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Strain-Enhanced Spin Readout Contrast in Silicon Carbide Membranes
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Quantum defects in solids have emerged as a transformative platform for advancing quantum
technologies. A key requirement for these applications is achieving high-fidelity single-spin readout,
particularly at room temperature for quantum biosensing. Here, we demonstrate through ab initio
simulations of a primary quantum defect in 4H silicon carbide that strain is an effective control parameter
for significantly enhancing readout contrast. We validate this principle experimentally by inducing local
strain in silicon carbide-on-insulator membranes, achieving a readout contrast exceeding 60% while
preserving the favorable coherence properties of single spins. Our findings establish strain engineering as a
powerful strategy for optimizing coherent spin-photon interfaces in PL6 divacancy centers within silicon
carbide membranes and potentially other similar defect systems.

DOI: 10.1103/tdb3-tqfv

Introduction—Quantum defects in solid-state materials
have emerged as promising platforms for advancing quan-
tum technologies [1-4]. A central requirement for these
applications is the ability to efficiently initialize, manipu-
late, and read out spin states with high fidelity [5]. Among
these processes, optical spin readout contrast—the relative
difference in photon counts between distinct spin states—is
essential for ensuring the efficiency and reliability of quan-
tum operations [6—10]. Low optical spin readout contrast
significantly limits sensitivity in quantum metrology [5]
and restricts the feasibility of single-shot readout [9,11-13].
Although substantial progress has been made in improving
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optical readout contrast at cryogenic temperatures
through spin-to-charge conversion or resonant excitations
[7,9,12—14], at room temperature, the maximum achievable
optical spin readout contrast remains at much lower values
[5.8,15,16]. Recently, optical pulse sequences have been
optimized to increase the optical spin readout contrast for
nitrogen-vacancy (NV) centers in diamond [17]; never-
theless, the maximum readout contrast is still fundamen-
tally limited by the inherent properties of the color centers
that govern spin-selective fluorescence and optical spin
polarization. This limitation underscores the need for novel
strategies to enhance the off-resonant optical spin readout
contrast for specific defect types and drive advancements in
quantum technologies.

In principle, the spin readout contrast of isolated solid-
state spin-defect systems depends on the critical rates in the
optical spin-polarization loop [18] involving radiative and
intersystem crossing (ISC) transitions. The relative strength
between radiative and ISC processes primarily governs

© 2025 American Physical Society
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spin-dependent fluorescence emission, and the rates of
ISC transitions are significantly influenced by variations
in spin-state energy gaps and spin-orbit coupling (SOC)
[19-21]. However, the feasible methods for modulating
radiative and ISC rates to improve spin readout contrast
remain largely unexplored. As a result, a significant gap
exists in the experimental enhancement of optical spin
readout contrast through emission and ISC engineering in
solid-state quantum defect systems.

In this Letter, we introduce a comprehensive theoretical
framework for analyzing strain-mediated modulation of
radiative and ISC rates. Using first-principles calculations,
we show that appropriate strain fields can significantly
enhance the optical spin readout contrast of divacancy
qubits in 4H-silicon carbide (SiC). Experimentally, we
harness longitudinal strain in 4H-SiC membranes and
achieve a 60.6% off-resonant optical spin readout contrast
for divacancy qubits at room temperature. These results
may suggest that strain engineering could be a promising
strategy for optimizing coherent spin-photon interfaces in
SiC and other wide-band-gap semiconductor platforms.

ZFS, ZPL, and readout contrast calculation—The
effects of strain on the zero-field splitting (ZFS) and
zero-phonon line (ZPL) of the well-studied hh-divacancy
center in 4H-SiC [22] were investigated using first-
principles methods (see Supplemental Material for
details [23]). Figure 1(a) shows the lattice distortion
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FIG. 1. (a) Schematic diagram of the change of hh divacancy
due to the transverse strain &,,_,,. The ¢ axis is perpendicular to
the paper and extends outward. All yellow (purple) striped filled
spheres represent Si (C) atoms. The dotted (solid) outline
indicates the absence (presence) of strain. The black and red
number with a unit of A shows the distance between the two Si
atoms neighboring the divacancy before and after applying the
1% tensile transverse strain. (b) Calculated D parameters under
longitudinal strains. (c) Calculated E parameters (orange) and the
angle away from the c¢ axis (blue) under transverse strains.
(d) Calculated ZPL values (orange) and relative values of [p|?
(blue) under both longitudinal and transverse strains.

induced by 1% transverse strain, corresponding to a
0.041 A change in the distance between the nearest two
Si atoms. We explored both longitudinal (e,,) and trans-
Verse (€,,_y,) strains, the latter lowering the symmetry from
C;, to Cyy, [35]. Our calculations show that ¢, primarily
tunes the axial ZFS parameter D linearly, while &,
mainly induces a nonzero E term [Figs. 1(b) and 1(c)]. Both
strain components shift the ZPL energy, with €, causing a
significant linear shift [~35.7 meV /(% strain)] consistent
with trends in diamond NV centers [36] [Fig. 1(d)]. Strain
also modulates the radiative rate k4 through its depend-
ence on the ZPL frequency v and transition dipole moment
|u|? [Fig. 1(d)], as described in Ref. [37]:

o n@r) P !

rad — 360 hC3 ( )
where 7 is the refractive index of 4H-SiC [37], v is the ZPL
transition frequency, g is the transition dipole moment,
€y 1s the vacuum permittivity, 4 is the Planck constant,
and c is the speed of light in vacuum. From Eq. (1), k,,q is
proportional to both |u|? and v*. The relative values of |pu|?
are shown in Fig. 1(d), alongside the corresponding ZPL
values (i.e., v). Small jumps in D, E, ZPL, and |u|?> observed
in Fig. 1 are attributed to numerical noise arising from the
limited precision of first-principles calculations for small
strains (up to 2%) and related postprocessing procedures
such as spin decontamination and diagonalization.

Next, the effect of strain on the spin readout contrast is
analyzed. Figure 2(a) displays our five-level rate-equation
model with the major associated rates, which are catego-
rized into radiative transitions (with rates of k3; and ky,,
where k3, = k4y = kyq) and nonradiative ISC transitions
(with rates of kss, kys, ks, and ksp). The relationship
between kg and strain has been previously discussed. The
singlet-triplet ISC rates k5; and ks, play a role in the perfect
optical spin polarization into the m,; = 0 ground state, and
their strain response is a second-order process [21]. Thus,
their role in the optical cycle remains unchanged under
strain, allowing us to adopt the same assumptions for
pulsed optically detected magnetic resonance (ODMR)
contrast C as stated in Ref. [16], expressed as

T_1— 7 - ko—k_l

C= , (2)

7o k—l

with kg = 1/7¢ = k3; + kzs (where k35 is extremely weak
to be ignored [16]) and k_; = 1/7_; = k4p + kus, Where 7,
and z_; are the lifetimes of the excited states for m; = 0 and
mg = —1, respectively. The ISC rate k45 mainly depends on
the energy gap A between triplet excited state |*E) and
singlet state |'A,) and the SOC term [19-21]. Figure 2(b)
displays the calculated A and SOC results under various
strains. As the longitudinal strain increases (from negative
to positive), the A values show an approximately linear
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(a) Five-level model with major associated rates and energy gaps. Pink arrows indicate the radiative transition, and orange

arrows indicate the strong (solid) and weak (dashed) nonradiative decay via the singlet states. k;; (i, j = 1, 2, 3, 4, 5) are rates for these
transitions. (b),(c) Calculated A, SOC, ks, and contrast under various strains.

trend of change, with the value decreasing, while the SOC
values show an exponential downward trend and seem to be
converging. Under increasing the transverse strain, the A
first decreases and then increases, showing a V-shaped
trend, while SOC remains almost unchanged. Mapping
these calculated A and SOC, all the k45 results are
addressed and shown in Fig. 2(c). Finally, the effects of
longitudinal and transverse strains on the contrast are
calculated and presented in Fig. 2(c). Longitudinal strain
primarily drives the enhancement of the contrast under
lattice compression. The contrast becomes larger under the
negative longitudinal strain of —2% and reaches a value of
—25.9%, which finally leads to a 59% increase from the
results without strain.

Spin and optical characterization of a single spin in
silicon carbide on insulator (SiCOI)—Based on the above
analysis, we have chosen SiCOI as the experimental
framework for this study. This selection is primarily
motivated by SiCOI’s ability to generate a significant strain
field with a dominant longitudinal compressive component,
which is difficult to achieve in bulk SiC [38]. The
fabrication process inevitably introduces some transverse
strain due to lattice mismatch at the SiC/SiO, interface,
but this is not an ideal or intentional aspect of our selection.
We characterized a single PLO6A divacancy spin in a
200-nm-thick SiCOI membrane [Fig. 3(a), inset]. The
membrane was fabricated via a multistep thinning and
polishing technique [39,40] that avoids ion-induced dam-
age, with full process details provided in Supplemental
Material [23]. This method inherently introduces signifi-
cant interfacial strain—a combination of longitudinal (e,,)
and transverse (&y,_,,) strain components—due to the
lattice mismatch between SiC and SiO,. Figure 3(a) dis-
plays the confocal scanning map of the single defect PL6 A
in the membrane.

Under 914-nm continuous wave (cw) excitation,
the defect’s saturation curve [Fig. 3(b)], fitted with
Ip=1,-P(P+Py), yields a saturation power P, of
0.70(3) mW and intensity /,; of 119.8(13) kcps, a brightness
comparable to bulk PL6 centers [16]. Single-photon

emission is confirmed by ¢?(0) < 0.5 [16,41], obtained
from the second-order correlation function ¢?(¢) [Fig. 3(b),
inset] after background correction with the formula ¢ (7) =
(G (7) = (1 = p?)]/p*, where p =s/(s+b) [42]. The
defect’s spectral fingerprint includes a 4 K ZPL at
1058.2 nm [Fig. 3(c)] and a two-peak ODMR spectrum
[Fig. 3(d)]. Magnetic-field-dependent ODMR measure-
ments further identified it as an axial divacancy (details
in Supplemental Material [23]); the defect exhibits behav-
ior characteristic of an axial divacancy. The spin
Hamiltonian under strain [43] is

H= (Dgs + HZ)Sg + Hx(SySy - SxSx) + yeBzSZ’ (3)

where D, is the ground state ZFS, 11, . is the strain along
the x/z axis, § is the electronic spin, 7, is the gyromagnetic
ratio of the electronic spin, and B, is the z component of the
external magnetic field. From the fitting with the total
Hamiltonian, as displayed in Fig. S1(a) [23], the ZFS
parameters D = 1336.6(1) MHz and E = 22.1(2) MHz
were obtained. The strained defect exhibits a cw-ODMR
contrast of ~30% under a magnetic field, significantly
higher than the ~15% reported for bulk PL6 centers [16].
Pulsed measurements reveal a striking Rabi contrast of 60.6
(10)% [Fig. 3(e)], doubling the value from bulk SiC [16].
We attribute this dramatic enhancement to the large, local-
ized strain in the SiCOI membrane modulating the defect’s
radiative and ISC rates. This interpretation is supported by
characterization of multiple single spins across the sample,
which show a consistent range of ZFS D parameters from
1336.54 to 1353.55 MHz [Fig. 3(f)]. Based on our calcu-
lations [Fig. 1(b)], this D range corresponds to a local strain
of approximately —2%. Except for the 4 K PL and ZPL
spectra [Figs. 3(c) and 3(f), respectively], all measurements
were performed at room temperature.

Lacking a confirmed microscopic origin for PL6, we
model its strain response using the PL1 divacancy, which
shares the same symmetry and, thus, captures the key trends.
After applying a constant offset of —26 MHz and —78 nm to
align the calculated D and ZPL values with zero-strain
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FIG. 3. Spin and optical properties of the single spin in SiCOI. (a) Confocal scanning image of the defect, with the inset showing a
diagram of the cross-sectional view of the SiCOI sample. The SiC membrane has a thickness of 200 nm. (b) Saturation behavior. The
black dots are the background-corrected experimental data, and the solid line is a fit using the function Ip = I - P(P + P,), where P
and Ip are the power of the excitation laser and the corresponding count rate, respectively. The inset is the second-order correlation
function g*(¢) measurement of the single spin. At an excitation laser power of 0.2 mW, ¢2(0) is well below 0.5, indicating single-photon
emission. (c) Photoluminescence (PL) spectra of the single spin at 4 K reveal a ZPL peak near 1058.2 nm. (d) ODMR spectra of the
single spin at zero magnetic fields show two prominent peaks. The black dots are the raw data, while the solid lines show the
corresponding Lorentzian fits. (e) Rabi oscillations of the left peak in (d), the raw data were fitted with a cosine function, and the Rabi
readout contrast is approximately 60.6 & (10)%. (f) Comparison of the relationship between ZPL and D for some strained defects with
theoretical calculations.

experimental data, their strain dependence shows excellent
agreement with theory [Figs. 1(b) and 1(d)]. This strong
correspondence confirms that the high optical readout
contrast originates from the large strain in the SiCOI.
Temporal dynamics and models of the spin readout
process—To uncover the underlying spin dynamics, spin-
resolved excited-state lifetime measurements were con-

states of the single PL6 A spin, as shown in Fig. 4(a). The
orange and green lines illustrate the fitting with a double-
exponential decay, in which the longer time parameters
are lifetimes of 7, = 11.1(1) ns and 7_; = 4.9(1) ns for
mg = 0 and my = —1, respectively, and the other fast decay
may originate from the system response or background
fluorescence decay [44]. These lifetimes offer valuable

ducted at room temperature for the m; = 0 and m; = —1 insights into the spin-state dynamics and excited-state
(a) (b) (c)
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FIG. 4. (a) Spin-resolved excited-state lifetime measurements for the single PL6 A spin at m; = 0 or m; = —1 at room temperature.

The orange and green lines are the double-exponential fitting, revealing a longer lifetime of 11.1(1) ns and 4.9(1) ns for m; = 0 and
my = —1, respectively, and a shorter decay from the system response or background fluorescence. (b) The fitting of the fluorescence

traces for the single PL6 A spin at my; = 0 and m;

—1 with the model in Fig. 2(a). (c) Comparison of the parameters fitted by the level

model for the strained single PL6 A spin with diamond NV center in Ref. [45]. All data here pertain to the single PL6 A.
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decay processes, affecting the overall spin readout contrast.
The C value of the strained PL6 A is calculated to be 56%
using Eq. (2), compared with the value of 33.6% of PL6 in
bulk SiC [16]. This value is close to the Rabi contrast of
60.6%, which we obtained experimentally in Fig. 3(e).
Furthermore, we measured additional single-color centers
(PL6 B—PL6 E) (Supplemental Material [23]) and observed
a Rabi contrast ranging from 21% to 43%. Notably, as the
Rabi contrast increased, the ratio of C = (7_; — 7g) /7 also
decreased, and these two values are close in magnitude
(Fig. S3 [23]), consistent with the above analysis.

Besides direct lifetime measurement, we further explore
the dynamics of the spin readout by performing time-
resolved fluorescence measurements for the strained
PL6 A, as depicted in Fig. 4(b). The fluorescence traces
following optical initialization (m; = 0) are compared with
and without applying a microwave z pulse to flip the
spin state. The gray-shaded region indicates the Rabi
window, corresponding to the photon accumulation time
(r = 200 ns) used for Rabi oscillation in Fig. 3(e). The time
window’s duration is crucial for maximizing the contrast of
the spin readout. A shorter time window yields fewer pho-
tons per cycle, requiring a balance between time resolution
and photon count. For diamond NV centers, the optimal
duration for this window is approximately 220 ns [8,46].
Another factor affecting the Rabi contrast is the excitation
power. An increase in applied power leads to a faster spin
initialization, which, in turn, results in a decrease in Rabi
contrast, as detailed in Supplemental Material [23].

The time-resolved fluorescence dynamics were quanti-
tatively analyzed using our five-level rate equation model
[Fig. 2(a)], with the spin-dependent lifetimes from Fig. 4(a)
serving as critical constraints, as detailed in Supplemental
Material [23]. All fitting parameters obtained are compared
with those from the well-studied NV center in diamond
[45], as shown in Fig. 4(c). The ratio of ks;/ks, > 10—
resulting in a nearly perfect optical spin polarization—and
the relation of k35 < ky5 validate our initial assumption. A
prominent feature emerges in the strained PL6 system,
where the k45 / k35 ratio demonstrates approximately tenfold
enhancement compared to the NV center, directly mirroring
our first-principles predictions of strain-reduced energy gaps
A between the triplet excited state |*E) and singlet ground
state |'A,) [18]. This quantitative agreement bridges micro-
scopic strain effects with macroscopic contrast improvement,
where the 60.6% Rabi contrast [Fig. 3(e)] emerges as a direct
consequence of accelerated ISC transitions under compres-
sive strain, as evidenced by the synergy between theoretical
modeling and experimental observations.

Discussion and outlook—Our combined theoretical and
experimental study demonstrates that strain in the SiC
membrane effectively modulates ISC transition rates, with
axial strain playing a key role in enhancing nonradiative
ISC pathways. Additionally, we experimentally achieve a
spin readout contrast exceeding 60% in strained SiCOI

membranes. These results establish strain engineering as a
versatile strategy for enhancing spin readout contrast in
PL6 centers, a principle with potential applications for
other defects in platforms such as 2D materials and
diamond membranes [47,48].
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