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The divacancy ensemble in 4H silicon carbide (4H-SiC) is a promising spin-defect candidate for quantum sensing
and scalable quantum technologies. The ability to fabricate well-defined divacancy ensembles is essential for practical
implementation. In this work, the formation characteristics of divacancy ensembles are systematically investigated. First,
a strong host dependence of divacancy formation is observed. The high purity semi-insulating (HPSI) 4H-SiC substrates
yield high divacancy concentrations, followed by the epitaxial layer, whereas the formation is significantly suppressed both
in the heavily doped n-type and p-type substrates. Second, the fabrication process exhibits remarkable selectivity among
different divacancy configurations. The photoluminescence intensities of PL1 and PL2 centers dominate the ensemble in
all suitable hosts among types of hosts with isochronal annealing comparison. The migration of silicon vacancy dominates
the formation of divacancy, whose migration barrier is tuned by Fermi level. It also confirms that the electron irradiation
and annealing process is a general routine to fabricate divacancy ensembles. Third, the PL5 ensemble is only observed
in a specific host with various treatments. The formation of PL5 is strongly linked to the specific point defects with high
formation barriers, rather than stacking faults, which makes it feasible to fabricate PL5 ensembles with uniform spatial
distribution. Finally, magnetic response of PL1 ensemble is achieved at room temperature successfully. Its structural char-
acteristics eliminate the need of additional bias magnetic field for resonant degeneracy. This work offers a new insight into
defect engineering in wide-bandgap semiconductors. It also provides a reliable fabrication strategy for tailored divacancy
ensembles in 4H-SiC and advances their potential for practical quantum sensing applications.

Keywords: divacancy ensemble, defects kinetics, quantum magnetometry, 4H-SiC
PACS: 61.72.Cc, 76.30.Mi, 07.55.Ge, 61.82.Fk
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1. Introduction

The controlled fabrication of color-center ensembles con-
stitutes a fundamental prerequisite for practical quantum sens-
ing applications.[1–3] Among the prominent defects in wide-
bandgap semiconductors, divacancies in 4H type silicon car-
bide (4H-SiC) have attracted considerable attention since
the demonstration of the room-temperature coherent spin
properties.[4–6] These defects have enabled the successful de-
tection of multiple physical quantities, including temperature,
magnetic fields, and electric fields, highlighting their versatil-
ity in quantum metrology.[7–10] Furthermore, the mature 4H-
SiC semiconductor industry provides a compelling pathway
toward integrated and scalable quantum sensing platforms.
Therefore, the reliable production of color-center ensembles
represents an essential demand for advancing both fundamen-
tal research and practical quantum technologies.

Divacancies (labeled as PL1–PL4 with distinct lattice

sites and PL5–PL8 with unidentified structures) constitute a
class of intrinsic deep-level defects in 4H-SiC.[11,12] How-
ever, the high formation energies of divacancies make the
species and concentrations difficult to control in as-grown
wafers.[13,14] High purity semi-insulating (HPSI) wafers are
preferred hosts for fabricating divacancies, yet the compo-
sition of the resulting ensembles varies across studies.[15–18]

Conventional defect-engineering methods, such as electron ir-
radiation and ion implantation, are widely employed to in-
troduce divacancies, and the resulting defect distribution is
strongly influenced by the specific fabrication process. For
example, helium and carbon ion implantation have been re-
produce divacancy ensembles and arrays near the surface of
wafers, which preferentially produce PL4 along with the low
yield of PL5 and PL6.[18–22] Electron irradiation is another
method to fabricate ensembles. Some works reported the gen-
eration of PL1–PL4, whereas others observed no detectable
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PL3.[23] Experimental discrepancies indicate a selective for-
mation behavior among types of divacancies, suggesting that
the mutually influential or restrictive factors govern the final
formation of divacancy ensembles. The PL5 center in 4H-
SiC has attracted considerable attention due to its outstand-
ing room-temperature coherent properties.[24] The symmetry
of PL5 has been proved to be C1h, but its atomic configuration
remains debated. For instance, Ivády et al. proposed that a
quantum well induced by a stacking fault could stabilize the
charge state of a divacancy, leading to the specific configura-
tion of PL5.[25] Son et al. attributed PL5 to a slightly off-axis
divacancy configuration based on the fine-structure parameter
analysis of EPR.[26] More recently, Bai et al. suggested from
the first-principles calculations that PL5 may correspond to an
oxygen-vacancy complex.[27] To date, PL5 has been detected
as a native defect in some HPSI wafers and can be fabricated
with ion implantation and laser writing.[20,24,28] However, the
formation kinetics of PL5 is unclear.

In this work, the formation preferences of divacancy en-
sembles have been discussed systematically across commonly
used 4H-SiC wafers, which reveals a strong host dependence.
Notably, PL1 and PL2 consistently dominate the ensemble
composition regardless of the host types, indicating a pro-
nounced type selectivity. It is proved that the depth distri-
bution of divacancy ensembles is different in various hosts,
following the distribution of silicon vacancies (VSi, including
the crystallographically distinct configurations of V′1 and V2).
Isochronal annealing results indicate that VSi act as the key
precursors for divacancy formation, while the production of
electron irradiation is similar across types of hosts. Interest-
ingly, the PL5 signal is exclusively detected in one specific
HPSI host. Defect characterization indicates that the emer-
gence of PL5 is linked to specific intrinsic defects acting as
preferential precursors. Importantly, no stacking faults or dis-
locations are found along with divacancy ensembles with the
fabrication processes, making it a gentle method for ensemble
fabrication. Finally, the PL1 ensemble is applied to magnetic
detection at room temperature successfully, demonstrating its
immediate application and paving the way for practical quan-
tum sensing devices based on 4H-SiC.

2. Materials and methods
The host wafers in this work were PVT substrates includ-

ing HPSI (two wafers from different production batches, la-
beled as HPSI-1 and HPSI-2), n-type and p-type wafers, and
one n-type epitaxial wafer (10 µm-thick on an n-type sub-
strate). Detailed parameters are listed in Table S1. Electron
irradiation was performed with a linear electron accelerator
(10 MeV, CIAE-DZ-10/20). The electron beam was incident
normally on samples with a fluence of 1×1018 cm−2. Sam-
ples were cooled with a water-cooling stage during treatment,

whose temperature was below 100 ◦C, monitored with an in-
frared thermometry. Samples were ultrasonically cleaned in
anhydrous ethanol and deionized water for 10 min each, then
annealed in a vacuum tube furnace with a base pressure of
< 5× 104 Pa (OTF-1200X-S & GSL-1750X). Samples were
heated from room temperature to 200 ◦C with a heating rate
of 20 ◦C/min and held for 60 min to remove the possible ab-
sorbed moisture or gas, then they were heated from 200 ◦C to
the annealing temperature with a heating rate of 20 ◦C/min,
followed by a subsequent 30 min isothermal soak. Samples
were cooled to room temperature naturally in the furnace. The
pumping system worked during the whole annealing process.

Defect signals were analyzed with photoluminescence
spectroscopy at 77 K (PL, 785 nm, alpha 300R, WITec
& 325 nm, Lab RAM HR Evolution, Horiba) and electron
paramagnetic resonance at 100 K (EPR, EMXplus-9.5/12,
Bruker). The crystallographic structures were examined by
high-resolution transmission electron microscopy (TEM, Ta-
los F200 & Themis Z). The specimens for TEM were fabri-
cated by the focused ion beam (FIB, Helios 5UX).

The optically detected magnetic resonance (ODMR)
measurements were carried out with a home-built confocal
setup. Ensembles were excited by a 914 nm laser (MIL-
H-914-200 mW). The signal was collected with a micro-
scope objective (M Plan Apo NIR 20X, Mitutoyo). Fluores-
cence and laser signals were separated by a dichromic beam
splitter (DMLP1000, Thorlabs), filtered by a long-pass filter
(FELH1000, Thorlabs), and coupled to a single-mode fiber
to the photoreceiver (OE-200-IN1, Femto). The microwave
signal was fed to a 40-µm copper wire across the surface of
samples, which was generated with a signal generator (DSG
3065B, Rigol) and amplified with an amplifier (ZHL-5W-
422+, Mini-circuits). A permanent magnet was positioned to
provide a static magnetic field.

3. Results and discussion
The formation of divacancy ensembles was initially in-

vestigated with PL spectra at 77 K. All samples were irra-
diated with 10 MeV electrons at a fluence of 1× 1018 cm−2

to create a high yield of vacancy precursors, followed by an-
nealing at 1000 ◦C for 30 min to promote vacancy migra-
tion and divacancy formation.[29–32] PL spectra in the diva-
cancy emission range were collected at 77 K, as shown in
Fig. 1(a). For the HPSI and epitaxial hosts, characteristic diva-
cancy peaks corresponding to PL1/2 (1132.0 nm/1130.5 nm),
PL3 (1107.6 nm), PL4 (1078.5 nm) are clearly observed. The
phonon side band (PSB) of PL1/2 is clear.[33,34] All divacancy
peaks are superimposed on the PSB of VSi (Fig. S1). In con-
trast, no discernible divacancy signals were obtained from the
heavily doped n-type and p-type substrates under the present
experimental conditions. There is a connection between the
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formation of PL5 and the intrinsic property of HPSI-1. Given
the overlapping of PL1 and PL2 peaks, Gaussian fitting was
applied to deconvolute their contributions (Fig. S3). The con-
centration variation of divacancies is quantitatively compared
with the integrated area of peaks across hosts under the same
test conditions, as shown in Fig. 1(b). It shows that the in-
tensity of each divacancy decreases in the order of HPSI-1,
HPSI-2, epitaxial layer. PL1 and PL2 consistently dominate
the divacancy ensemble across types of hosts. PL5 is exclu-
sively detected in one specific HPSI host, which is strongly
connected with the intrinsic property of HPSI-1. Notably, the
PL5 emission (1141.9 nm) was exclusively detected in the
HPSI-1 host.[35] The irradiation dose for HPSI-1 was reduced
to match the divacancy intensity of HPSI-2, where PL5 is per-
sistently detected in HPSI-1 even with the lowest irradiation
dose (Fig. S2). Raising the irradiation dose also shows a posi-
tive effect on increasing the densities of PL1–PL4. Therefore,
the possible concentration effect on the detector limitation or
formation efficiency of PL5 is ruled out. These results show a
strong host preference in the divacancy formation.
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Fig. 1. (a) Photoluminescence spectra of divacancies in different
4H-SiC hosts after identical electron irradiation (1× 1018 cm−2 with
10 MeV) and annealing (1000 ◦C for 30 min) treatments. (b) Compari-
son of integrated PL intensities of divacancies in each host. All spectra
were tested at 77 K.

To elucidate the formation mechanism, the defect evo-
lution during irradiation and annealing processes was com-
pared across hosts, as shown in Fig. 2. Two typical spec-
tra ranges were selected. EA peaks (a– f ) are the produc-
tion of electron irradiation and related to kinds of vacancies
or interstitials.[36–39] VSi are key precursors for divacancy
formation, which is the characteristic deep-level defects for
the semi-insulating property of HPSI 4H-SiC hosts.[40–42] For

pristine hosts, no EA peaks are detected in HPSI-1, n-type
or p-type hosts, whereas EA peak e is present in the epitax-
ial host and peaks b– f are detected in HPSI-2, as shown in
Fig. 2(a). The types of EA defects among hosts vary, even in
different HPSI substrates. VSi are clearly observed in HPSI-1
and HPSI-2, as shown in Fig. 2(b), consistent with their role
in pinning the Fermi level of HPSI wafers.[43–46] However, the
VSi intensity of HPSI-1 is higher than that of HPSI-2, while it
is not detected in other hosts. Therefore, their Fermi levels are
different with different deep-level-defect systems.[47–49] After
electron irradiation, EA-related defects are prominently gener-
ated in HPSI and epitaxial hosts, while the signals are weak in
the n-type host and not detected in the p-type host, as shown
in Fig. 2(c). Meanwhile, VSi were detected in all samples ex-
cept the p-type host, as shown in Fig. 2(d). The irradiation-
induced defects across hosts are similar, while their intensities
vary with different host types. The yields of defects positively
connected with the results in Fig. 1, as defects generated with
electron irradiation are precursors for divacancies. After an-
nealing, EA peak e persists in all hosts except the p-type one,
whereas the additional EA peaks b and c remain only in HPSI-
2. Meanwhile, the signals of VSi are still detectable in HPSI
and epitaxial hosts, as shown in Figs. 2(e) and 2(f). The an-
nealing temperature exceeds the activation barrier of Frenkel
pairs, interstitials (Ci, Sii), and VSi.[50,51] Consequently, de-
fects migrate and interact during annealing, leading to changes
in defect species and the formation of divacancies. The ob-
served host preference for divacancy formation is therefore at-
tributed to the differing concentrations of precursors generated
by electron irradiation. Moreover, the distinct intrinsic defects
of HPSI-1 are responsible for the specific production of PL5,
which act as precursors in the kinetic evolution during anneal-
ing.

As PL5 is strongly connected with HPSI-1, the intrinsic
defects were further compared between HPSI-1 and HPSI-2
with EPR spectra. In the pristine state, both hosts exhibit a sin-
gle line with g≈ 2.002–2.003, as shown in Fig. 3(a). This peak
is related to simple atomic defects such as vacancies, inter-
stitials, and substitutional atoms.[52–54] A strong pair of lines
with a large shift of g-factor in the HPSI-2 host is attributed to
some unknown complex defects with low symmetry in prior
reports.[55,56] Signals corresponding to simple atomic defects
become dominant in both hosts after treatments, indicating the
defect conversion during the process, as shown in Fig. 3(b).
Three additional pairs of lines with large shifts of g factors in
the HPSI-2 host appear, while no additional line was detected
in HPSI-1. The EPR results confirm a marked difference in
the intrinsic defect characteristics and their evolution paths be-
tween HPSI-1 and HPSI-2. In addition, complex defects in the
host show no help for the generation of PL5.
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Fig. 2. PL spectra comparison (at 77 K) of different 4H-SiC hosts at stages of treatment, (a), (b) pristine wafers, (c), (d) after irradiation, (e),
(f) after annealing.
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Fig. 3. EPR spectra of HPSI hosts (a) before and (b) after electron ir-
radiation and annealing. Measurements were performed in the dark at
100 K with magnetic fields parallel to the c-axis of the samples.

Stacking faults can be generated or expanded with high-
energy irradiation or high-temperature annealing.[57–61] Fur-
thermore, the quantum well induced by stacking faults is the-
oretically predicted to produce PL5.[25] To clarify the con-
nection between stacking faults and PL5, the crystal structure
of the annealed HPSI-1 sample was analyzed with TEM, as
shown in Fig. 4. Stacking faults show line contrasts in the
TEM image.[62,63] No line contrast corresponding to stack-
ing faults is observed in the bright-field image, as shown in
Fig. 4(a). This suggests that the formation of PL5 is not nec-
essarily connected with stacking faults in this work. Mean-
while, other defects such as dislocations or clusters are nei-
ther observed. The high-resolution TEM image confirms that
the host crystal maintains the standard 4H stacking sequence
(ABCB. . . . . . ) without local disruption in atomic arrange-
ment, as shown in Fig. 4(b). This indicates that the possi-

ble processing damage has been repaired effectively. There-
fore, electron irradiation followed by high-temperature an-
nealing constitutes a mild process to generate divacancies.
The existence of stacking faults is not necessary to generate
PL5, which is beneficial for fabricating three-dimensional uni-
formly distributed PL5 ensembles.

(a) (b)

100 nm

A
B
C
B
A
B
C
B

1 nm

0001

1120
1100
-

-
⊗

Fig. 4. (a) Bright-field TEM image and (b) high-resolution TEM image
of annealed HPSI-1 sample along [11̄00] direction

The depth distribution of divacancies was investigated by
PL profiling along the c-axis. In HPSI-1, the intensities of
PL1–PL5 are low near the surface and become stable in the
bulk region, as shown in Fig. 5(a). In contrast, PL1–PL4 in
HPSI-2 gradually decrease with increasing depth, as shown in
Fig. 5(b). No signal of PL5 can be detected in HPSI-2, indicat-
ing that the formation of PL5 is not position-dependent. In the
epitaxial host, the divacancy signals appear in the epilayer and
become undetectable across the interface into the substrate, as
shown in Fig. 5(c). This confirms the analysis of Fig. 1 that
the heavily doped n-type substrate is inefficient to generate di-
vacancy. The distinct divacancy distributions among the three
hosts are governed by the spatial distribution of precursors VSi

(Figs. S4–S6), which vary with hosts.
To investigate the kinetic evolution, the PL intensities of

divacancies with isochronal annealing were compared from
800 ◦C to 1300 ◦C. The intensity of each peak is calcu-
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lated from the peak area with Gaussian fitting. The anneal-
ing range exceeds the recombination of Frenkel pairs and the
dissociation of complex clusters, simplifying the kinetic anal-
ysis of divacancy.[64,65] The formation of divacancy PL1–PL4
reached the maximum at 1000 ◦C in HPSI-1, as shown in
Fig. 6(a). This is consistent with a dominant pathway of di-
vacancy formation with VSi migrating.[66,67] The signals of
VSi kept decreasing with increasing annealing temperature,
as shown in Fig. 6(b). However, the intensities of PL1–PL4
decline beyond 1000 ◦C and become weak at 1300 ◦C, indi-
cating that the dissociation of divacancies becomes dominant.
The injection of interstitials also plays a role in the decrease of
divacancies.[68,69] Notably, PL5 is detected within the range of
1000–1200 ◦C, whose signals are low. This suggests that PL5
exhibits a high formation barrier and low stability. The varia-
tion characteristics of PL1–PL4 and VSi in HPSI-2 are similar
to those in HPSI-1, as shown in Figs. 6(c) and 6(d). The signal
of PL5 was not detected over the annealing range. The anneal-

ing behavior of divacancies in the epitaxial host resembles that
in HPSI hosts, except that the divacancy intensity maximum
occurs at 900 ◦C, as shown in Figs. 6(e) and 6(f). This shift
can be explained by a reduced activation energy of VSi, which
is tuned by the Fermi level.[70] The peak positions of PL1–PL5
are also deduced from the Gaussian fittings to confirm the ac-
curacy of the PL analysis (Fig. S7). The similar kinetic profiles
among hosts indicate that the precursors generated by electron
irradiation play a major role in the fabrication of divacancies,
which are highly consistent in Fig. 2. The isochronal anneal-
ing results indicate that the electron irradiation followed by
annealing provides a general route to fabricate divacancy en-
sembles in various hosts. The migration of VSi dominates the
formation process of divacancies, which is tuned by the Fermi
level, and leads to a preferred annealing temperature in differ-
ent hosts. Although the PL5 ensemble forms simultaneously
with PL1–PL4, its formation is restricted to a narrow kinetic
window.

0 20 40 60 80 100

C
o
u
n
ts

 (
a
rb

. 
u
n
it
s)

Depth (mm)

 PL1    PL2
 PL3  PL4
 PL5

HPSI 1

(a)

0 20 40 60 80 100

C
o
u
n
ts

 (
a
rb

. 
u
n
it
s)

Depth (mm)

 PL1   PL2
 PL3  PL4

HPSI 2

(b)

0 10 20 30 40 50

C
o
u
n
ts

 (
a
rb

. 
u
n
it
s)

Depth (mm)

 PL1    PL2
 PL3  PL4

Epitaxial

(c)

Fig. 5. Depth profiles of divacancy PL intensity along the c-axis in (a) HPSI-1, (b) HPSI-2, (c) epitaxial hosts tested with PL at 77 K.
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hosts. The final temperature varied while the annealing steps were kept the same.

With an external magnetic field, the ODMR resonance of
PL1 splits into a Zeeman doublet at room temperature both in
HPSI-1 and HPSI-2, as shown in Fig. 7. The peak position ac-
cords well with former reports of as-grown samples.[71,72] Sig-
nals of PL2–PL4 are not detected, which is attributed to their
poor room-temperature coherent properties.[24,72,73] The sig-
nal in the epitaxial host is beyond the limitation of the detector

used in this work. With Gaussian fitting, the contrast (C) and
full width at half maximum (FWHM) of PL1 were extracted.
The contrast obtained from HPSI-1 is higher than that from
HPSI-2, indicating a high concentration of activated color cen-
ters, which agrees with the PL spectra analysis. The FWHM
of HPSI-1 is also better than that of HPSI-2. Results indi-
cate that the high concentration of PL1 ensembles are success-
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fully fabricated and are ready for practical quantum sensing at
room temperature. With the specific symmetry characteristics
of PL1, no additional process is needed to distinguish its sig-
nals from different axial orientations.[74] This feature makes
the PL1 ensemble a promising candidate for vector measure-
ments of multi-physical fields.
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Fig. 7. Room-temperature ODMR spectra of PL1 ensemble in HPSI-
1 and HPSI-2 hosts under external magnetic field (laser energy =
180 mW, microwave power = 10 dbm).

4. Conclusion
With a comparative study of divacancy formation across

a series of hosts, several levels of formation preference have
been identified. First, HPSI wafers are preferred for high con-
centrations of conventional divacancies PL1–PL4. The signal
of divacancy is not detected in n- and p-type substrates in this
work. The reason is the various generation efficiencies of pre-
cursors for divacancy across hosts. Therefore, the HPSI-type
wafer is proved to be a valid candidate for the fabrication of
divacancy ensembles. Second, PL1 and PL2 consistently dom-
inate ensembles across types of hosts and different isochronal
annealing temperatures, indicating a pronounced type selectiv-
ity in the fabrication process. In addition, the kinetic process
of divacancy formation is tuned by the Fermi level of hosts.
Third, the formation of PL5 exhibits host preference, which
occurs only in one HPSI host with particularly intrinsic de-
fects assisting the formation. The effect of complex defects
has been ruled out. Finally, the PL1 ensembles are success-
fully applied to magnetic-field detection at room temperature,
which is suitable for quantum measurements with the specific
axial symmetry. With the analysis of the formation mechanism
and experimental performance, this work advances divacancy
ensembles in 4H-SiC towards the practical quantum-sensing
applications.
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