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Gallium nitride (GaN) as a direct band gap semiconductor played a central role in the historical
development of efficient blue light-emitting diode and laser diode, in which its intrinsic wide band gap
shrinks through the addition of indium (In), thus tuning the color of the light by changing the chemistry.
This alloying approach, however, does not allow for dynamic and reversible modulation of the band gap
and emission color. Here we show that ultralarge tensile elastic strain can be introduced in microfabricated
single crystal GaN microbridges and offer an unprecedented opportunity to modulate its band structure and
optoelectronic properties continuously through deep elastic strain engineering. The elastic strain-induced
energy band gap modulation was characterized and quantified by in situ cathodoluminescence (CL) as well
as via strained GaN devices inside a scanning electron microscope. The CL emission of deeply strained
(>5%) GaNmicrobridges has shown substantial band gap reduction from ∼3.4 to 2.96 eV (∼365 to 420 nm
in wavelength), making its optical emission shift from invisible or UV to the blue visible regime.
Experimental results agree well with ab initio calculation of the change in band gap with increased strain.
This dynamic, reversible, and well-controllable strain engineering would facilitate novel device
applications in power electronics and optoelectronics.

DOI: 10.1103/x76f-2vj8 Subject Areas: Materials Science, Mechanics,
Semiconductor Physics

I. INTRODUCTION

As an important wide-band-gap semiconductor, gallium
nitride (GaN) offers unique characteristics such as high
thermal stability, chemical stability, carrier velocity and
high breakdown field strength, for applications in high-
temperature, high-power, and high-frequency electronics,

optics, and laser diodes [1]. In fact, the unique optoelec-
tronic properties, in particular its direct-made GaN the key
material in efficient blue light-emitting diode (LED) break-
throughs in the late 1980s and early 1990s, which led to the
2014 Nobel prize in physics [2]. Arguably the most critical
step [3] towards achieving the highly efficient blue LED
and laser diode in that work is the introduction of indium
(In) or aluminum (Al) dopants into wurtzite GaN crystal, so
the pristine wide band gap ∼3.4 eV in the ultraviolet (UV)
regime can be shifted into the visible blue-green light or
deep UV regime, thereby enabling color tuning through
changing the amount of In/Al in the ðIn;AlÞxGa1−xN
alloys [4–6]. However, with such alloying method [7,8],
the band gap and photonic properties, once made, will be
fixed and cannot be further modulated dynamically and
reversibly. Furthermore, as the ðIn;AlÞxGa1−xN transistor
size shrinks to tens of nanometers and below, the
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discreteness of dopant atoms will eventually come into
play, as chemistry can no longer be considered fully
continuously tunable as the elastic strain tensor. Here,
we demonstrate that elastic strain engineering (ESE) [9] can
be an alternative strategy to modulate GaN band gap for
optoelectronics applications, such as power transistors and
nano- or micro-LED displays [10].
Strain engineering has been a general strategy used in

semiconductor manufacturing to improve device
performance [11] by modulating the residual elastic strain
in the transistor channel to enhance electron mobility, and it
is also an effective way to tune and enhance photoelectrical
properties of semiconductor nanostructures [9,12].
Judicious choices of epitaxial strain lead to the significant
increase of charge-carrier mobility in the complementary
metal-oxide-semiconductor (CMOS) technology [11].
Besides, strain also has been used to modulate the elec-
tronic band gap and tailor the device characteristics of
optoelectronics [12,13]. Recent studies focused on large
strain-induced luminescence measurements by photolumi-
nescence (PL) or CL spectroscopy for various semicon-
ductor nanowires because of their enhanced elasticity, for
example, strain-induced band gap modulation of ZnO
nanowires has been experimentally demonstrated by bend-
ing [14] and tensile straining [15]. Apart from direct-band
gap semiconductors such as GaAs [16], CdS [17], and
CdSe nanowires [18], indirect band gap semiconductors
such as micro- or nanoscale germanium [19,20] and
diamond [21] were also experimentally studied for their
strain effects, for example, Süess et al. fabricated germa-
nium microbridges fixed on bulk Si and on silicon on
insulator (SOI) substrates with a maximum of 3.1% strain,
leading to a band gap shift of 0.21 eV and strongly
increased PL intensity [20].
While for GaN as a direct-wide-band gap semiconductor,

most previous studies on its strain-modulated electronic
and optical properties have been limited to density func-
tional theory (DFT) simulations [22–25], with few exper-
imental works focusing mainly on heterostructure interface
or epitaxial-induced strain with small strain values
(∼1 − 3%), [11,12,26–29] which are still far from its ideal
strain limit [22]. With the enhanced dynamic range of
elasticity of materials at micro- or nanoscales [9,30] with-
out inelastic relaxation, there is a huge room for strain
engineering GaN [31,32]. So in this work, we investigate
the elastic limit and ultrastrength behavior of microfabri-
cated GaN single crystals and explore, both experimentally
and computationally, the deep elastic strain engineering
(DESE) effect of GaN microbridges under uniaxial tensile
loading or unloading at room temperature. We showed that
a remarkable band-gap redshift from the invisible range to
visible light range (from 3.4 to 2.96 eV) can be achieved by
straining the GaN microbridges up to 5.3% along the
[0001] axis. Even larger tensile strain close to 7% can be
experimentally achieved, suggesting the great potential to

use DESE to modulate the optoelectronic properties of GaN
for novel device applications.

II. ACHIEVING ULTRALARGE TENSILE
ELASTIC STRAIN IN MICROFABRICATED GAN

To achieve large, uniform elastic deformation, advanced
microfabrication of bulk single crystal GaN was

FIG. 1. Microfabrication and deep elastic straining of GaN
microbridge. (a) SEM image of a typical as-fabricated GaN
microbridge sample and the diamond gripper. Scale bar: 2 μm.
(b) The enlarged view of the sample with FIB-deposited fiducial
markers serving as the gauge section for measuring the strain
value. Scale bar: 1 μm. (c) The surface morphology of the gauge
section in TEM, with a thin amorphous layer (∼7 − 10 nm). Scale
bar: 50 nm. Inset: Selected area electron diffraction (SAED)
pattern indicates that GaN tensile sample is a single-crystal
hexagonal structure grown along the [0001] orientation. (d) in situ
loading-unloading tensile tests of a single GaN samplewith elastic
strain values of ∼1.6%, ∼2.9%, ∼5.5%, ∼6.5% are achieved
before fracture. The tensile sample finally broke at the fifth cycle
with a high strain value of ∼6.8%. Scale bar: 500 nm. (e) The
morphology of fracture surface in TEM indicated brittle failure.
Scale bar: 50 nm. (f) Corresponding stress-strain curves of the
multicycle loading-fully unloading test, using different colors to
illustrate the data from each cycle. The illustrations of unstrained
(left) and strained (right) GaN structures are shown.
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performed to produce microbridge-shaped tensile samples
[Fig. 1(a)] [21]. These microbridges were focused ion beam
(FIB)-sculpted from [0001]-oriented bulk single crystal
GaN. Figures 1(b) and 1(c) show the tensile sample up to
∼1.2 μm length by ∼150 nm width (∼200 nm thickness)
with well-defined geometry and crystalline orientation (two
fiducial markers added by FIB deposition serve for strain
measurement). Quantitative in situ tensile tests were
performed using a HysitronTM PI 85 PicoIndenter inside
a scanning electron microscope (SEM) equipped with a
diamond tensile gripper (see Method section) [21].
The sample deformation during straining was video

recorded (Supplemental Material movie S1 [33]), and a
series of SEM images were extracted from the video of
in situ tension of a single-crystalline [0001]-oriented GaN
microbridge [Fig. 1(d)]. Four complete loading-unloading
processes with increasing tensile strain of the microbridge
were completed, and the sample completely recovered its
original length after strain values of ∼1.6%, 2.9%, 5.5%,
and 6.5% in each of these cycles, respectively. The
corresponding engineering stress-strain curves of loading-
fully unloading tests also suggest essentially linear elastic
responses [Fig. 1(f)], with an estimated Young’s modulus
of ∼230 GPa, slightly lower than the value of bulk GaN
along the same orientation (∼295 GPa) [44], possibly due
to the surface amorphous layers during microfabrication
and growth imperfections [45]. The microbridge eventually
fractured when the strain reached an astonishing 6.8%, and
the measured tensile strength reached ∼11 GPa, showing
again the size-induced “ultrastrength” phenomenon [9] that
can be exploited for deep strain engineering.

III. DEEP ELASTIC STRAIN ENGINEERING
FOR GAN BAND GAP MODULATION

To investigate and demonstrate how such large, sample-
wide elastic strains can substantially affect and modulate
the electronic band gap of GaN, an in situ tension-CL setup
was built inside an SEM, as shown in Fig. 2(a) (see
Method section). The microtest tensile machine modulates
the sample strain through the control of loading-unloading
process of a FIB-fabricated GaN microbridge fixed on a
copper tensile specimen, as schematically shown in
Fig. 2(b). A series of CL spectra were measured in situ
for the near band edge (NBE) emission during the loading-
unloading process to assess the impact of the uniaxial
strain on the electronic energy band gap of GaN along the
[0001] direction. The loading-unloading tensile process is
recorded by SEM shown in Fig. 2(c), with the tensile strains
measured accordingly. The corresponding normalized CL
spectra of the GaN microbridge under the uniaxial strains
during the loading-unloading process are presented in
Fig. 2(c) (the corresponding spectra without normalization
are shown in Fig. S1a [33]). As shown in Fig. 2(c), the NBE
emission [17,31] of pristine GaN microbridge is 3.41 eV
(∼364 nm), which is close to the ideal bulk value

(∼3:4 − 3:42 eV, while size effect on the intrinsic band
gap will not impact until below ∼10 nm) [46–48]. As
shown clearly, the emission peak has a continuous red shift
with the increasing tensile strain and the maximum redshift
in the loading process is up to 0.25 eVat the tensile strain of
3.1%, with the corresponding emission entering the visible
light regime (∼380 nm or ∼3.26 eV) [49]. During the
unloading process, the peak shifts back to 3.32 eV
(∼373 nm) with the strain reducing to 1.0% after releasing
the strain. At the same time, the band gap shifts from visible
range to invisible range. Finally, with the tensile strain
increasing from 1.0% to 3.9% during the reloading process,
the peak shifts from 3.32 to 3.08 eV (∼373 to 403 nm in
wavelength) into the blue light range, as shown in Fig. 2(c).
Compared to the CL spectrum at original state (3.41 eV),
there is a huge band gap change of nearly 0.34 eV with
3.9% tensile strain. Each time multiple CL spectra were
collected at different positions along the gauge section (by
spot-scan CL characterization shown in Fig. S2a [33]) of
the stretched sample, and the collected CL spectra appeared
consistent (we also verified by area-scan CL characteriza-
tion shown in Fig. S2b [33]), indicating that the tensile
strain is uniformly distributed and can effectively modulate

FIG. 2. in situ tension-CL analysis on band gap modulation
during the GaN loading-unloading process. (a) The in situ
tension-CL setup, including a microtest tensile stage and a CL
detector installed in SEM. (b) The schematic of the measurement
setup. The GaN microbridge was fixed on a copper tensile plate
which is strained by the tensile stage. (c) The normalized CL
spectra shift from invisible to the visible range during the loading-
unloading processes, and the corresponding SEM images during
loading-unloading processes. Transparent spectra are in the
invisible range. Scale bar: 1 μm.
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the electronic properties of GaN microbridges continuously
and reversibly (see another case in Fig. S3 [33]).
We further performed ab initio DFT calculations to

estimate the electronic-band structure evolution upon the
corresponding deep tensile straining, as shown in Fig. 3(a)
(Supplemental Material movie S2 [33]). GaN has a direct
band gap with both conduction band minimum (CBM) and
valence band maximum (VBM) located at the Γ point. As
shown in Fig. 3(a), CBMs decrease significantly with
applied strain, while VBMs are relatively insensitive to
strain. Since Ga orbitals dominate CBM, while N orbitals
dominate VBM, we conclude that the elastic strain affects
the cation-orbital energies more significantly, and we
expect this effect to persist for ðIn;AlÞxGa1−xN alloys as
well [23,46]. Figure 3(a) suggests that the band gap would
reduce by ∼0.75 eV when the applied strain is 7%, so it
would be intriguing to verify the actual band gap reduction
under such large elastic strains of GaN microbridges.
Figure 3(b) shows the band gap shift from 3.39 to
3.02 eV (∼365 to 410 nm in wavelength) in direct
tensile test with the corresponding strain increased from
the original state to 4.2%, and an increased intensity
trend was observed for spectra without normalization
(Fig. S1b [33]; such increasing trend was likewise observed
in other cases such as in Fig. S1c, as well as reported in
other strained semiconductors [19,20,50–52]).

In our in situ CL experiments, the maximum band gap
redshift for the tensile strained GaN microbridges was
about 0.45 eV (down to 2.96 eV, ∼420 nm in wavelength,
fairly close to the typical 430–450 nm wavelength of blue
LEDs [3]) with the maximum tensile strain reaching 5.3%.
(Fig. S4 [33]) In order to show “strained GaN” for potential
device applications, we further designed and microfabri-
cated a strain-fixed GaN device with a push-to-pull
structure. As shown in Fig. 3(c), the mechanically strain-
fixed GaN device has a thetalike geometry that converts
compression loading into tensile straining to stretch the
center GaN gauge section [53], with a tensile strain ∼3.1%
fixed by FIB clamping of the winglike structures [Figs. 3(d)
and 3(e)]. Figure 3(f) shows the strain-fixed GaN micro-
bridge with the band gap redshift from 3.42 to 3.34 eV.
Moreover, we can design and microfabricate strained-GaN
devices with more complicated geometries for optimal
electronic band structure and target figures of merit [54],
enabling advanced on-chip photonics and wavelength-
tunable optoelectronics [20,55,56] (such as shown in
Fig. S5 [33]).
We finally plotted all the experimental and simulation

data of the CL emission wavelength of the [0001]-oriented
GaN samples against their experimentally achieved tensile
strains (Fig. 4). The in situ CL experimental data includes
the loading-unloading tensile data (solid blue squares in

FIG. 3. Deep strain engineering-induced band gap modulation and strain-fixed GaN device. (a) The band structure evolution of GaN
as a function of tensile strain from 0% (dark violet) to 7% (light blue) was calculated by DFT. (b) The SEM images of a GaNmicrobridge
during the loading process, and the corresponding normalized CL spectra shift from “invisible UV” (∼3.4 eV) to the “visible blue light”
(∼3 eV) regime during the tensile loading process. Initial transparent violet spectra refer to the invisible light regime. Scale bar: 500 nm.
(c) The design and working principle of the strain-fixed GaN device with a push-to-pull structure. Scale bar: 2 μm. (d) and (e) The strain-
fixed GaN device with 3.1% uniaxial tensile strain. Scale bar: 500 nm. Inset: The morphology of a strain-fixed GaN device before and
after strain maintenance. Scale bar: 2 μm. (f) CL characterization of a strain-fixed GaN microbridge with band gap shift from 3.42 to
3.34 eV. Inset: the area where we detected CL characterization. Scale bar: 1 μm.
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Fig. 4) and the direct loading data (solid red squares in
Fig. 4). It shows the experimental emission data are fairly
consistent with the calculation results (hollow gray trian-
gles in Fig. 4), despite a bit discrete due to various
experimental factors. As shown in Fig. 4, the original
NBE emission of the GaN microbridge is in the UV light
range (transparent violet). With increasing tensile strain, the
NBE emission gradually enters the visible violet to blue
range. The two hollow yellow circles shown in Fig. 4 show
the maximum loading-unloading tensile strain and the
maximum direct-loading tensile strain (close to 7%) from
our uniaxial tensile experiments of GaN microbridges,
respectively. As shown in Fig. 4, the maximum tensile
strain with the in situ CL measurement setup was 5.3%,
lower than the uniaxial tensile results. According to the
DFT calculations (Fig. 4), if the tensile strain of the GaN
microbridge reaches 6.8% [Fig. 1(d)], the corresponding
band gap would be further reduced to ∼2.68 eV (∼463 nm
in wavelength), and the corresponding light emitted will be
even close to a shade of cyan blue. Our results show that
elastic strain is an effective way to substantially modulate
the band gap of GaN like chemical alloying and doping, as
well as the recently reported intercalation method [57],
while being highly reversible and dynamic.
In summary, the tensile straining-induced deep band gap

modulation of single crystal GaN microbridges is highly
reversible and dynamically tunable over a broad energy

range, such as from ∼3.41 to 2.96 eV (∼365 to 420 nm in
wavelength when elastic strain reaching 5.3%), leading to a
substantial emission color redshift from invisible UV to
visible blue light regime, well comparable to classic
chemical alloying method and consistent with our DFT
calculations. The deep elastic strain engineering of micro-
fabricated GaN would thus allow for new opportunities in
power transistors, optoelectronics, radio frequency compo-
nents, and laser diodes, [10,58–61] as a significant number
of miniaturized devices could be integrated on just one free-
standing deep strain-engineered GaN microbridge we have
shown here.

IV. MATERIALS AND METHODS

A. Microfabrication method

The [0001] oriented single-crystalline bulk GaN was
from HELIOS New Materials Co., Ltd. A diamond gripper
for the tensile testing was fabricated from a commercially
available diamond-tip indenter. The gripper and GaN
microbridge samples were both microfabricated by FIB
(SciosTM dual-beam system, FEI) operated at 30 kV. The
fabrication of GaN microbridges is following the below
procedures: at first, a thin lamella was milled from the bulk
GaN single crystal by FIB operated with ion beam current
15 nA, and transferred onto a TEM half-grid fixed by Pt
deposition; Then the lamella was cut into several specimens
and thinning from the top; Lastly, each thin specimen was
sculpted into a bridgelike tensile sample, with the surface
further polished with only a thin (∼6 nm) amorphous layer
[as shown in Fig. 1(c)] remaining after FIB machining
process.

B. In situ SEM tensile testing

Quantitative tensile tests were performed with a
HysitronTM PI 85 PicoIndenter equipped with a diamond
gripper, an in situ mechanical measurement setup that
enables the tensile process to be observed in a scanning
electron microscope (SEM, FEI QuantaTM 450 FESEM)
operating at 10 kV. The nominal strain rate was about 1 ×
10−3 s−1 under displacement control. The fracture mor-
phology was observed by a transmission electron micro-
scope (TEM, JEOL 2100F).

C. In situ tension-cathodoluminescence measurement

The in situ tension-CL measurement system comprises a
micro-tensile stage (GatanTM Microtest 200) inside the
SEM coupled with a CL detector (GatanTM 450 Monarc
system). A copper plate tensile specimen with a slot cut by
FIB was fixed on the Microtest loading stages with
conductive silver glue, and the GaN microbridge sample
was transferred and fixed across the slot of the copper
tensile plate by FIB Pt deposition. Then the GaN micro-
bridge was further thinned and polished with a fine FIB
beam current of 25 pA at 16 kV. The tensile straining

FIG. 4. Summary of the in situ CL band gap measurements
along with the DFT calculation for [0001]-oriented GaN micro-
bridges upon tensile straining experiments (both loading-unload-
ing and direct tensile loading experiments, respectively). Solid
blue squares show the loading-unloading in situ CL emission
results; solid red squares show the direct tensile loading in situ CL
emission results; hollow gray triangles refer the DFT calculation
results, which agree well with the experimental trend; hollow
yellow circles show the maximum tensile strains experimentally
achieved in our experiments, with the corresponding band gap
and wavelength values estimated by DFT calculations (error bars
determined by overall experiment or DFT variances).
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direction is also along the [0001] orientation. The near band
edge (NBE) CL emission spectra were collected in the
SEM operated at 10 kV.

D. DFT calculations for electronic structure

The first-principles calculations are performed using the
Vienna ab initio simulation package [62,63] with the Heyd-
Ernzerhof-Scuseria (HSE) [64] hybrid functional. The
fraction of exact exchange in the hybrid-functional calcu-
lations is 0.29. The unstrained GaN wurtzite structure is
optimized on the HSE level. The lattice constant is
3.192 Å, and c/a ratio is 1.631. When we applied [0001]
tensile strain, the Poisson contraction is also considered in
our calculations. The energy cutoff of plane wave expan-
sion is 450 eV. The k-point sampling in self-consistent field
calculation is 8 × 8 × 6.
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