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Color centers have emerged as a leading qubit candidate for realizing hybrid spin-photon quantum information tech-
nology. One major limitation of the platform, however, is that the characteristics of individual color-centers are often
strain dependent. As an illustrative case, the silicon-vacancy center in diamond typically requires millikelvin temper-
atures in order to achieve long coherence properties, but strained silicon vacancy centers have been shown to operate
at temperatures beyond 1K without phonon-mediated decoherence. In this work we combine high-stress silicon nitride
thin films with diamond nanostructures in order to reproducibly create statically strained silicon-vacancy color centers
(mean ground state splitting of 608 GHz) with strain magnitudes of ∼ 4×10−4. Based on modeling, this strain should
be sufficient to allow for operation of a majority silicon-vacancy centers within the measured sample at elevated tem-
peratures (1.5K) without any degradation of their spin properties. This method offers a scalable approach to fabricate
high-temperature operation quantum memories. Beyond silicon-vacancy centers, this method is sufficiently general
that it can be easily extended to other platforms as well.

Solid-state color-center defects are an exciting platform for
quantum information technology which combine scalable fab-
rication, state-of-the-art spin properties, and excellent pho-
tonic interfaces1–3. This combination enables the realization
of interfaces between long-lived memories and individual op-
tical photons for a variety of applications including quan-
tum communication, computation, and sensing2–5. Recently
the silicon-vacancy (SiV) center in diamond has emerged as
a leading color center defect primarily due to its inversion
symmetry which enables integration of SiVs into nanostruc-
tures without a significant degradation of the defect’s spin
or optical properties6. Pioneering work has utilized SiVs
implanted within a diamond nanophotonic resonator to per-
form a variety of demonstrations including deterministic spin-
photon interactions, high-efficiency single photon generation,
and memory-enhanced quantum communication7–9.

One major challenge associated with color-center qubits is
their sensitivity to their local environment. For example, the
local strain environment of the defect can have a significant
impact on the properties of the quantum emitter3,10–18. In the
case of the SiV, one major limitation of the emitter is its ex-
treme sensitivity to phonon-induced decoherence via driving
of the transition between the upper and lower orbital branches
of its ground state manifold (Fig. 1(a))10. The splitting be-
tween these transitions, known as the ground state splitting
(∆GSS), is 46 GHz (∆GSS,0 = 46 GHz) for an unstrained SiV
which necessitates operation at millikelivin temperatures to
freeze out higher-energy, resonant phonons and obtain long
coherence properties19.

Alternatively, recent work has shown that strained SiVs can
overcome this limitation through a strain-induced enlargening
of ∆GSS, thus requiring higher-energy phonons to decohere the
spin and therefore enabling higher-temperature operation10,20.
Previous work has already shown that the coherence of an SiV

at 4K can be improved through dynamically straining the SiV
via active MEMS tuning10,20. More recently, a strained SiV
was shown to be operable up to 1.5K without any phonon-
induced degradation of its spin properties, achieving coher-
ence times beyond 100 µs21. Additionally, strain has also
been shown to improve other properties of the SiV including
its spectral stability and microwave susceptibility of its spin
for coherent control7. Despite the clear benefits of utilizing
strained SiVs, a simple, general method to deterministically
strain the static environment of the defect within a nanostruc-
ture is lacking. Previous work utilized either complex nano-
electro-mechanical tuning, the random distribution of strain in
the nanofabricated structures which is inherently probabilistic
and has a low yield, or thermal-streses induced within a di-
amond thin film which is platform-specific and has yet to be
effectively translated to strain within nanostructures10,21–23.

In this work, we propose a new method for repro-
ducibly creating strained SiVs through integrating intrinsi-
cally strained thin film stressors with diamond nanostructures.
We integrate high stress silicon-nitride (SiN) thin films with
diamond cantilevers containing SiVs (Fig. 1(b)). We measure
the optical properties of the SiVs within these nanostructures
before and after SiN deposition and observe a significant in-
crease in the average ∆GSS up to 608 GHz, over 10 times the
∆GSS,0 for an unstrained SiV indicating the introduction of
significant strain. Through modeling based on previous pub-
lished results, we estimate this splitting is sufficient to enable
1.5K operation for a majority of SiVs in the sample. Our ap-
proach is therefore a suitable method for reproducibly creating
highly-strained SiVs in nanostructures.

For our design we consider a freestanding diamond can-
tilever aligned to the [110] direction of the diamond with a
60 nm thin film of tensile-stressed SiN on the top surface and
SiVs integrated via ion implantation (Fig. 2(a))7. SiN is se-
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FIG. 1. Combining strained thin films with diamond nanostructures
to deterministically strain silicon-vacancy centers (SiV). (a) Level di-
agram of the SiV electron spin. Phonon mediated transitions (γup/dn)
between the bottom two energy levels (∆GSS) is the primary dephas-
ing mechanism for the SiV at elevated temperatures (> 100 mK).
Upon experiencing strain perpendicular to the SiV’s internal Z axis,
however, a significant shift in the SiV’s energy levels leads to a shift
in optical transition frequencies and therefore a significant increase
in ∆GSS. This suppresses γup/dn which enables higher temperature
operation of the color center without spin coherence degradation. (b)
Schematic of the diamond-SiN structure whereby SiN is deposited
on diamond cantilevers to introduce significant strain into the can-
tilever and thereby deterministically strain the SiVs.

lected as the stressor due to the high intrinsic stress achiev-
able with the material, ease of deposition, and its previous use
as a stressor for other integrated photonics applications25–28.
Tensile stress is chosen so that the additional thermal stress
between the SiN film and diamond cantilever upon cooling
down, induced by a mismatch in thermal expansion coefffi-
cients, adds constructively to this intrinsic stress.

In order to estimate the distribution of expected strains,
Finite-Element-Method (FEM, COMSOL) simulations are
performed. We observe a significant strain in the cantilever
(Fig. 2(b)). The axial strain components located parallel
(εyy) and perpendicular in-plane (εxx) relative to the cantilever
(Fig. 2(c)) are dominant and strongly depth dependent. To ac-
count for this, we target an SiV implantation depth of 35 nm
as a trade-off between maximizing the strain experienced by
the defect and ensuring they are far enough from the surface

to not experience potentially detrimental surface charge noise.
The biaxial nature of the strain ensures that the SiV will expe-
rience a strain perpendicular to its internal Z-axis of sufficient
magnitude to significantly increase ∆GSS regardless of its ori-
entation within the crystal10.

Having numerically shown the ability for stressed SiN films
to impart significant strain in diamond cantilevers, corre-
sponding samples are fabricated. Free-standing diamond can-
tilevers are fabricated using angled ion-beam etching. SiVs
are precisely formed within the cantilever through combin-
ing masked ion-implantation of Si atoms (50 keV) with high
temperature annealing at 1250 °C in ultra-high vacuum7.
The density of the SiVs is kept low such that individual
SiV centers are spectrally resolvable. After device fabrica-
tion, a 60 nm thin-film of SiN is deposited using plasma-
enhanced chemical-vapor deposition (PECVD). The low de-
position temperature required by PECVD ensures process
compatibility both with the diamond nanostructures used in
this work and potentially a variety of other quantum photonic
platforms29. A significant bending is observed in the can-
tilever upon SiN deposition, indicative of thin-film induced
strain in the nanostructure (Fig. 3(a)).

In order to observe the effects of the SiN stressor on the
SiVs, off-resonance excitation based photoluminescence (PL)
spectra are taken of the SiVs at 4K before and after deposition
of the SiN. A significant shift of the spectral lines is observed
after the SiN is deposited which we attribute to the strain in-
duced by the SiN (Fig. 3(b)). Specifically we observe an in-
creased separation between the individual transitions which is
indicative of an increasing of the ∆GSS as expected and de-
sired. To better quantify this, PL spectra from approximately
100 implantation spots are taken and individual peaks in each
spectra are located corresponding with any of the four SiV
optical transitions. Upon deposition of the SiN, we see a sig-
nificant broadening in the distribution of the peaks, again in-
dicating a shift in the optical lines that we attribute to strain
induced by the SiN (Fig. 3(c)). We note that this distribu-
tion does not differentiate between the different SiV optical
lines and thus provides information on the distribution of all
the optical transitions. As further verification that strain in-
duced by the SiN stressor is indeed responsible for this broad-
ening, spectra are taken from SiVs implanted at the base of
the cantilever where less stress is expected due to the mechan-
ical tether to the substrate, and no significant broadening is
observed (see Supporting Information).

In order to better quantify the magnitude of strain observed,
we identify PL spectra where four or fewer clear lines are ob-
served (11 spectra out of the 100 measured), which we inter-
pret as being from an individual SiV. From these spectra, we
assume the two lowest-energy transitions correspond to the C
and D transitions of the SiV respectively, and thus the differ-
ence in frequencies of the transitions corresponds to ∆GSS of
the SiV. From this we are able to extract ∆GSS for a handful of
SiVs before and after SiN deposition (Fig. 3(d)). We extract
the mean and standard error of the mean from this set of mea-
sured ∆GSS to be 119 ± 22 GHz prior to SiN deposition and
608 ± 89 GHz after deposition, demonstrating a significant
overall increase in ∆GSS. A > 5x increase of the mean of ∆GSS
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FIG. 2. Design of SiN-diamond heterostructure. (a). Cross-sectional schematic of the device, consisting of an intrinsically stressed SiN
thin-film on a free standing diamond cantilever. A triangular cross-section diamond device fabricated via reactive ion-beam angled etching
is used24. (b) FEM simulations of SiN-diamond cantilevers, showing significant strain is imparted into the nanostructure through utilization
of a high-intrinsic stress SiN thin film. The magnitude of stress of the thin film considered in the simulations is based on the estimated thin
film stress at 4K based on the experimentally measured SiV distributions (see Fig 4). (c) Cross-sectional strain profile of the cantilevers taken
at the center of the cantilever showing significant axial strain (> 1×10−4) is present at the target implantation point of the SiVs parallel and
in-plane perpendicular to the beam. We note that although the profile is taken from the center of the cantilever, the strain within the beam is
quite uniform along the beam.

indicates strains on the order of 4×10−4 within the nanostruc-
ture. We thus have verified the ability to realize strained SiVs
reproducibly across the sample through integration of strained
thin films with nanostructures.

To better understand the potential benefits of thin film in-
duced static strain for SiVs, we combine our measured ex-
perimental results with modeling to extrapolate the high-
temperature performance of the SiVs in the nanostructures.
As a first step, we extrapolate distributions for the ∆GSS of the
SiVs in the cantilever before and after deposition of the SiN
stressor based on the experimental results. For the case of
the SiVs prior to SiN deposition, we assume the strain expe-
rienced by the SiV will be dominated by random fabrication-
induced strain and will not contain any significant intrinsic
strain. Thus we model each component of the strain tensor ex-
perienced by the SiV as an independent normally distributed
random variable with a mean of zero and a standard deviation
σunstrained . From this random tensor distribution, the expected
distribution of ∆GSS is computed (Fig. 4(a)). To fit this to our
experimental results, we vary σunstrained so that the mean of
the simulated ∆GSS distribution matches the mean of the mea-
sured distribution, yielding σunstrained = 1.9× 10−5. As val-
idation of the model, the measured standard deviation of the
∆GSS distribution of 68 GHz closely matches the simulated
standard deviation of 52 GHz.

For the case of post-SiN deposition, we assume the strain
profile of the cantilever is dominated by the SiN-induced
strain and thus is accurately captured by our FEM numeri-
cal model. We assume a random distribution of SiV positions
given by the combination of the straggle of the Si atom upon

ion implantation (estimated using Stopping-Range-in-Matter
simulations) and the dimensions of the mask aperture (60 nm
by 60 nm). A random sampling of strains experienced by
the SiV is then polled based on this random position distri-
bution and the FEM simulation. From this strain distribution,
the resulting SiV ∆GSS distribution is then computed for the
different SiV orientations (Fig. 4(b)). In order to fit this to
the experimental results, the initial intrinsic stress of the SiN
thin film in the FEM simulation is scaled so that the mean of
the simulated ∆GSS distribution matches the measured mean
∆GSS in the nanostructures. This yields an equivalent thin
film stress of 700 MPa of the SiN thin film, which we note
is likely a combination of the intrinsic stress of the SiN and
the thermally induced stress due to its differing thermal ex-
pansion coefficient from diamond. We again observe a close
correspondence between the measured standard deviation of
the ∆GSS distribution of 295 GHz and the simulated standard
deviation of 249 GHz, providing validation of the approach.
As expected, the modeled distribution of ∆GSS with SiN has a
significantly higher proportion of SiVs with a large ∆GSS than
without SiN.

Finally, based on the modeled enhancement in ∆GSS, we
estimate the improvement in the high-temperature coher-
ence properties of the strained SiVs. We base our analy-
sis on the results of Ref 21 in which a strained SiV with
a ground state splitting of ∆GSS,0 = 554 GHz showed no
phonon-induced degradation of the spin coherence properties
(with T2 > 300µs) up to a temperature of T0 = 1.5K. The
rate of excitation of the SiV electron from the lower branch
of the ground state manifold to the upper branch, which is
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FIG. 3. Experimental verification of strained SiV formation (a) Scanning electron micrograph (SEM) of a diamond cantilever with high-stress
SiN deposited, showing a significant strain imparted on the cantilever. (b). Photoluminescence spectra of the same SiV at 4K before (red)
and after (blue) deposition of the SiN, showing a shift in all four optical lines and an increase in the ∆GSS of the SiV due to the imparted
strain. (c) Histogram of all observed SiV transition locations before and after SiN deposition, showing a significant increase in the distribution
of transition locations upon deposition of nitride which is indicative of strain. (d) Measured ∆GSS for a subset of SiVs before and after the
deposition of SiN, showing a large increase in ∆GSS upon the deposition of SiN as desired. (inset) Average ∆GSS and the standard error of the
mean for the distributions of measured SiVs before and after SiN deposition.

the primary phonon-induced dephasing pathway, is given by
γup(∆GSS,T ) ∝ (∆GSS)

3nth(∆GSS,T ) where T is the tempera-
ture of the SiV and nth is the proportion of thermal occupa-
tion of the excited branch which is given by the Boltzmann
distribution10. Given the results from Ref 21, γup(∆GSS,0,T0)
is sufficiently suppressed by the SiV’s ∆GSS,0 such that it neg-
ligibly impacts the coherence. From this we can extrapolate
the necessary ∆GSS for an SiV to be operated at an arbitrary
temperature Top with an equivalent suppression of phonon-
induced decoherence, γup(∆GSS,Top) = γup(∆GSS,0,T0) and
thus an equivalent suppression of phonon-induced decoher-
ence (Fig. 4(b)). By combining this with our modeled ∆GSS
distributions, we can estimate the probability of finding an
SiV within the device which is operable up to a given tem-
perature without phonon-induced decoherence (Fig. 4(c)).

We observe that due to the presence of the SiN on the can-
tilever, a majority of SiVs can be operated beyond 1.5 K. Be-
yond that, a significant portion (> 20%) can be operated be-

yond 2K. In comparison, the probability of finding an SiV that
is sufficiently strained to be operated at these temperatures
prior to the deposition of SiN in the measured samples is neg-
ligible, highlighting the key role the stressor plays. This in-
dicates that through utilization of this strained thin film, SiVs
with sufficient strain to be operated at elevated temperatures
beyond 1K are reproducibly created, which substantially re-
laxes the cryogenic requirements of the platform thereby sig-
nificantly enhancing its scalability.

In conclusion, we have demonstrated a new method to re-
producibly fabricate strained color centers through combining
nanostructures with strained SiN thin films. Through utilizing
this technique with SiVs in diamond cantilevers, we observe a
significant deterministic straining of SiVs with strains on the
order of 4× 10−4 and an average ∆GSS of the emitter of 608
GHz. Based on the observed strains, we expect that the major-
ity of SiVs within this sample can operated at 1.5K and over
20% at 2K without any significant phonon-induced degrada-
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FIG. 4. Modeling the coherence enhancement of strained SiVs.
(a) Modeled probability density function for ∆GSS of the SiVs in the
cantilever before and after deposition of SiN, showing a significant
increase in probability of larger ∆GSS splittings in the SiN case. (b)
Estimated operational temperature (Top) of an SiV with a given ∆GSS
without degradation of coherence properties, demonstrating that an
increased ∆GSS significantly enhances an SiV’s operational tempera-
ture. (c) Probability of finding an SiV with an operational tempera-
ture (Top) above a given temperature T , before and after SiN deposi-
tion. After SiN deposition, we see a significant enhancement in the
probability of finding an SiV operational at 1.5K and beyond, thus
highlighting that sufficient strain is generated in the nanostructure by
the thin film to enhance coherence properties at elevated tempera-
tures.

tion of coherence properties. These results thus pave the way
towards ensuring the scalablility of the state-of-the-art perfor-
mance achieved with SiV based spin-photon interfaces to real-
ize true large-scale color-center based quantum photonic sys-
tems. Future work will probe the coherence properties of these
strained SiVs at 1.5K and beyond to demonstrate the bene-
fit of strain, further maximize the strain in the nanostructure

through additional process optimizations, investigate the in-
tegration of thin-films with dynamically tunable stress30, and
explore integration of stressed thin films with other diamond
nanostructures, namely nanophotonic cavities, to realize high-
yield high-operation temperature spin-photon interfaces. Be-
yond SiVs, the relative simplicity of the technique and ease
of compatibility of deposition of SiN thin films ensures this
same technique can be applied to other color centers in both
diamond and other material platforms to create a variety of
different reproducibly strained defects.
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M. Gündoǧan, C. Stavrakas, M. J. Stanley, A. Sipahigil, J. Choi, M. Zhang,
J. L. Pacheco, J. Abraham, E. Bielejec, M. D. Lukin, M. Atatüre, and
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(a) (b)Cantilever Base

FIG. 1. Histogram of all observed SiV transition locations before and after SiN deposition, for

SiVs located (a) on the cantilever or (b) on the base of the cantilever. A significant increase in the

distribution of SiV optical transitions is observed upon SiN deposition in the case of SiVs on the

cantilever, but not in the case of SiVs on the base. This provides further verification that strain

is the origin of the broadening, as SiVs on the cantilever experience strain imparted by the thin

film stressor, wheras those on the base, due to the base being directly tethered to the substrate,

experience very little strain.
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