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ABSTRACT
Diamond is considered the ultimate semiconductor material due to its excellent physical and electrical properties, such as ultrahigh thermal
conductivity, ultrawide bandgap, and superhigh carrier mobility. After ultralarge deformation experimentally conducted on diamond in 2018
and 2021, strain engineering is a highly appealing candidate for tuning these properties of diamond, opening up potential applications in
microelectronics and quantum technologies. In this review, we briefly review the implementation of strain engineering on diamond, including
introducing dynamic strain by nanomechanical tests and maintaining static strain by various methods. We also provide a brief overview of
the strain-induced property changes and the specific applications of the strained diamond.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0268185

I. INTRODUCTION

Diamond is widely recognized as a material with multidimen-
sional excellent properties, such as ultrawide bandgap, extraordi-
nary carrier mobility, and high thermal conductivity, making it
regarded as the “ultimate semiconductor.” Due to the remarkable
mechanical properties and chemical inertness of diamond, it faces
challenges in terms of synthesis and processing. Over the past
seven decades, the maximum size of single crystal diamond has
reached ∼4 in.,1 and the smallest thickness of microfabricated dia-
mond film has reached ∼10 nm.2 Diamond can be fabricated into
two-dimensional pattern and three-dimensional structure, such as
cantilever,3,4 ratchet,5,6 microdisk,7,8 and hemisphere,9,10 exhibiting
its potential for micro-electromechanical systems (MEMS). These
multiscale fabrication technologies form the cornerstone of dia-
mond application in microelectronics,11–13 high-frequency power
electronics,14–16 thermal management devices,17,18 and lithium metal
batteries.19,20

Strain engineering is a promising strategy to manipulate prop-
erties of materials, such as electronic, optical, and phononic prop-
erties.21 For silicon, strain engineering enables 15% improvement

of current drivability without any performance degradation,22 ther-
mal conductivity can be reduced under inhomogeneous strain,23

and quality factors can be increased.24 For wide bandgap materi-
als, such as silicon carbide (SiC) and gallium nitride (GaN), they
have polarized covalent bonds compared to silicon, making them
have different mechanisms and effects in strain engineering. For
example, 2D SiC exhibits typical metallization in the special com-
pression direction due to enhancement of the ionic character.25 In
addition, SiC and GaN also demonstrate a strong piezoelectricity
effect, which does not exist in Si.26,27 Compared to SiC and GaN,
diamond consists of non-polar covalent bonds and has a crystal
structure similar to silicon. As an ultrawide bandgap material, the
properties of diamond can be tuned by strain engineering as well,
such as strain-induced metallization and improvement of thermal
conductivity.28,29 The donor level of nitrogen in diamond can be
shifted shallowed, unlocking new possibilities for diamond dop-
ing engineering, which is crucial for developing diamond-based
semiconductor devices.30–32

In this review, we highlight several aspects of strain engineering
in diamond, including dynamic strain in diamond using nanome-
chanical test, static strain in diamond using non-mechanical test,
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and manipulation of diamond properties using strain engineering.
Furthermore, we also provide an overview of strained diamond
applications in sensing and quantum technologies.

II. DYNAMIC STRAIN IN DIAMOND
Diamond is widely considered as the hardest material due to

its ultrahigh covalent bond energy and atomic arrangement den-
sity. While the theoretical Young’s modulus of diamond shows over
1000 gigapascals (GPa), bulk diamond exhibits representative brit-
tleness and is not easy to be experimentally stretched or compressed
elastically. Although diamond and its device fabrication witnessed
a relatively systematic development, the elastic deformation of dia-
mond and elastic-strain-induced properties modulation are just
estimated from computational simulations yet remain empirically
unverified, such as bandgap and thermal conductivity tunning.33,34

Nanomechanical test is a fundamental and quantitative method of
studying mechanical properties of nanoscale materials, such as char-
acterization of mechanics properties by testing one-dimensional
nanowires and two-dimensional film.35–37 The current prevailing
approaches for testing microfabricated diamond structures involve
push-to-bend, tension, buckling, and compression using an in situ
transmission electron microscope (TEM) and a scanning electron
microscope (SEM) test.38

An ultralarge (up to 9%) elastic deformation of diamond was
demonstrated experimentally for the first time and analyzed by
simulation in 2018.39 Such ultralarge elastic deformation of dia-
mond nanoneedle was completed through downward displacement
of the diamond indenter tip. Owing to shape of the diamond
indenter, a sideward displacement was induced after contacting the
inclined surface of the indenter and, therefore, generated a push-
to-bend deformation, as shown in Fig. 1(a1). Using SEM imaging,
an ultralarge and fully reversible bending deformation of diamond
nanoneedle was observed in a loading–unloading test, as shown in
Fig. 1(a2). Using finite element method (FEM) simulation, it was
found that the maximum local elastic strain was distributed on the
tensile side of a bent diamond needle. The maximum stress was esti-
mated at ∼98 GPa, corresponding to the maximum tensile strain
of 8.88%, as shown in Fig. 1(a3). Across two loading–unloading
tests in the same diamond nanoneedle, the indenter downward
displacement-load curves exhibited a close overlap between the first
loading for elastic deformation (blue curve) and the reloading for
final fracture (the red one), indicating the fully reversible elas-
tic deformation of diamond nanoneedle, as shown in Fig. 1(a4).
Following integrating systematic simulation and characterization,
the essential conditions for realizing extremely high elastic strain
of nanoscale diamond are a negligible number of defects and a
comparatively smooth surface.

After the first observation of ultrahigh elastic strain in 2018,
other researchers investigated methods to achieve and control elastic
strain in microfabricated diamond structures.40 To deeply investi-
gate the factors for tunable elastic strain in diamond, they experi-
mented on a series of microfabricated diamond nanoneedles with
different crystal orientations and sizes using a compress-to-bend
method.41 A representative loading–unloading process of in situ
TEM loading test is shown in Fig. 1(b1). Using focused ion beam
(FIB) milling and argon plasma thinning, a typical diamond nee-
dle sample was fabricated with a tip diameter of ∼50 nm. Along the

axial direction, the diamond nanoneedle was buckled during a fab-
ricated diamond indenter gradual downward motion. A super-large
elastic buckling was approached and fully recovered after unloading.
Using FEM simulation to reproduce the bent shape in Fig. 1(b1),
the maximum tensile strain was estimated at ∼10.1% on the ten-
sile side and the maximum compressive strain approached ∼11.4%
on the compressive side of the diamond nanoneedle, as shown in
Fig. 1(b2). For investigating lattice distortion, the selected area elec-
tron diffraction (SAED) pattern of the bent diamond needle located
at the red circle in Fig. 1(c1) is shown in Fig. 1(c3). The initial
d-spacing of (002) diamond lattice was measured ∼1.70 Å before
a compress-to-bending test. The value was increased to 1.94 Å
when inducing a bent deformation in the diamond needle shown
in Fig. 1(b1), implying that diamond (200) lattice is elongated ∼9%,
as shown in Fig. 1(b3). Using first-principle calculations, the theo-
retical stress–strain curves of uniaxial tension along different crystal
orientations for bulk diamond were shown in Fig. 1(b4). The ⟨100⟩
direction diamond can theoretically approach higher tensile strain
among three crystal directions, which was in agreement with the
experimental tests. The experimental maximum stress value of the
bending test of ⟨100⟩ diamond nanoneedles approached 125 GPa,
reaching the Griffith theoretical strength of 122 GPa.

To generate uniform and controllable elastic strain in diamond,
the uniaxial tension test is an effective strategy. A diamond bridge
structure was fabricated by FIB, with a central beam length of 1 μm
and width of 300 nm.42 The microfabricated diamond bridge struc-
ture was axially stretched through a fabricated diamond gripper, as
shown in Fig. 1(c1). Along axial direction (diamond [101] direc-
tion), a series of elastic loading–unloading with gradient increase
was applied to the diamond sample to study its reversible elastic
deformation. By measuring the length between the fiducial markers
at the two ends of the diamond central beam, the maximum value
of elastic strain reached 7.5%, as shown in Fig. 1(c2). Using FEM
simulation, the elastic strain was uniformly distributed along the
axial direction inside the structure, with a maximum strain of ∼9.1%.
The electron diffraction pattern of the selected area along [001] zone
axis revealed that the direction of loading aligns with [101] orien-
tation, as shown in Fig. 1(c3). After three loading–unloading tests,
the engineering stress–strain curves exhibited a high degree of prox-
imity, indicating the fully reversible elastic deformation of diamond
nanostructures. The slopes yielded a Young’s modulus of ∼865 GPa,
closing the theoretical value of diamond along [101] direction, as
shown in Fig. 1(c4). The uniaxial tension test can also be used to
measure mechanical properties of two-dimensional materials, such
as monolayer graphene and hexagonal boron nitride (h-BN).43,44

Carrying a uniaxial compression test for bulk diamond is
challenging due to the tight-binding sp3 bond, which is widely
regarded as the most stable bond in carbon materials. A large
elastic compressive deformation is difficult to be detected in the
diamond pillar exhibiting brittle fracture.45 In 2017, amorphous
diamond, which consisted of complete sp3 bonding, was synthe-
sized using the diamond anvil cells (DACs) system.46 After that,
amorphous carbon samples, which are composed of high-fraction
sp3-bonded carbon (∼94% sp3 bonding), exhibited an ultralarge
elastic compressive strain in 2021.47 The amorphous carbons were
synthesized via C60 fullerene, using a high pressure and high temper-
ature (HPHT) method. The high-resolution transmission electron
microscopy (HRTEM) image and SAED pattern of a 94%
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FIG. 1. Dynamic strain in diamond using an in situ mechanical test. (a) Elastic strain induced by the push-to-bend test.39 (a1) The schematic diagram of the in situ push-
to-bend test of diamond nanoneedle (purple) using a diamond indenter (green). (a2) The representative images during the loading–unloading tests at panel (a1). (a3) FEM
simulation result to reproduce the maximum bent deformation of the needle in panel (a2). (a4) The indenter downward displacement-load curves of two loading-unloading
tests in the same diamond nanoneedle. The blue curve represents the recoverable elastic deformation process at panel (a2), and the red curve represents the final fracture
process. (b) Elastic strain induced by the compress-to-bend test.41 (b1) A series of representative images of a diamond nanoneedle in a fully reversible elastic deformation
process. (b2) FEM simulation result to reproduce the maximum bending of needle in panel (b1), showing the maximum tensile strain (10.1%) in the red text and compressive
strain (11.4%) in the blue text. (b3) The SAED pattern of the bent needle located in the area enclosed by the red dotted circle at panel (b1). (b4) The theoretical stress–strain
curves of uniaxial tension along different crystal orientations for bulk diamond along the [100] (green line), [110] (pink line), and [111] (orange line) directions. The maximum
experimental stress along these directions are marked on the curve with circles, which are 125, 84, and 82 GPa for [100], [110], and [111] directions, respectively. (c) Elastic
strain induced by the uniaxial tensile test.42 (c1) A representative TEM image of a fabricated bridge-shaped diamond sample and a diamond gripper moving in the direction
of the red arrow. (c2) A series of representative images of strained diamond stretched along the axial direction during three loading–unloading tests in the same diamond
bridge sample. Three runs were carried out with tensile strains of 4.8%, 6.8%, and 7.5%, respectively. These values of elongation are measured by the length between
the fiducial markers on the surface of the diamond bridge. (c3) FEM simulation result of the stretched diamond bridge to reproduce the maximum elastic deformation in
panel (c2). The SAED pattern of [001] zone axis verifies that the loading at panel (c2) is along the [101] direction. (c4) Corresponding to the experimental engineering
stress–engineering strain curves in panel (c2). (d) Elastically reversible deformation of amorphous carbon by a uniaxial compression test.47 (d1) HRTEM image and SAED
pattern of a 94% sp3-bond amorphous carbon sample; two diffraction rings in SAED pattern are about 2.1 and 1.2 Å. (d2) Plasmon energy-fraction of sp3 curves for different
carbon materials. The sp3 fraction of the sample can be estimated by the plasmon peak position in the low loss EELS spectra. (d3) A set of typical SEM images of 94%
sp3-bond amorphous carbon micropillar in an in situ loading–unloading test. The sample exhibits a fully reversible elastic deformation. (d4) Corresponding to the experimental
engineering stress–engineering strain curves in panel (d3). Panel (a) is reprinted with permission from Banerjee et al. Science 360, 300 (2018). Copyright 2018, The American
Association for the Advancement of Science. Panel (b) is reprinted with permission from Nie et al. Nat. Commun. 10, 5533 (2019). Copyright 2019; the Author(s) are licensed
under a Creative Commons Attribution 4.0 International License. Panel (c) is reprinted with permission from Dang et al. Science 371, 76 (2021). Copyright 2021, The American
Association for the Advancement of Science. Panel (d) is reprinted with permission from Zhang et al. Natl. Sci. Rev. 9, nwab140 (2021). Copyright 2021; the Author(s) 2021,
Copyright 2025 China Science Publishing & Media Ltd.
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sp3-bonded sample were shown in Fig. 1(d1), implying a typical
amorphous structure of the sample. Using plasmon peak position
in low-loss electron energy loss spectroscopy (EELS), the maxi-
mum fraction of sp3 in a series of amorphous carbon samples was
estimated at ∼94%, approaching diamond of 100%, as shown in
Fig. 1(d2). The amorphous carbon with the highest fraction of sp3

was experimented with an in situ compressive test to investigate
its compressive strength. As shown in Fig. 1(d3), the 94% sp3-bond
amorphous carbon micropillar exhibited a fully elastically reversible
deformation in the loading–unloading process, and fracture was not
found after unloading. According to the engineering stress–strain
curve, the compressive strength of ∼94% sp3-bond amorphous car-
bon was estimated at least 40 GPa, as shown in Fig. 1(d4). The
study of dynamic strain of diamond established the strength theory
and deformation mechanism of microfabricated diamond, revealing
extreme elastic strain of diamond.

III. STATIC STRAIN IN DIAMOND
Although elastic strain is generated in diamond through

in situ mechanical tests in SEM/TEM, the strain will disappear after
unloading. Carrying out static strain in diamonds without requiring
external loading has been challenging due to the ultrahigh hard-
ness and brittleness of diamond. The current experimental strategies
for inducing static strain into diamond include ion implantation,
coating, and heteroepitaxy, as shown in Fig. 2(a).

Ion implantation potentially functions as a strategy for induc-
ing static strain on diamond. Strain can occur and be fixed locally
due to the mismatch between the carbon atoms in the diamond
and the external atoms from implantation, such as boron (B),48,49

xenon (Xe),50,51 and helium (He).52,53 Ion implantation is a mature
process technology and occupies an important position in silicon-
based semiconductor device fabrication.54 Ions are generated in
an ions source, accelerated by a high-energy electric field, and
thereafter precisely directed to introduce into the substrate.55 The
energy of the accelerated ions and the dose rate of ion implanta-
tion play crucial roles in tuning the implantation depth and ion
concentration, respectively.56 During the process of ion implanta-
tion, strain can be introduced into the target substrate, such as in
tungsten and gallium nitride.57–59 Diamond also can be imparted
with a strain by implantation of helium ions.60 A schematic illus-
tration of the ion implantation into diamond is shown in Fig. 2(b1).
Helium ions were accelerated and bombarded into a monocrystal
⟨100⟩ diamond plate and detected by the ion counter. A molybde-
num (Mo) plate was used to grip and heat the diamond by means
of a thermocouple. In this experiment, the implanted 4He+ ions
had an energy of 275 keV and a dose of 6.4 × 1016 ions cm−2

at 1573 K. Under TEM characterization at a higher magnification,
two-dimensional helium plates were found to present a parallel
distribution, as shown by yellow arrows in Fig. 2(b2). Using elec-
tron diffraction, the pattern revealed the streaks of slim disk-shaped
helium platelets, as shown in the inset of Fig. 2(b2). Using the first-
principle DFT calculations, geometric matching between helium
atoms and the surrounding diamond lattice was calculated, and an
atomic structure model of two-dimensional solid helium was pro-
posed. The lattice constants along the a, b, and c axes of the 2D
solid helium were 2.52, 2.52, and 14.25 Å, respectively, as shown
in Fig. 2(b4). Using the STEM strain mapping, 2D solid helium

can induce substantial elastic strain within the diamond lattice, as
shown in Fig. 2(b5). Notably, the strain was considerably induced
in the normal direction, reaching ∼10% compressive and tensile
strain, which can potentially function as a controllable directional
elastic strain doping for applications of strain-induced diamond
devices.

Moreover, coating thin film stressor also acts as a potential
method of introducing static elastic strain in diamond. The thin film
is deposited on the diamond substrate under heating and shrinks
after cooling. Due to the difference in thermal expansion coeffi-
cient between the thin film material and diamond, the shrinkage of
these materials differs, leading to a residue strain in the diamond.
For example, the thermal expansion coefficient of a diamond of
∼1.057 × 10−6 K−1 at room temperature is smaller61 compared to
that of silicon nitride (SiN) of ∼1.3–1.7 × 10−6 K−1,62 resulting in a
stretch-induced static strain of diamond after cooling. For silicon,
using the SiN thin film stressor, strained silicon exhibits a significant
linear electro-optic effect, offering a novel structure of silicon-based
optical modulator.63 For diamond, the SiN thin film also acts as a
stressor to induce static strain.64 As shown in Fig. 2(c1), a series of
freestanding diamond cantilever beams were microfabricated using
ion beam etching and a 60 nm SiN thin film was deposited on the
cantilever beams’ surface using plasma enhanced chemical vapor
deposition (PECVD). Prominent bending was observed on the dia-
mond cantilever beams under the SiN thin film stretching. The
bending-induced strain enlarged the ground state splitting (ΔGSS)
of the silicon-vacancy center embedded into the diamond can-
tilever, which can be characterized using photoluminescence (PL),
as shown in Fig. 2(c2). Under the strain, ΔGSS can be increased from
∼200 to ∼600 GHz upon SiN depositing, proving the fixing of strain.
Using FEM simulation to reproduce the bent SiN-deposited dia-
mond cantilever in Fig. 2(c1), a typical strain distribution of a pure
bent cantilever beam is shown in Fig. 2(c3). The strain component
parallel (εyy) and vertical (εxx) in-plane relative to the beam were uni-
formly distributed along the axial direction of the beam, exhibiting a
significant depth correlation. Especially, εyy demonstrated a gradient
distribution in the bending direction, offering a potential approach
for fixing static strain in a diamond cantilever beam.

In addition, static strain can also be introduced and maintained
during the growth of a heteroepitaxy film due to lattice mismatch at
the heterointerface.65,66 For example, a static strain of ∼1% was intro-
duced in the silicon through silicon/silicon germanium (SiGe) mul-
tilayer structures, which was an efficient strategy to enhance carrier
mobility.67 In addition, heteroepitaxial germanium on a silicon sub-
strate can be converted from indirect to direct bandgap under strain
conditions.68 Furthermore, strain can be in situ controlled in het-
eroepitaxy of silicon carbide (SiC) by changing the carbon to silicon
ratio of growth.69 Although strain is experimentally introduced into
semiconductor materials through adding a heteroepitaxy film, carry-
ing out the same method into diamond encounters challenges due to
significant lattice mismatch between diamond and substrate mate-
rials. Cubic boron nitride (cBN) is a material composed of boron
and nitrogen with a diamond cubic structure, exhibiting proper-
ties similar to diamond, such as superhigh hardness, low thermal
expansion coefficient, and short bond length. Currently, deforma-
tion twinning was observed in a ⟨100⟩-oriented cBN pillar, which
is a continuous-transition mechanism similar to that of diamond.70

Notably, the lattice mismatch between diamond (lattice constant of
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FIG. 2. Static strain in diamond. (a) Various experimental methods to inducing static strain into diamond. (b) 4He+ ion implantation into diamond.60 (b1) The schematic
illustration of ion implantation into diamond. Diamond is heated and bombarded with 4He+ ions. (b2) High-magnification TEM image and SAED pattern (inset) show a
two-dimensional helium plates region, which are pointed out by the yellow arrows. (b3) Atom arrangement of carbon and implanted He using DFT simulation. (b4) STEM
perpendicular normal (εyy ) strain mapping of implantation region in doped diamond. (c) Coating thin film stressor on the surface of diamond.64 (c1) SEM images of a series of
freestanding SiN-coated diamond cantilever beams. (c2) Photoluminescence (PL) spectra of SiV in the diamond cantilever beam at 4 K before (red) and after (blue) coating
of SiN. Optical transitions are shifted and ground state splitting ΔGSS is increased under the strained SiN film. (c3) FEM simulation result to reproduce bent deformation of
the SiN-coated diamond cantilever beam. (d) cBN heteroepitaxy on diamond.72 (d1) An optical image of the heteroepitaxial cBN on diamond using the HPTH method. (d2) A
bright-field TEM image of the heterointerface of the diamond–cBN sample token along the [111] zone axis. (d3) Annular dark-field (HAADF) scanning TEM (STEM) images of
the coherent region of cBN–diamond heterointerface along [11̄0] and [112̄] zone axes. (d4) HAADF-STEM images of regions containing stacking fault and Shockley partial
dislocation along [11̄0] and [112̄] zone axes. Panel (b) is reprinted with permission from Lin et al. Nat. Commun. 13, 5990 (2022). Copyright 2022; the Author(s) are licensed
under a Creative Commons Attribution 4.0 International License. Panel (c) is reprinted with permission from Assumpcao et al. Appl. Phys. Lett. 123, 244001 (2023). Copyright
2023, AIP Publishing LLC. Panel (d) is reprinted with permission from Chen et al. Nat. Commun. 6, 6327 (2015). Copyright 2015; the Author(s) are licensed under a Creative
Commons Attribution 4.0 International License.
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∼3.567 Å) and cBN (lattice constant of ∼3.615 Å) is significantly
small (∼1.4%); therefore, cBN is considered an ideal heteroepitaxy
film material to induce static strain in diamond.71 Using the HPHT
method, a bulk cBN was grown on the diamond surface, with a size
of ∼0.5 mm, as shown in Fig. 2(d1).72 A bright-field TEM image
of the heterointerface of the FIB-fabricated diamond-cBN sample
was taken along the [111] zone axis, as shown in Fig. 2(d2). Due to
the lattice mismatch, a dislocation network was found to consist of
periodically arranged hexagonal dislocations. The hexagonal loops
were composed of full edge dislocations with a Burgers vector of
1/2⟨11̄0⟩ and a dislocation line of ⟨112̄⟩. The 1/2⟨11̄0⟩ dislocation
can be dissociated into two 60○ 1/6⟨12̄1⟩ Shockley partial disloca-
tions, which were connected by a ∼5 nm staking fault region. The
sum energy of two 60○ 1/6⟨12̄1⟩ dislocations and a stacking fault
was lower than a 1/2⟨11̄0⟩ dislocation in (111) interface, indicating
that the periodical dislocation loop, composed of continuous misfit
dislocations and stacking faults, was energetically preferred. Using
annular dark-field (HAADF) scanning TEM (STEM), an atomically
smooth heterointerface of diamond-cBN along [11̄0] and [112̄] zone
axes in the coherent region indicated the nearly perfect cBN het-
eroepitaxy on the diamond, as shown in Fig. 2(d3). A representative
stacking fault occurred on the side of cBN along the [11̄0] zone axis,
implying that the hardness of cBN is lower than that of diamond. A
typical Shockley partial dislocation can be found on the side of the
diamond along the [112̄] zone axis, indicating the smaller lattice of
the diamond, as shown in Fig. 2(d4). The crystal mismatch-induced
periodical dislocation network exhibited a novel mechanism for
misfit accommodation between diamond and cBN.

Fixing static strain on diamond will be a pivotal strategy to
realize the preparation of strained diamond devices, keeping the
strain-modulated electronic properties in the use of the devices.
Ion implantation can introduce large-scale static strain in the
implantation layer, while irradiation damage is generated along
the implantation directions. Ion implantation also has require-
ments for equipment, as it is capable of generating high-energy
ion beams. Heteroepitaxy has potential for creating uniform static
strain in diamond, controlling the level of strain by lattice mis-
match of the substrate. Since diamond is synthesized under high
temperature (∼1000 ○C), substrate material still lacks an appropri-
ate option. These materials face challenges related to mismatches in
lattice constants, melting points, and thermal expansion coefficients,
which is also a crucial hindrance from wafer-sized single crystal dia-
mond. Coating may be an effective strategy for introducing static
strain in diamond, which features controllability and adaptability
to micro–nano fabrication. Nevertheless, the magnitude of strain is
limited to a low range, typically less than 1%, which may be restricted
by factors such as the hardness of the coating, Young’s modulus, and
the interfacial bonding strength.

IV. MODULATING OF THERMAL, ELECTRICAL,
AND QUANTUM PROPERTIES OF DIAMOND
BY STRAIN ENGINEERING

As an ultrawide bandgap material, the 5.47 eV bandgap enables
diamond to withstand high voltage of ∼10 kV and has wide potential
applications in high-power electronics.73 Nonetheless, the sluggish
progress in diamond semiconductor development is attributed to

the challenge of efficient n-type doping.74,75 Strain engineering pro-
vides a novel strategy to accelerate the realization of diamond
semiconductors.

Strain can increase or decrease atomic distance and, therefore,
change the volume or break symmetry of a material. By apply-
ing strain, bonding states and charge distribution can be changed,
thereby enabling the modulation of the electrical properties of mate-
rials.76 For example, ultrahigh pressure of 400 GPa can compress
diamond and bring plastic deformation, and first-principle calcula-
tions predicted a bandgap increase from 5.3 to 6.5 eV, as shown in
the density of states in Fig. 3(a).77 Tensile strain, on the other hand,
is believed to decrease the bandgap of single-crystal diamond. After
having achieved ultralarge strain on nanoscale diamond experimen-
tally,39 Dang et al. investigated in first-principle calculations and
predicted that when diamond was stretched along the [100], [101],
or [111] directions, the bandgap of diamond was reduced, by up to
2.5 eV, as shown in Fig. 3(b).13 Such a reduction of bandgap was
preliminarily confirmed in their experimental work where electron
energy-loss spectroscopy was employed. In addition to the bandgap
reduction, a transition from indirect to direct bandgap was observed
when more than 9% tensile strain was applied at the [111] direction,
opening up potential applications in optoelectronic applications
such as light-emitting diodes and laser diodes.78 Since diamond can
be fabricated into patterned nanostructures, which can be further
stretched uniformly, this strategy provided a way to modulate the
electrical properties of diamond, making it suitable for application
in practical devices.

Following the work of achieving ultralarge strain in nanoscale
diamond, a series of works was published to further investigate the
effects of strain to the electrical properties of diamond. While ten-
sile strain was believed to reduce the bandgap of diamond, machine
learning was employed to find out the most energy-efficient strain
pathway to realize this.33 In addition to applying uniaxial stress,
complex strains can be employed to module the electrical prop-
erties of diamond more efficiently and more fundamentally. For
example, by applying shear and compressive strains together, dia-
mond showed a metallic property such that a bandgap closure was
observed, as shown in Fig. 3(c).79 In this case, compressive strain
prevented the cleavage-type graphitization of diamond while the
shear strain induced a smooth plastic flow and electronic conduction
in a diamond crystal. To further increase the compression–shear
strain, electronic states accumulated near the Fermi energy and
superconductivity occurred when strain reached 0.349, as shown
in Fig. 3(e), predicting a transition of diamond from semiconduct-
ing to conducting and even superconducting states.80 In addition
to the modulation of bandgap, strain engineering can also tune
the carrier mobility. For example, 2% shear strain along the [100]
direction suppressed the electron–phonon scattering of diamond,
therefore, increasing the hole mobility by 800%.81 Through strain
engineering, diamond exhibits a wide range of tunable electrical
properties, thereby expanding its potential for diverse technological
applications.

Strain engineering can tune the electrical properties of not
only pure diamond but also doped diamond. It is well known that
nitrogen-doped diamond takes the C3v symmetry and shows a deep
donor state.82 Such a deep-donor level corresponds to extremely
high activation energy, which is hardly usable for room-temperature
electronics. Simulation work predicted that with the presence of
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FIG. 3. Modulating of thermal, electrical, and quantum properties of diamond by strain engineering. (a) Comparison of total density of states of diamond at hydrostatic
pressures of 0 and 400 GPa;77 (b) under the uniaxial tension condition, (1) evolution of diamond band structure at tensile strain along [111] direction and (2) summary of
bandgap reduction along the [100], [101], and [111] directions;42 (c) (1) bandgap of deformed diamond along pure shear (PS) strain and compression constrained shear
(CS) strain conditions, (2) crystal structure with valence charge density, and (3) band structures shows bandgap closure;79 (d) thermal conductivity of diamond modulated
by hydrostatic strain;83 (e) electrical behaviors of diamond modulated from semiconducting to conducting, and superconducting by CS strain;80 and (f) under tensile strain
condition, (1) energy diagram of negatively charged SnV center and (2) the qubit controlled by microwave (MW) pulses.85 Panel (a) is reprinted with permission from Guo
et al. Extreme Mech. Lett. 66, 102113 (2024) Copyright 2023 Elsevier Ltd. Panel (b) is reprinted with permission from Dang et al. Science 371, 76 (2021). Copyright 2021,
The American Association for the Advancement of Science. Panel (c) is reprinted with permission from Liu et al. Phys. Rev. Lett. 123, 195504 (2019). Copyright 2019 by
the American Physical Society. Panel (d) is reprinted with permission from Shi et al. Proc. Natl. Acad. Sci. U.S.A. 121, e2313840121 (2024). Copyright 2024; the Author(s)
are licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives License 4.0. Panel (e) is reprinted with permission from Liu et al. Phys. Rev. Lett. 124,
147001 (2020). Copyright 2020 by the American Physical Society. Panel (f) is reprinted with permission from Rosenthal et al. Phys. Rev. X 13, 031022 (2023). Copyright
2023; the Author(s) are licensed under a Creative Commons Attribution 4.0 International License.

compressive strain, especially compressive strain (>9%) along the
[100] direction, the local symmetry of nitrogen-doped diamond
evolved from C3v toward Td, along with spin degeneracy and the
donor level shifted from a deep to shallow state.30 Considering the
difficulty in preparing effective n-type diamond at room tempera-
ture via conventional doping, strain engineering could be employed
together with doping to modulate the semiconducting properties of
the doped diamond.

In addition to the modulation of electrical properties, strain
engineering can also modulate the thermal and quantum properties
of diamond. Thermal conductivity exhibits an inverse correlation
with the unit cell volume, demonstrating that compressive strain-
induced reduction in unit cell dimensions leads to enhanced thermal
conductivity, while volume expansion results in decreased thermal
conductivity. Based on this principle, thermal conductivity of dia-
mond can be doubled to over 5000 W m−1 K−1 or decreased to
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below 100 W m−1 K−1, which can be seen in Fig. 3(d).83 This allows
diamond to be applied in more high-power scenarios with tough
thermal-management requirements. Since strain changes the atomic
distance and interaction of atomic orbitals, quantum mechanical
properties of the diamond color center may be changed. In addi-
tion, strain changes the symmetry of diamond and enables more
spin manipulation. As a result, the quantum mechanical proper-
ties of diamond can be manipulated. Therefore, strain engineering
is a promising method to modulate the quantum mechanical prop-
erties of diamond, with color centers such as NV, SiV, GeV, and
SnV involved in this topic.84 For instance, tensile strain can sup-
press the electron–phonon interaction of SnV center (especially at
high temperatures) and enhance coherence, as shown in Fig. 3(f).85

V. APPLICATIONS IN SENSORS
AND QUANTUM TECHNOLOGIES

For several decades, diamond was limited to applications in
mechanical areas such as cutting, polishing, and stamping.86,87 Cur-
rently, hexagonal diamond was synthesized and exhibited hard-
ness of 155 GPa.88 However, a land-standing gap has not been
covered between its excellent functional properties beyond hard-
ness and novel applications in sensing and quantum technology.
As an appealing strategy, strain engineering establishes a bridge
from theoretically excellent performance to practical application for
diamond-based devices.

The unavailability of scalable manufacturing has hindered the
development of diamond-based electronic applications, especially
for large-sized diamond films with superhigh flexibility and ultralow
surface roughness. In 2024, a method capable of large-scale pro-
duction of ultraflat and superflexible freestanding diamond films
was developed, overcoming the bottleneck in manufacturing high-
quality diamond films.89 The diamond film was grown on a sin-
gle silicon substrate using the microwave plasma chemical vapor
deposition (MPCVD) method, with thickness ranging from 200 to
800 nm. The as-grown diamond surface, characterized by atomic
force microscopy (AFM), exhibited a roughness of ∼36 nm. The
secret of ultralow roughness was on the buried surface, that is, the
side of the diamond film close to the silicon substrate after exfo-
liation, with an outstanding value of ∼0.612 nm. The ultrasmooth
surface with a comparable size of the silicon wafer (∼2 in.) was
obtained by mechanical exfoliation without any polishing. The exfo-
liated diamond film demonstrated remarkable flexibility due to its
reduced thickness and is able to withstand standard lithography
processes, as evidenced by the successful fabrication of a diamond
film with a strain sensors array, as shown in Fig. 4(a1). The 5 × 3
array of strain sensors was composed of Au electrodes, ultraviolet
ozone-treated region, and hydrogen-terminated region of the dia-
mond film, as shown in Fig. 4(a2). It is well-known that the skin will
be compressed or stretched when muscle contraction or relaxation
occurs. The strain sensor arrays of flexible diamond films can be
attached to the skin, inducing strain as the skin deforms. The resis-
tance of a diamond film can be decreased when the film is stretched
as the skin is relaxed, while the increase in resistance occurs when
the film is in a compressive state. The state of the skin or muscle
can be detected by monitoring the change of films’ resistance, indi-
cating the potential for flexible mechanical sensing,90,91 as shown in
Fig. 4(a3).

The manipulation of strain not only changes the resistance of
diamond but also tunes the resonance frequency, which can act as a
strategy for magnetic sensing. Diamond is the ideal material candi-
date for high quality-factor MEMS resonators owing to its ultrahigh
Young’s modulus.92,93 Galfenol (an iron–gallium alloy), a repre-
sentative magnetostrictive material, exhibited the ΔE effect, which
means Young’s modulus of magnetostrictive materials can be altered
during the magnetization process.94–96 Galfenol was deposited on
the surface of the 160 μm diamond cantilever beam, functioning as
an external magnetic field-induced stressor.97 An on-chip diamond-
based magnetic transducer was highly integrated with actuation,
sensing, and signal readout functions, as shown in Fig. 4(b1).
Under an external magnetic field, Young’s modulus of the deposited
galfenol film changed due to the ΔE effect, leading to a shift of the
effective Young’s modulus of galfenol–diamond cantilever. Conse-
quently, the resonance of the galfenol film-coupled diamond can-
tilever was shifted and detected by the readout module, reflecting
the external magnetic field, as shown in Fig. 4(b2). Furthermore,
the density of magnetic flux can be characterized by coupling mul-
tiple galfenol–diamond magnetic sensors, as shown in Fig. 4(b3).
In the future, an on-chip MEMS magnetic sensor composed of
the galfenol film-coupled diamond cantilevers array can be devel-
oped, achieving high speed and exact mapping of magnetic fields.
Owning to the outstanding thermal stability of diamond, the strain-
induced diamond resonator transducers can be used to monitor
magnetic field under extreme conditions, particularly in demand-
ing applications such as vehicle engines and high-power wind
turbines.98

For quantum technologies, the color center embedded into dia-
mond is regarded as a long-lived and robust solid-state single-spin
system, which can be manipulated by electromagnetic fields.99 Com-
pared to typical external electromagnetic fields, strain engineering
is a novel strategy to achieve the long-lived coherent oscillations
and coherence time of color center spin for applications in quan-
tum devices.100 The underlying mechanisms responsible for this
is strain increasing the energy splitting, raising the energy thresh-
old of phonon absorption and suppressing decoherence due to
thermal vibration of lattice.101 Tin-vacancy (SnV) center is a promis-
ing spin–photon interface for quantum networking devices due
to its large anti-photon dephasing ability. However, the coherence
of optical transitions was limited at 1.7 K.102 Using a uniform
strain introduced into diamond, the SnV center’s operating tem-
perature was increased to 4 K, and the coherence lasted for more
than 200 ms.103 A schematic illustration of the strain-induced SnV
center device is shown in Fig. 4(c1). The SnV centers embed-
ded into diamond film were strained by fused silica substrate,
and their spin states were controlled by the microwave from gold
waveguide. Strain was introduced due to the mismatch of ther-
mal expansion coefficient during an annealing process, as discussed
in Sec. III static strain via coating on diamond. After the anneal-
ing process, the diamond film can be induced with a tensile strain
in the range of 0.05%–0.1% due to its larger thermal expansion
coefficient than fused silica, as shown in Fig. 4(c2). Owing to the
strain engineering, the dephasing time (T2,echo, T∗2 , and T2,2XY )
was maintained at 4 K—comparable with 1.7 K, implying that
the time of spin coherence was elongated, as shown in Fig. 4(c3).
Strain engineering suppresses the phonon-mediated decay and
enhances the spin coherence of SnV, offering a potential approach
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FIG. 4. Application in sensors and quantum technologies. (a) Flexible diamond films for application in a strain sensor.89 (a1) Optical image of diamond strain sensor arrays.
(a2) The schematic of strain sensor arrays using the lithography process. (a3) A strain sensor array attached to the skin to monitor the contraction or relaxation of muscle. (b)
Galfenol-coupled diamond devices for application in magnetic sensing.97 (b1) Optical image of galfenol-coupled diamond devices. (b2) The principle of the galfenol-coupled
diamond cantilever. Under the condition of the external magnetic field, Young’s modulus of the cantilever can be decreased, leading to a reduction in its resonance frequency.
(b3) Simulation diagram of the magnetic sensor coupled multiple galfenol-diamond cantilever to measure magnetic flux. (c) Strain-induced SnV center device for application
in solid-state quantum devices.103 (c1) Optical image and schematic illustration of strain-induced SnV center device. (c2) The principle of strain introduction. (c3) Relaxation
time (Tspin

1 , T2,echo, T∗2 , and T2,2XY ) as a function of temperature. Strain engineering improves spin coherence of SnV. (d) Strain-controlled quantum system on chip for
application in the quantum information processor.106 (d1) Optical image of the on-chip quantum system and schematic illustration of its components. (d2) The principle
of STRANEMS module. Diamond cantilevers are bent upward by distance d under the piezoelectric actuators. Strain-induced SnV transition shift can be characterized
by photoluminescence excitation (PLE) spectroscopy. Scatterplots of DC/AC voltage-controlled optical transition energies of SnV (∆DC,∆DC) vs DC voltage (VDC) curves
(d3) and AC voltage (VAC)(d4). Panel (a) is reprinted with permission from Jing et al. Nature 636, 627 (2024). Copyright 2024 Springer Nature. Panel (b) is reprinted with
permission from Zhang et al. Adv. Funct. Mater. 33, 2300805 (2023). Copyright 2023 Wiley-VCH GmbH. Panel (c) is reprinted with permission from Guo et al. Phys. Rev. X
13, 041037 (2023). Copyright 2023; the Author(s) are licensed under a Creative Commons Attribution 4.0 International License. Panel (d) is reprinted with permission from
Clark et al. Nano Lett. 24, 1316 (2024). Copyright 2024; the Author(s) are licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives License 4.0.
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for utilizing and developing solid-state quantum devices at higher
temperature.

The mechanics of solid-state quantum optical interface is
interval electronic transitions. Owning to the robust storage of
quantum state in diamond, heterogeneous integration of diamond-
based qubits with flying photonic qubits consistently remains in
the spotlight.104,105 Furthermore, scalability and low power dissi-
pation of optical routing and coherent spin control are significant
challenges for quantum information processors. A strain-controlled
quantum system on chip was constructed, exhibiting scalability in
optical access and individual color-center control, as well as ultralow
power dissipation.106,107 The on-chip quantum system consisted
of strain-controlled SnV centers embedded into diamond arrays
(the STRANEMS module), photon switches, and optical waveguide,
as shown in Fig. 4(d1). The STRANEMS module had eight diamond
cantilevers embedded with SnV centers. These cantilevers were
strained by piezoelectric actuators at one end and optically coupled
to the SiN waveguides at the other end, achieving the eight channels
synchronous optical transitions of SnV centers. The strain-induced
shift of SnV center transitions (∆c) can be characterized by photo-
luminescence excitation (PLE) spectroscopy, as shown in Fig. 4(d2).
The strain was controllable by changing the voltage of piezoactuators
owing to the piezoelectric effect. The applied voltage was divided
into DC voltage (VDC) and AC voltage (VAC), driving the diamond
cantilevers’ static bending and mechanical resonances, respectively.
Through changing DC voltage, the static strain-induced shift of
SnV transition (∆DC) can achieve frequency modulation of over
20 GHz under superlow power dissipation (<1 nW) conditions.
The strain distribution was also significantly dependent on the spa-
tial position of the SnV center, including both the lateral position
and the vertical depth, as shown in Fig. 4(d3). The energy shift of
SnV transition under AC voltage-driving (∆DC) can be extended
∼1.9 GHz at mechanical resonance (∼10 MHz AC frequency), imply-
ing a 20-fold increase than AC frequencies (DC, 5 kHz and 1 MHz),
as shown in Fig. 4(d4). This means the AC-driving mechanical reso-
nance can be utilized to enhance the strain response of SnV centers,
allowing the rapid frequency tuning of quantum memories with
ultralow power consumption. Strain diamond devices may be in
the form of strain coupled with multi-physical fields, providing new
strategies for the fields of high-performance semiconductors and
microelectronics/optoelectronic devices.

VI. CONCLUSIONS AND PERSPECTIVES
In this review, we focus on the approaches for introducing

strain in microfabricated diamond, including carrying out dynamic
strain by an in situ nanomechanical test and fixing static strain by
ion implantation, coating stressor film, and heteroepitaxy. Strain
engineering is an efficient and significant strategy to manipulate
the properties of diamond, including bandgap, thermal conductiv-
ity, and shift of color center transition, expanding the application
potential of diamond. Furthermore, strain distribution of microfab-
ricated diamond is fully controllable by tuning the source of strain,
such as magnetostrictive film and piezoelectric actuators, which can
be utilized in applications for sensing and quantum technologies.

Carrying out strain in a diamond is kept challenging due to its
ultrahigh hardness and brittleness, especially introducing, control-
ling and maintaining a large strain. Although a small-value strain is

held in the diamond, it is far from the ultralarge strain achieved in
a one-dimension diamond by in situ nanomechanical testing. The
crucial requirements for introducing large strains in diamond are
to have minimal internal defects and smooth surface. As for diffi-
culty in achieving the fixation of large strains, the underlying reason
lies in the lack of strain-fixing materials whose mechanical proper-
ties (Young’s modulus, hardness etc.) are comparable with diamond.
A potential solution is to use a material such as nano-twinned dia-
mond, of which the hardness (∼200 GPa) is even higher than that of
diamond (∼100 GPa).108 The development of nanomechanical tech-
niques, including micro/nano fabrication, ultralarge strain fixing,
nanomechanical test, and devices design and fabrication, is critical
to addressing these challenges. In the future, two-dimensional array
diamond has potential for achieving diversity of strain applied to
strain engineering design, opening up new opportunities for high-
performance and low-energy-dissipation diamond-based MEMS.
Moreover, diamond with a three-dimensional lattice structure func-
tions as a metamaterial for application in optoelectronic devices,
which imposes higher requirements on the micro/nanofabrication
and multiphysics field coupling characterization technology.
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C. Stavrakas, M. J. Stanley, A. Sipahigil, J. Choi, M. Zhang, J. L. Pacheco, J. Abra-
ham, E. Bielejec, M. D. Lukin, M. Atatüre, and M. Lončar, Nat. Commun. 9(1),
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