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Diamond offers an exceptional platform for optoelectronics owing to its ultra-wide band gap, superior
thermal and photonic properties. Yet its optical response is notoriously difficult to tune, as conventional
doping suffers from deep impurity levels and poor activation efficiency. Here, we show that strain-gradient
engineering provides a doping-free route to modulate broadband optical emission in microfabricated
diamond. By taking advantage of size-induced large elasticity, we show that controlled elastic bending of
diamond nanoribbons generates spatially varying strain fields that can be resolved at nanoscale using
STEM-EELS, which reveals synchronous electronic bandgap shifts and phonon spectrum broadening.
Spatially mapped cathodoluminescence exhibits continuous emission shifts, accompanied by intensity
variations and spectral widening. Theoretical analyses show that nonuniform strain couples electronic band
restructuring with phonon mode redistribution, expanding the pathways for phonon-assisted optical
transitions. These findings transform diamond from a static wide-band-gap semiconductor into a
mechanically reconfigurable broadband emitter, establishing strain-gradient engineering as a general

paradigm for tunable photonics in wide-band-gap semiconductors.

DOI: 10.1103/gcf5-chmf

Introduction—Diamond is an ultrawide band gap semi-
conductor with exceptional carrier mobility [1], outstanding
thermal conductivity [2], deep-ultraviolet emission [3], and
stable single-photon emission [4], making it a compelling
platform for next-generation microelectronic and optoelec-
tronic technologies [5,6]. Yet its electronic and optical
properties are difficult to tune: conventional doping intro-
duces deep impurity levels with low activation efficiency
and limited solubility, constraining the realization of inte-
grated functional devices [7]. Elastic strain engineering has
recently emerged as a promising alternative [8,9]. Advances
in microfabrication have enabled ultra-large elastic strains
realized in diamond micro- or nanostructures (up to ~10%,
approaching theoretical limit) [10—12], allowing continuous
and reversible electronic bandgap modulation, driving
transitions from insulating to semiconducting, metallic,
and even superconducting behavior [13,14]. This estab-
lishes a route toward mechanically reconfigurable diamond
photonics [3,15]. However, the experimental implementa-
tion of strain-based optical modulation remains in its
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infancy, hindered by the difficulty of precisely controlling
nanoscale strain fields and the complex interplay of phonon-
assisted light emission in an indirect band gap system.

Here, we introduce strain-gradient-engineered diamond
nanoribbons, where controlled bending creates spatially
varying strain that enables broadband light emission and
detection within a single material system—eliminating the
need for multilayer or multi-band-gap heterostructures
[16,17]. As an indirect band gap material, diamond requires
phonon-assisted optical transitions to satisfy momentum
conservation due to the k-space offset between its con-
duction band minimum and valence band maximum
[18,19]. A strain gradient modifies these transitions through
two cooperative mechanisms: (i) tensile or compressive
strains alter the phonon density of states, changing the
population of excited phonons at a given temperature and
consequently modulating luminescence intensity, and
(ii) strain-gradient-induced phonon spectrum broadening
expands the available momentum-matching pathways and
thereby widens the emission spectrum. Collectively, unlike
conventional uniform strain engineering that primarily
shifts electronic bands, strain gradients continuously recon-
struct the phonon energy—momentum landscape governing
indirect optical processes, opening additional pathways for
phonon-assisted light emission.

© 2026 American Physical Society
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FIG. 1. EELS characterization and theoretical simulation of
electronic band gap modulation in bent diamond nanoribbons.
(a) Schematic of the experimental setup (EELS) to simulta-
neously acquire electronic band gap and local lattice vibra-
tional spectra. (b) SEM image of bent diamond nanoribbon
and the calculated strain contour is overlaid on top. (c) High-
resolution TEM image shows the lattice of a diamond
nanoribbon, where the arrow indicates that the ribbon is
microfabricated along the [011] direction. (d) EELS low loss
signal showing the electronic band gap measurements at
location P1, P2, and P3 marked in panel (b), the orange-
green gradient points represent the measured raw data, where
the color gradient denotes the relative Cherenkov loss, with
greener points indicating a larger contribution. The green-
shaded curve corresponds to the fitted Cherenkov loss. The
orange points and the corresponding orange curve represent
the Cherenkov-corrected data and the fitting result, respec-
tively. (e) Electronic band gap mapping along the beam shift
direction of the bent diamond nanoribbons [yellow region in
panel (b)]. (f) First-principles calculated band structure of
bent diamond nanoribbons under [110]-directional strain in
the first Brillouin zone.

In this Letter, we microfabricated single-crystalline dia-
mond nanoribbons and introduced well-defined strain gra-
dients through controlled bending. To directly visualize the
resulting modifications to the electronic and vibrational band
structure, we performed atomically resolved scanning trans-
mission electron microscopy electron energy loss spectros-
copy [STEM-EELS, Fig. 1(a)], which enables simultaneous
mapping of local bandgap energies and lattice vibrational
modes. These measurements reveal continuous bandgap
modulation and systematic phonon peak shifts across the
strain gradient, in agreement with first-principles calcu-
lations. Spatially resolved cathodoluminescence further
shows position-dependent emission energies, accompanied
by modulated luminescence intensity and pronounced
spectral broadening, providing direct evidence that strain
gradients enable broadband optical response in diamond.
Beyond diamond, this work provides a general framework
for mechanically programmable broadband photonics, with
potential implications for adaptive optoelectronics, strain-
engineered quantum emitters, and reconfigurable photonic
systems.

Electronic band gap evolution under bending—Single-
crystalline, undoped diamond synthesized via chemical
vapor deposition [20,21] was patterned into nanoribbons
using focused ion beam (FIB) milling (Fig. S1 [22]). High-
resolution transmission electron microscopy (HRTEM)
imaging [Fig. 1(c)] and the corresponding electron dif-
fraction pattern confirm the preserved single-crystal qual-
ity. A well-defined strain gradient was introduced by
mechanically bending the diamond nanoribbon (DNR)
with a microprobe (Fig. S2 [22]), and then fixing both
ends to a SiN support grid via localized platinum deposition
to prevent stress relaxation [Fig. 1(b)]. The resulting strain
distribution in the bent DNR, obtained via finite element
analysis [22], is shown in Fig. 1(b). The maximum
principal strain, €,,,, was determined to be 1.49%, well
below the reported elastic limit of diamond [10-12],
ensuring that the nanoribbon remains entirely within the
elastic deformation regime.

We employed STEM-EELS to probe the local electronic
bandgap along the strain gradient in the bent DNR
[Fig. 1(a)] [22]. EELS spectra were collected at three
distinct positions corresponding to different elastic strain,
labeled P1-P3 in Fig. 1(b). To minimize the influence of
amorphous carbon, the diamond nanoribbon sample was
prepared with amorphous surface layers thinner than
~3 nm on each side, corresponding to less than 4% of
the total specimen thickness along the electron-beam
direction (Supplemental Material note 1 and Figs. S3,
S4 [22]). Note that on-axis EELS measurements in dia-
mond are affected by Cherenkov radiation, which contrib-
utes a low-energy background near 5 eV [Fig. 1(d)]. To
remove this contribution, we fitted and subtracted the
Cherenkov background using a second-order logarithmic
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polynomial function prior to band gap extraction. The
band gap onset was subsequently determined from the
Cherenkov-corrected  spectra using [ = a(E — Eg)'?
[22,40]. The processed spectra are shown in Fig. 1(d).
As the local strain evolves from —1.43% (compressive) to
0.09% (tensile), the extracted electronic bandgap decreases
from 5.28 to 4.96 eV.

To improve statistical reliability, EELS spectra were
additionally acquired along the beam shift direction within
the rectangular region marked in Fig. 1(b), followed by
identical data processing workflow to extract the band gap
values (Fig. S2 [22]). The resulting two-dimensional band
gap map [Fig. 1(e)] shows a pronounced monotonic
variation: as the local compressive strain decreases, the
band gap decreases from 5.30 to 4.80 eV across a ~1.90%
strain difference. This trend is consistent with the discrete
point measurements in Fig. 1(d), and the strain-induced
band gap variation aligns well with previous observa-
tions in tensile-strained nanodiamond [11]. To further
validate the Cherenkov-removal procedure, we performed
additional off-axis EELS measurements, in which the
Cherenkov feature around 5 eV is largely suppressed
(Supplemental Material note 2, Fig. S5 [22]). Consistent
with the on-axis results, the extracted band gap exhibits a
monotonic decrease as the local strain evolves from
compression to tension.

To complement our experimental observations, we
performed first-principles calculations [22] to examine
the evolution of the electronic band structure of diamond
under uniform elastic strain [Fig. 1(f) and Fig. S6 in [22] ].
Consistent with the experimental condition, a uniform
strain was applied along the [110] crystallographic direc-
tion. The calculations reveal that the valence band maxi-
mum (VBM) remains near the I" point with only minor
energy variation under strain, while the conduction band
minimum (CBM) shifts downward in energy with increas-
ing tensile strain. This leads to a systematic narrowing of
the band gap, in quantitative agreement with our STEM-
EELS measurements.

Phonon DOS along strain gradient—In indirect band
gap semiconductors such as diamond, radiative recombi-
nation is intrinsically inefficient due to the momentum
mismatch between the conduction band minimum and
valence band maximum. Momentum conservation there-
fore requires the participation of phonons, unlike in direct
band gap materials where photon emission can occur
without additional momentum exchange [19]. To under-
stand how strain gradients influence this phonon-assisted
recombination pathway, we examined the evolution of the
local phonon spectra across the bent nanoribbon.

Taking advantage of the meV energy resolution and
subnanometer spatial resolution of STEM-EELS, we per-
formed continuous spatial mapping of the local vibrational
spectra across the strain gradient in the bent diamond
nanoribbons [Fig. 2(a), [22]], followed by multi-peak
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FIG. 2. EELS characterization of phonon DOS in bent diamond
nanoribbons. (a) EELS mapping of measured lattice vibrational
intensity along the beam shift direction of the bent diamond
nanoribbons [yellow region in Fig. R4(b)]. (b) Measured lattice
vibrational intensity at P1, P2, and P3, accompanied with
Lorentzian fitting of each phonon peak. Arrows mark the energy
shift of phonon peaks from tensile to compressive region.

Lorentzian fitting of the acquired spectra [Fig. 2(b)]. The
extracted phonon energies are in excellent agreement with
reported diamond phonon frequencies in the literature
[41,42] (Table S1 [22]). The mapping reveals that, as the
local strain varies from —1.43% to 0.09%, the TA1, TA2,
LA, and optical modes decrease by ~4, 7, 2.3, and 1.5 meV,
respectively.

The as-acquired vibrational spectra reflect momentum-
integrated phonon modes across the entire Brillouin zone
and are thus closely related to the projected phonon density
of states (DOS). To interpret the experimental findings, we
performed molecular dynamics (MD) simulations to cal-
culate the phonon DOS in diamond under strain gradients
(Methods and Supplemental Material notes 3 and 4 [22]).
As shown in Fig. S9 [22], the calculated DOS exhibits
systematic blueshifts in all six characteristic phonon modes
as the local strain evolves from tensile to compressive
(Table S2 [22]), consistent with the trend observed in the
EELS measurements. Quantitatively, the experimentally
measured phonon energy shifts agree, within the experi-
mental uncertainty, with the calculated shifts of ~2 — 3 meV
over the corresponding strain range. As discussed below, this
strain-induced redistribution of phonon modes modifies the
population of excited phonons at a given temperature,
which affects the availability of phonons that participate
in momentum-conserving recombination and leads to meas-
urable changes in luminescence intensity in bent diamond
nanostructures.

Phonon dispersion broadening effect—Beyond shifting
phonon energies, strain gradients can also broaden the

106201-3



PHYSICAL REVIEW LETTERS 137, 106201 (2026)

(a) Stress-free (b)  Strain gradient = 0.106%/nm

40

N
I
£
g
S 20
>
o
o
[T
0
r X
(d)
— Stress free —0.106%/nm
5 r=0.01 THz E =043 THz
8 8
> r=0.11 THz| >
g M=1.35 THz g I'=1.46 THz
Q Q
£ £
TA . LA TO , =170 THz|
20 30 40 20 30 40
Frequency (THz) Frequency (THz)
FIG. 3. Phonon dispersion broadening in bent diamond nano-

ribbons under different strain gradient. (a),(b) Calculated phonon
dispersions under strain gradient of (a) stress free, (b) 0.106%/
nm. (c),(d) Slices of phonon dispersions under different strain
gradients at wave vector k = [0, 1.76,0] A, along the I'-X
direction of the diamond Brillouin zone. The colored curves are
Lorentzian-fitted phonon peaks, which show a pronounced
broadening effect as the strain gradient increases.

phonon spectrum, which has a pronounced impact on
luminescence by modifying the energy—momentum avail-
ability for phonon-assisted radiative recombination. To
examine this broadening effect, we combined first-principles
calculations with MD simulations to evaluate the evolution
of phonon dispersion under varying strain gradients
(Methods and Supplemental Material note 5 [22]). The
calculated phonon dispersion of unstrained diamond is
shown in Fig. 3(a), where the transverse acoustic (TA),
longitudinal acoustic (LA), transverse optical (TO), and
longitudinal optical (LO) branches are clearly resolved. As
the strain gradient increases [Figs. 3(a), 3(b), and Fig. S10],
the phonon branches progressively broaden, indicating a
widening of the vibrational state distribution at a given
momentum [43].

In the stress-free case, phonon frequencies at a given
wave vector k are sharply defined, reflecting a uniform
lattice and well-defined interatomic force constants [44]. In
contrast, when a strain gradient is introduced, as in bent
nanoribbons, spatially varying interatomic distances per-
turb the local force constants F' [43]. In real space, this
leads to local variations in phonon frequencies along the
strain gradient. When transformed into momentum space,
these local fluctuations manifest as a broadening of the
phonon frequency distribution at each wave vector. This
effect is clearly observed in Figs. 3(a), 3(b), and Fig. S10,

where the phonon branches progressively widen with
increasing strain gradients.

To directly reveal the phonon spectrum broadening
induced by strain gradients, we extracted the intensity—w
profiles along the k = [0, 1.76,0] A~! direction and quan-
tified the phonon linewidths through fitting the spectral
peaks with Lorentzian functions [45] [Figs. 3(c) and 3(d)].
As the strain gradient increases from 0 to 0.106%/nm, the
linewidths of the TA, LA, and TO modes expand to ~43,
~1.08, and ~15-fold of their original (stress-free) values,
respectively. A further increase in the strain gradient leads to
a more significant broadening effect. Similar strain gradient-
induced phonon spectrum broadening was first reported in
Si nanoribbons [43], and has since been observed in other
materials, including bent BAs nanoribbons [46], and bent
van der Waals materials [47]. From an optoelectronic
perspective, the broadened phonon spectrum diversifies
the phonon energy distribution at a given wave vector,
enabling a wider range of phonon modes to satisfy
momentum conservation in phonon-assisted radiative tran-
sitions. This, in turn, expands the set of allowable electronic
transitions and thereby widens the emission spectrum.

Phonon-assisted luminescence under strain gradient—
To probe the luminescence response under strain gradients,
we performed spatially resolved cathodoluminescence
(CL) measurements on bent diamond nanoribbons at
80 K [22]. The SEM-CL configuration is schematically
illustrated in Fig. 4(a). As the electron beam rastered across
the nanoribbon, local band-edge electrons were excited and
subsequently relaxed, producing emission spectra that
sensitively reflect the local strain state. Variations in peak
energy, intensity, and spectral shape therefore provide a
direct optical signature of strain-gradient-induced modifi-
cations to the luminescence response.

The excitation and emission processes are illustrated in
Fig. 4(c). Under high-energy electron irradiation, valence-
band electrons are excited to the conduction band via
impact ionization. After a series of scattering and relaxation
events, carriers recombine radiatively, emitting photons
[18]. As diamond is an indirect band gap semiconductor,
the momentum mismatch between the conduction band
minimum and valence band maximum necessitates phonon
participation for momentum conservation. The emitted
photon energy is therefore given by iw = E, — hw, where
v is the photon frequency, E, is the electronic band gap, @
is the phonon frequency, and % is the reduced Planck
constant [48]. For bent nanoribbons under strain gradients,
tensile or compressive strains alter the local phonon density
of states, thereby modifying phonon populations and
modulating luminescence intensity. Moreover, strain-gra-
dient-induced phonon spectrum broadening increases the
range of accessible phonon energies under given momen-
tum (AAw), expanding the set of allowed phonon-assisted

transitions as Av = E, — h(w = §Aw). This, in turn,
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broadens the emission energy distribution (i.e., Av), giving
rise to the observed spectral widening.

We collected CL spectra at three representative posi-
tions along the nanoribbon, corresponding to distinct local
strain states [P1-P3 in Fig. 4(a)]. The spectra exhi-
bited three primary features at ~3.0, ~4.1, and ~5.1 eV
(Fig. S10 [22]). Consistent with previous reports [4,49-51],
the 3.0 eV “A band” arises from band-tail or defect-related
recombination, and the 4.1 eV peak is attributed to nitrogen-
related defects in the sample (Supplemental Material note 6
[22]). Since no additional peaks were detected near the
intrinsic diamond band gap (5.3 eV) [52] or at higher
energies, the 5.1 eV emission is assigned to intrinsic
band-edge recombination. Figure 4(b) presents the spectra
after subtracting the nitrogen-related contribution, thereby
isolating the intrinsic electronic band gap response under
strain gradients. As the local strain varies from tensile to
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FIG. 4. Cathodoluminescence of bent diamond nanoribbon and
phonon-assisted transition processes. (a) Schematic of the ex-
perimental setup (CL) and SEM image of the bent diamond
nanoribbon, where sampling regions are marked. (b) Measured
CL signals showing the distinct emission properties for the three
positions (P1-P3) marked in (a). (c) Schematic of phonon-
assisted radiative transition in an indirect band gap semiconduc-
tor. In the presence of a strain gradient, phonon energies broaden
(gradient-colored region), providing a wider set of phonon modes
for momentum conservation. (d) The illustration shows how
tensile and compressive strain states shift the local emission
energy, modulate emission intensity, and alter spectral shape.
Tensile and compressive strain modify the electronic band gap
(Eg, and Eg.), leading to corresponding shifts in the emission
peak energy. Changes in phonon energies under strain alter the
local phonon occupation, affecting the availability of phonons
that assist radiative recombination and thus modulating emission
intensity. Under a strain gradient, the phonon spectrum broadens,
expanding the range of phonon energies available for momen-
tum-conserving transitions and producing a broadened emission
peak (haAw).

compressive (from P1-P3), the intrinsic peak energy, i.e., E,,
shifts from 4.93 to 5.01 eV. This evidences strain-gradient-
induced spectral peak shifts and tunable emission in mono-
lithic diamond. The slightly smaller variation observed in the
CL peak positions compared with the EELS-derived
bandgap evolution [Fig. 1(d)] primarily arises from the
substantially larger sampling volume and lower spatial
resolution of the CL measurements, which spatially average
the local strain-induced band gap variations (Supplemental
Material note 7 [22]).

The influence of strain gradient-modulated phonon-
assisted emission is reflected in changes to both the peak
intensity and peak width. As shown in Fig. 4(b), the
luminescence intensity on the compressive side is lower by
36% compared to that on the tensile side. This behavior can be
rationalized by phonon excitation statistics. At the measure-
ment low temperature 7 of 80 K, the average phonon
occupation at frequency w follows the Bose-Einstein distri-
bution n(w) = 1/(e"*/*sT — 1), where A and kz denote the
reduced Planck constant and Boltzmann constant, respec-
tively. Both EELS and MD results (Fig. 2) show that phonon
spectra broadening,Aw, leads to phonon frequencies higher in
the compressive side (@ —l—%Aw) than in the tensile side
(0 — % Aw). Consequently, phonons in the compressive
region have lower thermal occupation, reducing the number
of phonons available to assist momentum-conserving radia-
tive recombination [Fig. 4(d)]. This reduced phonon partici-
pation directly accounts for the observed decrease in
luminescence intensity on the compressive side [Fig. 4(b)].

In addition, Fig. 3 demonstrates that the strain gradient
induces pronounced phonon spectrum broadening, enrich-
ing the phonon energy distribution at a given wave vector.
As a result, during phonon-assisted recombination in
diamond, the phonons available to satisfy momentum
conservation span a continuous range of frequencies rather
than a discrete set. This expanded phonon participation
widens the energy window of photon emission, giving rise
to a luminescence peak significantly broader than that in
the strain-gradient-free state, i.e., iv = E;, — h(w + % Aw)
[Figs. 4(c) and 4(d)]. Importantly, only phonons associated
with strain states within the atomic interaction cutoff radius
can contribute locally [43]. Thus, only a fraction a of the
broadened phonon spectrum participates in radiative tran-
sitions, and the observable spectral broadening is narrower
than the full phonon-spectrum broadening, scaling approx-
imately as aAw [43]. A comparison with CL spectra
from an unstrained nanoribbon further highlights this effect
[48,50]. Although the intrinsic emission peak near 5.3 eV is
preserved, its full width at half maximum (FWHM) is
substantially narrower than that observed under a strain
gradient [less than 0.20 eV vs ~0.70 eV; Fig. 4(b)].

Discussion—In this Letter, we used STEM-EELS and
CL spectroscopy to reveal how strain gradients modulate
the optoelectronic response of diamond nanoribbons. We
show that strain gradients simultaneously modulate the
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electronic band gap and broaden the phonon spectrum,
thereby activating new phonon-assisted radiative pathways.
This dual modulation produces systematic shifts in emis-
sion energy, intensity redistribution, and pronounced spec-
tral widening. Unlike conventional spectral broadening
driven by thermal effect [53] or defect scattering [54],
the behavior observed here arises from a geometrically
programmed strain field that deterministically reshapes
both the electronic and vibrational landscapes. This mecha-
nism enables broadband luminescence in pristine, single-
crystal diamond—without alloying, heavy doping, or
heterostructure stacking—and establishes strain gradients
as a continuously tunable optical control parameter.
Beyond demonstrating a direct and reversible link between
lattice deformation and photon emission, our results pro-
vide a generalizable framework for reconfigurable broad-
band photonics in wide-band-gap semiconductors, pointing
toward a new paradigm of mechanically programmable
optoelectronic materials and devices.
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