Programmable quantum information processing and
unbreakable secure quantum networks linked by trusted
repeater nodes require the robust generation and manip-
ulation of single and a few quanta in a scalable platform
with long coherence times [1-3]. On-chip integrated quan-
tum photonic circuits in silicon (Si) have been used to
demonstrate the implementation of quantum protocols via
multiplexed linear optical elements and nonlinear electro-
optic effects, due to its mature manufacturing and low
optical losses [4,5]. However, because of the indirect
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band gap of silicon, it has been a long-standing chal-
lenge to fabricate highly efficient silicon-based quantum
emitters enabling on-demand single photons, entangled-
photon pairs, spin-photon entanglements, squeezed light,
etc. Although the integration of heterogeneous active
sources has been implemented using [6], e.g., III-V quan-
tum dots, color centers in diamond or SiC, and spontaneous
parametric down-conversion (SPDC) nonlinear materials,
searching for emissive qubits in silicon as a host mate-
rial [7] is desirable for CMOS-process compatibility and
scaling-up purposes. Alternatively, the direct formation
of telecom-band light-emitting defects in silicon through
the nonionizing energy loss (NIEL) of energetic particles
has become an emerging approach for on-chip integration,
as recently demonstrated using carbon-based defect com-
plexes of G and T centers [8—13], as well as rare-earth
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erbium ions [14,15]. On the other hand, it is well known
that irradiating a semiconductor with energetic particles
gives rise to structural damage and defect formation via
NIEL processes [16]. This leads to degradation of the
device performance, e.g., in radiation detectors operat-
ing in (high-)radiation environments. Radiation-damage
effects include reduced sensitivity of photodiodes [17],
decreased efficiency of light-emitting diodes (LEDs), and
lasing threshold shifts [18], as well as degradation of
the reliability of power electronics [19]. The build-up
of stable radiation damage often proceeds via complex
dynamic annealing (DA) processes, involving point-defect
migration and interaction, which often occurs during the
ion-implantation or -irradiation step for actual device fab-
rication and depends on the density of collision cascades
and the ion-beam flux [20,21]. Such dose-rate effects on
the radiation-damage and defect-interaction dynamics in
silicon have been studied by various analytical meth-
ods, including deep-level transient spectroscopy (DLTS)
[22,23], charge-collection efficiency (CCE) measurements
[24], Rutherford back-scattering spectroscopy (RBS) [25,
26], x-ray diffraction analysis (XRD), and positron-
annihilation Doppler-broadening spectroscopy (PAS) [27].
However, the effect of the ion dose rate on the forma-
tion dynamics of color centers and the correlation between
inhomogeneous broadening and atomic radiation disor-
der have rarely been studied, even though understanding
these processes is essential for optimizing the formation
yield, coherence, luminescence efficiency, and determinis-
tic positioning of these defect emitters in silicon quantum
photonic circuits [12].

Ion implantation will likely play an essential role in
future large-scale fabrication of quantum defects in sili-
con. The integration of large numbers of qubits requires
efficient and ideally deterministic formation of quan-
tum defects of consistently high quality in photonic
devices. The development of defect-center formation tech-
niques that minimize inhomogeneous line-width broad-
ening due to radiation damage has remained challenging
[28,29]. Here, we explore radiation-induced G-center for-
mation dynamics in silicon wafers under various proton-
irradiation conditions: (1) by using the induction linear
accelerator that is part of the Neutralized Drift Compres-
sion Experiment (NDCX-II) at the Lawrence Berkeley
National Laboratory, which delivers an approximately 1-
MeV intense nanosecond-pulsed proton beam and allows
us access to transient radiation effects on defect dynamics
far from equilibrium at the nanosecond time scale [10,30];
and (2) by using 1-MeV continuous-wave (cw) proton
irradiation with orders-of-magnitude-lower dose rates per-
formed in the Centro Nacional de Aceleradores, Seville,
Spain [31]. Our present study complements earlier silicon-
irradiation studies with pulsed-proton and ion pulses from
laser accelerators and higher damage rates [32]. We
compare the G-center optical properties characterized

by time-resolved photoluminescence (PL) and reveal the
dose-rate effect on color-center formation efficiency and
optical line width. Furthermore, we perform ab initio elec-
tronic structure calculations, which provide insight into the
atomic disorder induced inhomogeneous broadening, by
introducing vacancies, Si interstitials, and oriented strain
fields in the vicinity of a G center. We highlight the
approach of using pulsed-proton irradiation on the as-
received carbon silicon wafers to generate color-center
complexes with high formation efficiency while preserv-
ing the narrow line width. Our results can guide directions
for the efficient formation of (single) G centers by pulsed
single-shot ion implantation and we demonstrate this using
G centers as a sensitive optical probe for atomic scale
radiation-induced disorder.

II. SAMPLES AND MEASUREMENTS

Float-zone silicon with residual carbon, with a (111)
crystallographic plane and an approximately 100-Q cm
resistivity, was used as the starting material for proton-
beam irradiation. Note that the as-received carbon in the
silicon samples is likely due to the extended storage
and that no additional carbon implantation or annealing
was performed in the experiments that we report here.
Such a starting material circumvents the typical carbon-
implantation step for G-center formation, which introduces
radiation damage [33,34]. Secondary-ion mass spectrome-
try (SIMS) prior to irradiation showed a carbon-atom con-
centration of up to 102° C/cm> near the native oxide sur-
face, which fell to the SIMS sensitivity limit of 10'® C/cm®
at a depth of 150 nm, corresponding to a carbon areal
density of 2 x 10'* C/cm? [10].

Pulsed-proton irradiation was performed by NDCX-II,
which delivers protons of up to 1.1 MeV for an approxi-
mately 10-ns pulsed length, with a repetition rate of one
shot per 45 s and an energy spread of £50 keV [35].
A 1-MeV proton generates dilute vacancies and intersti-
tials at a rate of approximately 2 x 10~* damage events per
proton per nanometer in the top 1 wm of the samples [10].
A 4-pm-thick aluminum foil in front of the sample was
used to filter out any residual low energy H; ions, which
results in a 0.9-MeV proton landing on an approximately 2-
mm-diameter area of the sample. Two different dose rates
of 7.9 £ 1.6 x 10'° protons per cm? per pulse (transient
ion flux of 7.9 x 10'® protons per cm? per second) and
6.9 & 1.6 x 10° protons per cm? per pulse (transient ion
flux of 6.9 x 10'7 protons per cm? per second), determined
by Faraday-cup measurements on a series of pulses col-
lected both before and after the NDCX-II, were used to
irradiate the sample. On the other hand, 1-MeV cw proton
irradiation with a +2 keV energy spread was performed
on the same batch of silicon wafers. For the fluences of
1 x 10" cm™2 and 1 x 10'? cm™2, the beam current was
approximately 10 pA (ion flux of 8 x 10° protons per cm?
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per second), while for the higher fluences (1 x 10'3 cm™2

and 1 x 10" cm™2), the beam current was approximately
1 nA (ion flux of 8 x 10'" protons per cm? per second).
We did not anneal the silicon samples prior to the PL
measurements.

PL spectra were recorded at 4 K using a confocal near-
infrared micro-PL setup. Optical excitation was performed
with a pulsed laser (2 MHz, 532 nm) focused onto the sam-
ple via an objective (N.A. = 0.85), which provides about
0.6-wm diameter at focus and 1-pwm depth of field. The PL
spectrum was collected by the same objective and guided
to a spectrometer (with grating of 1200 grooves per mil-
limeter) coupled to an InGaAs camera, which provides bet-
ter than 0.03-nm spectral resolution. The time-resolved PL
was measured by using a superconducting single-photon
detector (SNSPD) with a band-pass filter (tunable center
wavelength around 1300 nm and 12-nm bandwidth), which
provides a detection efficiency of 85%.

III. EXPERIMENTAL RESULTS

A. Proton fluence and dose-rate effect on G-center
formation dynamics

Figure 1(a) presents an example of the ensemble G-
center PL zero-phonon line (ZPL) around 1278 nm gen-
erated by pulsed-proton irradiation of one, five, 20, and
100 shots of 7.9 & 1.6 x 10'° cm~2 per pulse. The grad-
ual increase of the PL intensity of G centers as the proton
fluence increases up to 1.6 x 10" cm™2 (for 20 shots)
is evidence for the direct formation of G centers by
proton-induced Si interstitials combining with carbon pairs
formed by a substitutional carbon trapping a migrating car-
bon interstitial [33,34]. Both radiative and nonradiative
recombination channels contribute to the time-integrated
PL intensity, which is proportional to the internal quantum
efficiency as detailed in Sec. I of the Supplemental Mate-
rial [36]. The increase of the time-integrated PL with the
increase of the proton fluence reveals the dominant radia-
tive recombination by the increase of the G-center density.
As the proton fluence increases to 7.9 £ 1.6 x 10'> cm™2
per pulse by 100 shots, the PL intensity drops signifi-
cantly. This PL-intensity drop can be related to either an
increase of the nonradiative channel by radiation damage
or a reduced yield of G centers. Note that the repeated
pulses can lead to annealing or may alter the vacancies or
interstitials and G centers that have been formed by the
preceding pulses. Here, we expect the heating effect from
the energy deposition by the proton pulses to be marginal,
because of only an approximately 4-K temperature varia-
tion generated by each pulsed proton at a depth of 0.5 wm
in the silicon [10].

We further compare the dose-rate effect on the G-center
formation dynamics. Figure 1(b) summarizes the inte-
grated PL intensity of G centers generated by multiple
pulsed-proton shots with 7.9 £ 1.6 x 10'® cm~2 per pulse
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FIG. 1. (a) An example of the PL spectra of G centers created

by one, five, 20, and 100 shots of 7.9 + 1.6 x 10'* protons per
cm? per pulse, respectively, with a laser pump power of 0.3 mW.
(b) A comparison of the integrated PL intensity of G centers gen-
erated by 7.9 + 1.6 x 10'° protons per cm? per pulse (labeled as
pulse A, black dot), 6.9 £ 1.6 x 10° protons per cm? per pulse
(labeled as pulse B, red dot), and a cw proton (blue dot), with the
proton fluence varying from 10'' ecm™2 to 10'* em™2.

(black dot), 6.9 & 1.6 x 10° cm~2 per pulse (red), and cw
protons (blue dot), with the proton fluence varying from
10" ¢cm™2 to 10" cm™2. The scaling of the PL intensity
with the proton fluence is larger for pulsed irradiation with
a power-law exponent of 0.65, compared to 0.17 for the
cw case. This shows that pulsed irradiation with a higher
proton flux favors G-center formation.

B. Carrier-recombination dynamics by time-resolved
PL

We perform time-resolved PL measurements to inves-
tigate the dose-rate effect on the carrier-recombination
dynamics of radiation-induced G centers. Figures 2(a) and
2(b) show the example of PL decays of G centers created
by pulsed protons (7.9 & 1.6 x 10'° protons per cm? per
pulse) by varying the number of shots from 1 to 100 and
by cw proton irradiation with the fluence varying from
1 x 10" ecm™ to 1 x 10" cm™2. For both pulsed and
cw irradiation, the PL decay becomes faster with increas-
ing proton fluence, which results from two aspects: the
increase of the radiative rate by increasing the G-center
density Ng; and the increase of the nonradiative rate due
to the increase of the Shockley-Read-Hall (SRH) deep-
level defect density Npo,. As shown in Sec. II of the
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FIG. 2. (a) The time-resolved PL of G centers created by

pulsed-proton (7.9 £ 1.6 x 10'? protons per cm? per pulse) irra-
diation by varying the number of shots from one to 100, respec-
tively. (b) The time-resolved PL of G centers created by cw
proton irradiation with the fluence varying from 1 x 10'! cm~2 to
1 x 10" cm™2. (c) The effective PL decay time extracted using
single-exponent fitting of the experiments as a function of the
proton fluence by using a pulse of 7.9 & 1.6 x 10'° protons per
cm? per pulse (black dots), 6.9 £ 1.6 x 10° protons per cm? per
pulse (red dots), and cw proton irradiation (blue dots and dashed
lines as guides to the eye). (d) The corresponding transient PL
intensity at initial delay as a function of the proton fluence by
using pulsed and cw proton irradiation.

Supplemental Material [36], the increase of the PL decay
time with the laser pump power is consistent with the
typical feature of the gradual saturation of the nonradia-
tive SRH process, which demonstrates the presence of
radiation-damage-induced nonradiative defects [34]. The
nonradiative defects can be the vacancy-related deep-level
states, e.g., a divacancy with 0.42 eV below the conduction
band or higher-order vacancy clusters [23,37], the density
of which can be further quantified by deep-level transient
spectroscopy (DLTS) and electron spin resonance (ESR)
[38].

Note that the radiative rate (pg) for individual G cen-
ters is expected to remain constant within a relatively
dilute density range (with no or only very minimal dipole-
dipole coupling between G centers) and is dominated
by the intrinsic dipole moment of individual G centers.
Such assumptions are reasonable in our sample, in which
the upper bound of the G density within 50 nm is 1 x
10'2 cm~2, created by the 1 x 10'* cm™2 proton irradia-
tion, considering the 2 x 10~* damage events per proton

per nanometer generated by the approximately 1-MeV
proton. It is worth noting that, as shown in Fig. 2(b), the
rise time of the PL intensity (7ys) to its maximum is grad-
ually delayed as the cw proton fluence decreases. This
indicates a longer carrier diffusion length before capture by
either G centers or by nonradiative defects, with a larger
average distance in the dilute density range. As a com-
parison, the 7, of the G center is sharp in the case of
pulsed irradiation, which can be ascribed to the fast cap-
ture of carriers by the higher amount of G-center formation
or nonradiative defect density, therefore leading to a short
carrier diffusion length.

Figure 2(c) summarizes the effective PL decay time of G
centers extracted by single-exponent fitting of the experi-
ments as a function of the proton fluence, using multipulses
of 7.9 & 1.6 x 10'° protons per cm? per pulse (black dots),
6.9 & 1.6 x 10° protons per cm? per pulse (red dots), and
cw proton irradiation (blue dots). As the cw proton flu-
ence is increased from 1 x 10" ecm™2 to 1 x 10" cm™2,
the decay time gradually decreases from 13 ns to 6 ns. The
PL lifetime of G centers formed by the pulse irradiation
follows a trend similar the one for cw. Referring to the
reported single isolated G-center decay time of > 45 ns
[9], the shorter decay time that we observe here is com-
posed of a radiative channel of G center and parasitic
nonradiative defect channels. Assuming 7, = 45 ns, the
quantum efficiency of the ensemble G centers is about
29%—13% in our case, corresponding to a nonradiative
lifetime 7, of 18 ns— 7 ns. On the other hand, the approxi-
mately 6-ns decay time at 1 x 10'* cm™2 proton fluence is
consistent with the reported G centers generated by simi-
lar proton irradiation [33], which suggests a characteristic
decay time dominated by the nonradiative defects induced
by the elevated radiation damage.

Figure 2(d) compares the corresponding transient PL
intensity of G centers at initial delay as a function of
the proton fluence by using pulsed and cw proton irra-
diation. Importantly, the transient PL intensity at initial
delay can be safely assumed to be proportional to the G-
center density Ng (namely, « ogpgNg, where o is the
capture cross section of the individual G center), if the
Ty 18 orders of magnitude larger than the time resolution
[39,40], a condition that is fulfilled in our study consider-
ing the nanosecond range of t,, compared to the 100-ps
resolution of our setup. As presented in Fig. 2(d), the
scaling of the transient PL intensity (o< Ng) to the proton
fluence is much larger for the pulsed irradiation compared
to the cw case, which further demonstrates that the pulsed
irradiation is more favorable for G-center formation. As
an example, even when both beams have an equivalent
10" cm~2 proton fluence, the transient PL intensity of G
centers formed by the pulsed irradiation is 6 times higher
than the PL intensity of the cw-irradiation-induced G cen-
ters. On the other hand, a slightly shorter decay time (7 ns)
under pulsed irradiation, compared to that of 8.5 ns under
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cw at 10" cm~2 proton fluence, indicates that the pulse
irradiation also introduces more nonradiative defects. Such
a dose-rate effect on G-center formation can be related to
the protons generating enhanced transient excitations in
the silicon, followed by the dynamical annealing by the
instantaneous energy deposition. Such transient excitations
by pulsed protons affect the mobility of interstitials and/or
vacancies, vary the formation energy due to the transient
Fermi level, and modulate the rate of G-center creation
versus destruction, as well as the rate of vacancy or intersti-
tial accumulation versus annealing within the nanosecond
range [41]. In addition, our recent theoretical study indi-
cates that optically active G centers can be altered into an
optically inactive configuration by overcoming a conver-
sion barrier of about 0.15 eV [42]. Such a perturbation of
G centers formed by previous protons can be triggered by
the incoming protons under the cw irradiation.

C. Impact of dose-rate effect on G-center line-width
broadening

The optical spectral line width of color centers charac-
terizes the local inhomogeneities, which are usually the
dominating factor causing dephasing of a color-center
qubit and are an important metric for spin-photon inter-
face applications. As shown in Fig. 3(a), one shot (gray) of
7.9 £ 1.6 x 10'° protons per cm? per pulse allows the gen-
eration of G centers with narrow line widths < 0.08 nm,
whereas the spectrum becomes significantly broadened to
0.13 nm by 100 shots of proton pulses (black). In partic-
ular, compared to the single Lorentzian-shape spectrum of
one shot of proton pulse, the spectral broadening induced
by 100 shots is comprised of two groups of G-center emis-
sion with a £0.05 nm shift, which likely results from
the local strain variation caused by the accumulation of
interstitial and/or vacancy clusters. These subtle optical
features are consistent with the high-flux-induced heat-
spike phenomenon, which leads to a superlinear damage
accumulation that creates an underdense region of vacan-
cies in the hot cascade core and an overdense region of Si
interstitials pushed outward to the periphery of the cascade
core [2,20,43]. On the other hand, with a similar fluence to
the 100-shot case, G centers formed by 10'> cm~2 cw irra-
diation preserve their narrow line width < 0.08 nm [blue in
Fig. 3(a)], which is as narrow as the spectrum produced by
the one-shot pulse. This indicates that at low flux levels and
for light ions, the radiation-induced interstitials and vacan-
cies mainly recombine before damage overlap occurs. It
is indeed reported that the lattice strain associated with
the production of a Frenkel pair can induce spontaneous
recombination of the vacancy and self-interstitial if they
are located within several lattice periods of each other
[20,43], which consequently reduces the local strain vari-
ation and suppresses the line-width broadening of the G
center.
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FIG. 3. (a) A comparison of a normalized zero-phonon-line
spectrum of G centers generated by 100 shots (black) and one
shot (gray) of 7.9 & 1.6 x 10'° protons per cm? per pulse and
cw 1 x 103 protons per cm?. (b) A comparison of the proton-
fluence-dependent line width (full width at half maximum) of
G centers generated by irradiation with 7.9 & 1.6 x 10'* protons
per cm? per pulse, 6.9 & 1.6 x 10° protons per cm? per pulse,
and cw protons.

Figure 3(b) summarizes the variation of the G-center
line width under cw irradiation, which remains < 0.08 nm
as the proton fluence increases from 10'' cm™2 to
10" cm~2. Such a narrow line width is resilient to environ-
mental charge fluctuations within an optical-pump-power
range, as shown in Sec. II of the Supplemental Material
[36]. The unchanged line width versus the trend toward
a shortened PL lifetime as a function of the cw proton flu-
ence suggests that the impact of nonradiative defects on the
line widths and decay times of G centers happens at differ-
ent spatial scales. In detail, only the nonradiative defects
that cause the strain-field fluctuation within the spread of
the localized state of the G centers contribute to the line-
width broadening. The spread of localized-defect states in
silicon is typically about a few nanometers [32,42,44]. On
the other hand, any nonradiative defects with a distance to
G centers within the carrier diffusion length (micrometer

014058-5



WEI LIU et al.

PHYS. REV. APPLIED 20, 014058 (2023)

scale [45]) will affect the G-center PL decay and quantum
efficiency. Consequently, the PL decay time is more sen-
sitive than the line width to the presence of nonradiative
defects. Meanwhile, for the pulsed condition, the transition
of line-width broadening from 0.08 nm to 0.13 nm occurs
at a fluence of around 10'> cm~2 (which is nevertheless
still narrower than the line width of G centers formed by
carbon and proton coimplantation with annealing [33,34]).
The PL decay of G centers formed by 100 proton pulses
is faster than that of G centers formed by the 10'* cm~—2
cw irradiation, indicating that more vacancy-related non-
radiative defects are being introduced by the higher dose
rate. This is in line with the onset of clustering of vacancies
causing a stronger degree of atomic disorder. In addition,
we performed 70-keV Ar irradiation with 10'> cm~2 flu-
ence on the same Si wafer, which generates damage events
at a rate 3 orders of magnitude higher than 1-MeV pro-
tons with 10'> cm~2 fluence. We observed G centers with a
broader line width (0.16 nm) formed by the Ar irradiation,
which further suggests the formation of vacancy clusters
induced by dense damage cascades. From the application
aspect, our results demonstrate that the optical signal from
(single) G centers enables atomic scale sensing of radiation
damage resulting from ultradilute low-fluence irradiation,
e.g., expanding capabilities for dark-matter searches [46].

IV. AB INITIO MODELING OF
INHOMOGENEOUS BROADENING

To understand the origin of inhomogeneous broadening
in the G-center spectrum in the presence of radiation dam-
age, first-principles electronic structure calculations of the
zero-phonon line (ZPL) were performed using VASP [47—
50] with HSEO06 hybrid functionals [51,52]. More details
of the approach can be found in Sec. III of the Supple-
mental Material [36]. The radiation damage to the silicon
unit cell hosting the G center was simulated by introduc-
ing vacancies at lattice sites or silicon interstitials (Si(;)
at tetrahedral voids within the structure, in order to modify
the G center. The G center in silicon has two possible struc-
tural configurations, of which the type-B configuration is
optically active and is composed of two substitutional car-
bon atoms, with a silicon self-interstitial in between. For
the type-B configuration (as shown in Sec. III of the Sup-
plemental Material [36]) of the G center (GCB) embedded
into a 3 x 3 x 3 silicon supercell, there are 215 possible
silicon sites that can be replaced by vacancies, including
the Si(; that is part of the G center itself [42,53], as well
as 106 tetrahedral voids into which an additional Sij; can
be introduced. It has previously been established that self-
interstitials and vacancies in silicon can exist in various
charge states depending on the position of the Fermi level,
ranging from —2 to 42 for Si(;) [54] and 0, 41, and 42 for
vacancies [55]. For our configuration, we computed forma-
tion energies [56] by setting the chemical potential at the
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FIG. 4. (a) The shift of the ZPL transition energy versus the
distance between the GCB and the perturbing defect, where the
defect is a vacancy (blue circles) or a silicon self-interstitial (red
cross). (b),(c) Histograms of the ZPL shift due to (b) vacancies
and (c) self-interstitials for the region marked by the green box
in (a).

valence-band maximum, to establish the +2 as the most
stable charge state for both defects, consistent with prior
studies. We note that the dimension of the silicon super-
cell (1.63 nm)? and periodic boundary conditions limit the
maximum separation between the GCB and the defect to
about approximately 1 nm, which is considerably less than
the average separation generated in experiments. Never-
theless, the modeling provides a qualitative understanding
of the broadening and shape of the emission spectrum. In
addition, we note that some of these configurations have
been excluded from the plot, because of nonconvergence
within the density functional theory self-consistent cycle
as a result of the close proximity of the GCB and the
interstitial or vacancy.

For these 321 modified G-center structures, force-
relaxed ground- and excited-state structures were com-
puted to obtain the ZPL transition energies versus the dis-
tance to defects, shown in Fig. 4(a). Similarly, the shifts of
singlet-triplet transition of the G center by defects are pre-
sented in Sec. IV of the Supplemental Material [36]. The
distribution of ZPLs is broadened dramatically along with
a collective red shift when the defects are closer than 0.5
nm to the G center. The behavior of configurations where
the defects are farthest (approximately 1 nm) from the
GCB has previously been identified as relatively closely
representative of experiments [32]. For separations > 0.9
nm, the distribution of ZPLs is considerably narrower and
we plot histograms of the ZPL shifts for vacancies and Si;
in Figs. 4(b) and 4(c), respectively. These show that vacan-
cies appear to generate bilateral red and blue shifts in the
ZPL, while the Siy have a tendency toward red shift. As
summarized in Sec. V of the Supplemental Material [36],
we further extrapolate that the 0.1-nm (100-peV) broad-
ening of the ZPL of a G center can be attributed to the
presence of a vacancy (or self-interstitial) at a distance of
a few nanometers.
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distribution biased in the < 001 > direction.

The effect of the local defects on the ZPL of the GCB
can be understood in terms of the local strain that they
induce. To isolate the impact of local strain, we perform
strain calculations on an isolated G center ranging from
—1% to +1% in increments of 0.1% for x, y, and z lin-
ear strains, x-y, x-z, and y-z in-plane strains, and isotropic
xyz strain as detailed in Sec. VI of the Supplemental Mate-
rial [36]. In addition, due to the < 110 > mirror-plane
symmetry of the G center, strains along the x and y direc-
tions will be equivalent, and strains along the x-z and y-z
planes will be equivalent as well. The ZPL shifts due to
strain in the x and z directions are shown in Figs. 5(a) and
5(b) and can be used to interpret the effect of vacancies
and silicon self-interstitials on the G-center emission. In
particular, a vacancy will result in nearby silicon atoms
relaxing to fill the void and will lead to a tensile strain
that expands the lattice around any nearby G centers, as
has been proposed previously [12]. This tensile strain can
result in either a red shift or blue shift of the ZPL, depend-
ing on the relative position of the vacancy and the GCB,
explaining the bimodal distribution seen in Fig. 4(b). Con-
versely, Si; would lead to compressive strain on the GCB,
which always results in a red shift [Fig. 4(c)], regardless of
the defect position.

More detailed modulation of the distribution of ZPL
shifts occurs when we further consider a distribution of
defect locations (strains). As an example, we select a uni-
form distribution of 10° strain vectors with random x, y,
and z components ranging from —1% to +1% and inter-
polate the effect on the ZPL by adding the shift generated
by each strain direction. The resulting ZPL distribution is
shown in Fig. 5(c) and is consistent with the histogram
plots in Figs. 4(b) and 4(c), showing the characteristic red-
shifted shoulder. For this distribution of strains, the result-
ing ZPL distribution may be explained by x-directional
strains favoring large red shifts and z-directional strains
causing comparatively smaller ZPL shifts. We also note
that the proton irradiation will not necessarily result in a
uniform distribution of vacancies and interstitials around
the G centers. This distribution of ZPL shifts is highly
dependent on the distribution of strains. In Fig. 5(d), we

compute the distribution of combined ZPL shifts for a
sample of < x,y,z > strain vectors heavily biased in the
z direction, using the procedure described in Sec. III of
the Supplemental Material [36]. The ZPL shifts generated
in this way create the spectrum with a broad blue-shifted
component and a relatively concentrated component near
the original ZPL, which is qualitatively similar to our pre-
vious experimental spectrum obtained in the high-damage
limit [32], where such a biased distribution of local strains
might be expected. In principle, such a procedure can be
inverted to estimate possible local strain distributions from
measured spectra and in turn determine the distribution of
defect damage near silicon G centers.

While these first-principles calculations were performed
for small GCB-defect separations, their interpretation in
terms of strain fields allows us to understand the behavior
at larger GCB-defect separations present in our samples. A
possible explanation for the two peaks in the experimental
PL spectra [Fig. 3(a)] is the presence of two separate pop-
ulations of defect-induced strain: one arising from intersti-
tials resulting in red shifts and one from vacancies, result-
ing in blue or red shifts clustered around different mean
values. Based on our predictions of the ZPL-strain rela-
tion, we estimate the experimental local strains around the
G centers to be of the order of 0.01%. Therefore, the collec-
tive strain introduced by adding vacancies and interstitials
near a G center qualitatively explains the experimentally
observed spectral broadening and dominant red shift of the
G-center spectrum caused by high-flux and high-fluence
pulsed-proton irradiation.

V. CONCLUSIONS

In conclusion, we have studied the formation dynam-
ics of G color centers in silicon far from equilibrium
under various dose rates of proton beams. Compared to
cw proton irradiation, pulse excitation offers the benefit
of enhanced transient excitations and lattice heating by
the instantaneous energy deposition in about 10-ns-long
proton pulses, which allows optimization of the ratio of G-
center formation to destruction and to nonradiative defect
accumulation within the nanosecond time regime. By char-
acterizing the PL of G centers, our results highlight the
approach of pulsed-proton irradiation on silicon wafers to
generate color-center complexes with high formation effi-
ciency while preserving narrow line widths. Our results
can inform the optimization of (single) G-center formation
by pulsed-ion implantation and exploration of pulsed-ion
beams for the synthesis of other quantum defects. More-
over, compared to the broadening of G-center ensemble
line widths by residual lattice damage from carbon-ion
implantation and thermal annealing, the narrow line widths
of G centers created by our approach allows them to be
used as a sensitive probe of atomic radiation damage when
the irradiation condition is above a certain threshold of
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dense damage cascades. The PL of G centers is a readily
available analytical method for radiation-damage studies
[7]. Aided by ab initio electronic structure calculations,
we have provided insight into the atomic disorder induced
inhomogeneous broadening by introducing vacancies and
Si interstitials in the vicinity of a G center. A vacancy lead-
ing to a tensile strain can result in either a red shift or a blue
shift of the G-center emission, depending on its position
relative to the G center. Meanwhile, Si interstitials lead
to compressive strain, which results in a monotonic red
shift. The calculation also reveals that the G-center ZPL
distribution can be modulated by the strain fields oriented
in specific directions. The intense and tunable proton and
ion pulses (from induction accelerators or laser acceler-
ation) enable studies of fundamental defect dynamics of
radiation-induced defects, defect engineering, and qubit
synthesis for quantum information processing.

The data that support the results of this study are
available from the corresponding author upon reasonable
request.
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