
Electrically pumped optomechanical beam
GaN-LED accelerometer based on the
quantum-confined Stark effect
GANGYI ZHU,1,* XIN JI,1 ZHENFU ZHANG,2 XINGCAN YAN,1 YING YANG,1 FEIFEI QIN,1 XIN LI,1 JIAGUI WU,3

XIAOJUAN SUN,4 JUNBO YANG,2,5 AND YONGJIN WANG1

1GaN Optoelectronic Integration International Cooperation Joint Laboratory of Jiangsu Province, Nanjing University of Posts and
Telecommunications, Nanjing 210003, China
2College of Arts & Science, National University of Defense Technology, Changsha 410003, China
3School of Physical Science and Technology, Southwest University, Chongqing 400715, China
4State Key Laboratory of Luminescence and Applications, Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy
of Sciences, Changchun 130033, China
5e-mail: yangjunbo@nudt.edu.cn
*Corresponding author: zhugangyi@njupt.edu.cn

Received 20 March 2023; revised 11 July 2023; accepted 13 July 2023; posted 17 July 2023 (Doc. ID 490145); published 28 August 2023

Micro-nano optomechanical accelerometers are widely used in automobile, aerospace, and other industrial ap-
plications. Here, we fabricate mechanical sensing components based on an electrically pumped GaN light-emit-
ting diode (LED) with a beam structure. The relationship between the blueshift of the electroluminescence (EL)
spectra and the deformation of the GaN beam structure based on the quantum-confined Stark effect (QCSE) of
the InGaN quantum well (QW) structure is studied by introducing an extra mass block. Under the equivalent
acceleration condition, in addition to the elastic deformation of GaN-LED, a direct relationship exists between the
LED’s spectral shift and the acceleration’s magnitude. The extra mass block (gravitational force: 7.55 × 10−11 N)
induced blueshift of the EL spectra is obtained and shows driven current dependency. A polymer sphere (PS;
gravitational force: 3.427 × 10−12 N) is placed at the center of the beam GaN-LED, and a blueshift of 0.061 nm is
observed in the EL spectrum under the injection current of 0.5 mA. The maximum sensitivity of the acceleration is
measured to be 0.02 m∕s2, and the maximum measurable acceleration is calculated to be 1.8 × 106 m∕s2. It in-
dicates the simultaneous realization of high sensitivity and a broad acceleration measurement range. This work is
significant for several applications, including light force measurement and inertial navigation systems with high
integration ability. © 2023 Chinese Laser Press

https://doi.org/10.1364/PRJ.490145

1. INTRODUCTION

Acceleration sensors are widely used in aerospace [1], vibration
sensing [2,3], and the automobile industry [4,5]. In particular,
a large number of acceleration sensors based on microelectro-
mechanical systems (MEMS) or micro-optical-mechanical sys-
tems (MOEMS) have been reported, which can be realized by
capacitive [6,7], piezoelectric [8], the tunneling effect [9,10],
resonant [11], or optomechanical methods [12–14]. Compared
with the MEMS structure, optomechanical accelerometers have
advantages of small size, high sensitivity, extensive measure-
ment range, low cost, high reliability, low power consumption,
and batch manufacturing. It has become a research hotspot in
recent years. According to the optomechanical measurement
principle, the displacement of mass caused by acceleration leads
to optical phenomena such as interference and diffraction,
which can be used to measure acceleration. Normally, the

optical accelerometer has a higher sensitivity and resolution
than the MEMS acceleration sensor. An optomechanical accel-
erometer designed to search for vector dark matter has been
reported to have the best accuracy [3]. Most commercial opto-
mechanical accelerometers are based on Si materials. However,
indirect bandgap, low mechanical strength, and low piezoelec-
tric coefficients of Si materials hinder the further development
of silicon-based acceleration with high sensitivity and an exten-
sive measurement range.

As a third-generation semiconductor material, GaN has ex-
cellent mechanical, photoelectric, optical, piezoelectric, ther-
mal, chemical, and biochemical properties, which makes it
suitable for application under high temperatures and corrosive
environments [15–17]. GaN with a high Young’s modulus
and yield stress can obtain a linear relationship between the
applied load and induced deformation [18]. Therefore, GaN is
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a promising material for fabricating optical [19,20] and MEMS
devices [21,22] in harsh environments. However, only some
reported devices could have comprehensively considered the
GaN characteristics. A single light source, power, or MEMS
device has been prepared based on a single characteristic. Some
researchers have tried to combine the optical and mechanical
properties of GaN to prepare stress sensors. Dong et al. [23]
and Peng et al. [24] fabricated stress sensors based on GaN
nanowires by graphically epitaxial lift-off (GELO) and micro-
fabrication, respectively. The relationship between photolumi-
nescence (PL) and stress is systematically studied, suggesting
that the blueshift or redshift of spectra originated from the
quantum-confined Stark effect (QCSE) phenomenon [25].
Please take advantage of GaN’s feature in micromachining.
Highly integrated devices can be designed. However, these
GaN stress sensors need a laser as an external excitation source,
which may limit their high-density chip integration density and
further applications.

In this study, we comprehensively take advantage of the
mechanical, optical, and electrical properties of GaN materials
to design and fabricate an electrically pumped GaN light-
emitting diode (LED) with a beam structure. GaN-LED with
beam structure here can be used as a light component and
mechanical sensing component. Through introducing an extra
mass block, the relationship between the blueshift of the
electroluminescence (EL) spectra and the deformation of GaN
beam structure based on the QCSE of InGaN quantum well
(QW) structure was studied. Under the equivalent acceleration
condition, the deformation-induced spectral shift is directly re-
lated to the acceleration magnitude. The PS sphere estimates

the maximum sensitivity and measurable region, which can
be calculated via simulation. The fabricated beam GaN-
LED accelerometer can simultaneously realize high sensitivity
(0.02 m∕s2) and broad measurement range (1.8 × 106 m∕s2)
of acceleration. Therefore, we believe the proposed acceleration
sensor is significant for several applications, such as developing
multipurpose devices and inertial navigation systems with high
integration ability.

2. EXPERIMENTAL SECTION

A. Fabrication of GaN Beam Accelerometer
To make the uniformity of the devices, electrically pumped
beam GaN-LED accelerometers are fabricated based on the
commercial InGaN QW epitaxial layer on a silicon substrate
via semiconductor micro-nano processing technology. The
GaN epitaxial layer from bottom to top consists of a 2.1-μm-
thick undoped AlN and GaN layer (u-GaN), 1.5-μm-thick
n-GaN layer, 1.3-μm-thick AlGaN layer, 50-nm-thick GaN/
InGaN QW multi-layer, and 0.55-μm-thick p-GaN layer. The
fabrication process of the GaN-LED accelerometer with beam
structure is illustrated in Figs. 1(a)–1(f ). First, the structures of
type I and II devices are patterned on the photoresist layer by
photolithography (step a). An epitaxial layer with a thickness of
2.5 μm is etched to the n-GaN layer by inductively coupled
plasma reactive ion etching (ICP RIE) with a photoresist layer
as a mask. Then, the residual photoresist is removed using an
acetone solution (step b). The accelerometer beam pattern is
defined by photolithography again (step c), followed by ICP
etching with a thickness of about 3.0 μm to the silicon substrate

Fig. 1. Fabrication process of GaN-LED accelerometer with beam structure: (a) patterning the photoresist, (b) etching to the n-GaN layer,
(c) patterning the photoresist layer again, (d) etching to the Si substrate layer, (e) patterning the photoresist layer and preparing electrode,
and (f ) wet isotropic etching of silicon. Schematics of beam GaN-LED accelerometers with two structures: (g) type I, (h) type II. (i) Cross-sectional
image for part of the GaN beam devices.
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layer and removing the residual photoresist (step d). Second,
the photoresist layer is again patterned by photolithography.
The p-electrode and n-electrode are prepared on the n-GaN
and p-GaN layers by electron beam evaporation and removing
residual photoresist with an acetone solution. The elec-
trode material comprises 20 nm nickel and 100 nm gold
(step e). Finally, the GaN beam is etched by HNF solution
(HF∶HNO3 � 1∶1) via isotropic wet etching to suspend the
beam from the silicon layer. The silicon substrate under the
disk is etched into columns to support the beam accelerometer
devices (step f ). GaN LEDs with type I [Fig. 1(g)] and type II
[Fig. 1(h)] beam cavities are obtained. The material details for
the cavity at the beam position are shown in Fig. 1(i). It com-
prises surface electrodes, p-GaN, QW, n-GaN, and the buffer
and Si substrate layers.

B. Device Characterization
Scanning electron microscopy (SEM; Hitachi SU-8010) is used
to characterize the structure of the beam accelerometers.
A high-resolution spectrometer (Ocean Optics HR4000) ac-
quires the EL spectra of devices under free space. The current–
voltage (I–V) and capacitance-voltage (C–V) characteristics
of devices are obtained by a semiconductor device analyzer
(Agilent Technologies B1500A). All these measurements are
conducted at room temperature.

3. RESULTS AND DISCUSSION

A. Device Designation
Two types of devices are designed to demonstrate the acceler-
ometer properties. The type I accelerometer (Fig. 1) has a beam
structure, and the type II accelerometer [Fig. 1(h)] has a beam
structure with a sensitive mass block in the center of the
beam. These two types of devices can be fabricated with the
standard semiconductor process. Compared with the type I ac-
celerometer, the deformation degree of the type II accelerom-
eter can be higher by orders of magnitude under the same

acceleration. Thus, the type II accelerometer can amplify the
influence of acceleration to be measured on the variation in
the optical signal.

B. Electrical and EL Properties of Two Types of
Accelerometer
The SEM images of GaN-LED accelerometers with beam
structure are shown in Fig. 2. Figures 2(a) and 2(b) show
the top and side views of the type I device. The beam struc-
ture’s length, width, and thickness are 300, 16, and 5.5 μm,
respectively. The density of GaN material is 6.1 g∕cm3, so
the beam mass of the type I accelerometer is calculated to be
1.61040 × 10−7 g. The diameter of the microdisk is 150 μm.
The prepared device has good surface quality. From the side
view, it can be seen that the beam structure is wholly sus-
pended. Due to the removal of the silicon substrate, the fab-
ricated accelerometer beam structure can decrease the optical
loss of the beam in the vertical direction and improves the light
confinement effect, which facilitates high-performance light
emission [26,27]. The beam structure can also serve as an op-
tomechanical component and elastic deformation is generated
by acceleration. Figures 2(c) and 2(d) show the top and side
views of type II devices. Figure 2(e) displays the enlarged
SEM image of the extra mass block. Compared with the type
I device, the extra mass block is made of two symmetric trap-
ezoids with a top base of 13.5 μm, bottom base of 24.8 μm,
height of 6 μm, and thickness of 5.5 μm. The volume and
mass of the extra mass block are 1.2639 × 10−9 cm3 and
7.70979 × 10−9 g, respectively. According to Newton’s second
law of motion, F � ma, the extra mass block is equivalent to a
confident acceleration. For type I structure, the mass of the
extra mass block is 7.70979 × 10−9 g, which corresponds to a
gravitational force of 7.55 × 10−11 N, i.e., an equivalent accel-
eration of 0.47 m∕s2.

Figures 3(a) and 3(b) display the luminous images of the
two devices at an injection current of 0.5 mA. Due to the

Fig. 2. SEM images of GaN-LED accelerometer with beam structure. (a) Top view of type I device; (b) side view of type I device; (c) top view
of type II device; (d) side view of type II device; (e) enlarged image of the top view of sensitive mass block; (f ) array of type II device.
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particular electrode structure, current will be injected from the
right p-layer to the left n-layer from the beam. Since the beam
cavity is long, carrier combination more easily happens in the
concentrated region. Unlike the surface electrode state, emis-
sion occurs at the beam end for type I devices and at the center
for type II devices. Figures 3(c) and 3(e) show the EL spectra
of the two devices at different injection currents. With the in-
crease in the injection current, the emission intensity of the
beam GaN-LED accelerometers also increases. Both devices
have a small full width at half-maximum (FWHM). This is
because the beam structure reduces the optical loss in the ver-
tical direction and confines the light in the microcavity, which
is conducive to improving the EL properties of beam devices.
Figure 3(d) displays the EL intensity of the two devices at dif-
ferent injection currents. For an LED, EL properties such as
the intensity FWHM are related to the injection current, cavity
temperature, cavity structures, etc. As shown in Fig. 3(d), the
EL intensity of the two devices increases with the increase in the
injection current. Under the same current, the emission inten-
sity of the type II accelerometer is greater than that of the type I
device. The above phenomenon may be attributed to two rea-
sons. First, the type II device has a larger luminous area than the
type I device, and it has a higher ratio of area to circumference

and, therefore, emits light more efficiently. Second, the lumi-
nous efficiency of type II devices is higher than that of type I
devices because the inner stress of the epitaxial layer suppresses
the exciton–exciton annihilation in InGaN QW [28]. Third,
the difference in junction area may also influence the EL in-
tensity. The injected electrical power converts into heat in two
significant ways: the nonradioactive recombination from the
active region and the joule heat from the p-type layers. For
the same current, the voltage of the type I device is higher than
the type II device [Fig. 4(a)], so joule heat is higher in the type I
device. In this case, EL intensity will be decreased.

Figure 3(f ) shows the FWHMof the two devices at different
injection currents. The FWHM of the two GaN-LED accel-
erometer types increases with the current injection increase.
When the injection current is increased from 0.4 to 1.0 mA,
the FWHM of the type I accelerometer is in the range of
16–18 nm, while that of the type II accelerometer ranges from
13 to 14 nm. As the current injection increases, the FWHM
of both devices also increases. The changes in FWHM may be
ascribed to the internal quantum efficiency (IQE) droop [29] or
the increase of carrier density (N) and the temperature (T) in
QWs. Changing N and T may result in variation of carrier
distribution in the allowed bands, and all result in increasing

Fig. 3. Luminous images of the beams: (a) type I accelerometer, (b) type II accelerometer. EL spectra of the two types of beam GaN-LED
accelerometers measured at different injection currents: (c) type I accelerometer, (e) type II accelerometer. (d) The emission intensity of two types
of accelerometers at different injection currents. (f ) The full width at half-maximum (FWHM) of the two types of beam GaN-LED accelerometers at
different injection currents.
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FWHM. Further, the FWHM of type II devices is more minor
than type I devices. This indicates that the cavity efficiency of
the type II device is greater than that of the type I device due to
the extra mass block.

Figure 4(a) displays the I–V curves for the two types of beam
GaN-LED accelerometers. The turn-on voltages of type I and
type II devices are approximately 3.5 and 3 V, respectively. The
turn-on voltage of a type II device is smaller than that of a type I
device due to the larger electrode area of a type II device.
Besides, the I–V curve in logscale inserted in Fig. 4(a) also in-
dicates a heave leakage current. This phenomenon can be cor-
related to shunt resistance, which depends on the defect level in
the LED structure. For smaller voltages, the difference could be
just local defect density, increasing tunneling current for devices
of type II. Due to the large area, the surface damage induced by
the ICP etching or fabrication of surface electrodes is heavy.
Judging from these results, the turn-on voltage of the LEDs
will be high. Figure 4(b) shows the C–V curves for the two
types of accelerometers at a frequency of 100 kHz. The capaci-
tance of the two types of accelerometers first increases and then
decreases in the bias voltage range of −4 to 4 V. Finally, the
negative capacitance (NC) phenomenon is observed [30,31].
The capacitance of the p − n junction under forward bias in-
cludes depletion layer capacitance and diffusion capacitance.
Before the turn-on voltage is reached, the junction capacitance

mainly comprises depletion layer capacitance. The maximum
capacitance values of type II and I devices are 19 and 18 pF
at the voltage above 3 V, respectively. The difference between
the two capacitances can be attributed to the larger area of type
II devices than that of type I devices. When the voltage reaches
the turn-on voltage, the diffusion capacitance rapidly increases,
and then the junction capacitance is mainly composed of dif-
fusion capacitance. The capacitance of the two types of devices
rapidly decreases, and the capacitance of the type II device be-
comes smaller than that of the type I device. Type II device has
a more robust NC behavior than type I device. This can be
ascribed to the fact that the radiation recombination efficiency
of carriers in the active region of type II devices is higher than
that of type I due to the larger electrode area [32]. Figure 4(c)
displays the relationship between peak EL wavelength and in-
jection currents for the two types of devices. The EL spectra
show two distinct characteristics. First, an obvious blueshift
is observed in the two types of GaN-LED accelerometers with
the increase in the injection current. Second, the spectral blue-
shift magnitude of the type II device is more significant than
that of the type I device at the same injection current.

The blueshift of GaN EL spectra can be attributed to the
weakening of QCSE [33–35] induced by the spontaneous polari-
zation Psp and piezoelectric polarization Ppz of InGaN QW.
The direction of spontaneous polarization is downward, while

Fig. 4. (a) I–V curves of the two types of beam GaN-LED accelerometers. The inset shows the data in logscale. (b) C–V curves of two types
of accelerometers at a frequency of 100 kHz. (c) Relationship between the peak EL wavelength and injection current for the two types of GaN-LED
accelerometers; the inset displays a schematic of the InGaN QW’s polarization direction, (d) beam displacement of the two types of GaN-
LED accelerometers under standard gravity field obtained using COMSOL simulation.
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that of piezoelectric polarization is upward, as illustrated in the
inset of Fig. 4(c). For optomechanical GaN-LED with beam
structure, a specific gravitational force is applied to the beam.
Thus, the top surface of the beam is compressed in the horizontal
direction, while the InGaN QW layer on the top surface of the
beam is stretched in the vertical direction due to the Poisson effect
[36,37]. The piezoelectric polarization increases, and the total
polarization decreases, which leads to the remission of total polari-
zation induced by QCSE. The first characteristic, i.e., an obvious
blueshift is observed in both types of GaN-LED accelerometers
with the increase in the injection current, can be attributed to the
screening effect of the QCSE by the injected carriers. The second
characteristic is that the magnitude of the blueshift of the type II
device is more significant than that of the type I device at the same
injection current. This can be ascribed to the fact that the defor-
mation or displacement of a type II device is more significant than
that of a type I device under a particular gravity field. According
to the geometric parameters of the fabricated device, the beam
GaN-LED accelerometer models are established by COMSOL
software. The mechanical parameters of GaNmaterial used in the
model are as follows: shear modulus at (001) plane � 116 GPa,
Young’s modulus � 287 GPa, and yield stress � 200 MPa

[38–42]. When we look at beam 143 μm from the side, the dis-
placements of type II and type I devices in the Z direction are
2.88 and 3.03 pm, respectively, as illustrated in Fig. 4(d).

As can be seen in Fig. 2(c), there is an extra mass in the center
of the type II accelerometer compared to the type I accelerom-
eter. Since the GaN beam is suspended, the gravity of the extra
mass block will cause the sharp changes of the device and blue-
shift the central wavelength of EL via QCSE. Based on this
phenomenon, one can fabricate an accelerometer. Taking the
data at 0.5 mA as an example, the weight of this extra mass block
is 7.70979 × 10−9 g, which corresponds to a gravitational force
of 7.55 × 10−11 N, i.e., an equivalent acceleration of 0.47 m∕s2.
If the acceleration can be measured by characterizing the blue-
shift of the EL spectral peak, the blueshift of the EL spectral peak
is 4.6 nm at an injection current of 0.5 mA. Therefore, the elec-
trically pumped, optomechanical GaN-LED with beam struc-
ture can be used as a high-performance accelerometer.

C. Maximum Measurable Range’s Simulation of
Type II Accelerometer
Two issues, which are the wavelength shift of EL and the
sharp changes of the GaN beam, can determine the perfor-
mance of the accelerometer. The EL spectra of the GaN
LED can be measured conveniently; thus, the maximum meas-
urable region of the GaN accelerometer mainly lies on the
mechanical characteristics of the cavity. To figure it out,
the mechanical properties of type II GaN-LED accelerometers
are analyzed by finite element simulation. Based on this sim-
ulation model, the inner stress distribution of the beam GaN-
LED device is shown in Fig. 5. The maximum stress of the

Fig. 5. (a) Beam stress distribution of beam GaN-LED device; (b) enlarged stress distribution of the device. (c) Vertical (Z axis) displacement and
(d) horizontal (Y axis) displacement of the device. The acceleration is 1.8 × 106 m∕s2.
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device appears on the left side. The enlarged structure is shown
in Fig. 5(b), where the color bar indicates that the maxi-
mum stress reaches 200 MPa at the fracture point of GaN
material. The corresponding maximum acceleration is calcu-
lated as 1.8 × 106 m∕s2 by COMSOL simulation. Thus, the

maximum measurable acceleration of a type II accelerometer
device can be considered as 1.8 × 106 m∕s2. Figure 5(c) shows
the beam’s vertical deformation occurring near the center’s left
side under an acceleration of 1.8 × 106 m∕s2. The maximum
displacement is approximately 0.55 μm in the vertical direc-
tion. Figure 5(d) shows the transverse displacement of the
beam. The maximum transverse displacement of 3.2 nm ap-
pears at the step structure, which is also the most vulnerable
to fracture.

D. Minimum Sensitivity of Type II Accelerometer
Based on the simulation in Fig. 5, the shape changes are vari-
ous; thus, the minimum sensitivity of type II accelerometer is
mainly related to the EL shift. Among the two types of beam
GaN-LED accelerometers, the type II device has better accel-
eration sensitivity due to the sensitive mass block. To measure
the minimum sensitivity of a type II device, a polymer sphere
(PS) is placed at the center of the beam of a device by spin-
coating PS solution, as shown in Figs. 6(a) and 6(b). The diam-
eter of PS (material density: 1.05 g∕cm3) is nearly 8.6 μm, as
shown in Fig. 6(c), and the mass of PS is 3.4969 × 10−10 g,
corresponding to a gravitational force of 3.427 × 10−12 N.
As illustrated in Fig. 7(d), the corresponding Z direction dis-
placement, in this case, is obtained at 0.02 pm by COMSOL
simulation. It indicates that the PS can change the sharpness of
the GaN beam slightly. With the equation F � ma, the calcu-
lated acceleration is 0.02 m∕s2.

The EL spectra of type II devices with PS are shown in
Fig. 7(a). Evident light emission from the beam structure is

Fig. 6. SEM images of type II device with PS. (a) Top view, (b) side
view. (c) Enlarged image of beam structure with PS.

Fig. 7. (a) EL spectra of the type II device after adding PS at different injection currents. (b) I–V curves of type II device before and after adding
PS; the inset image displays the illumination of the beam structure. (c) Relationship between peak wavelength of EL spectra and injection current
before and after adding the PS. (d) Displacement of the beam before and after adding PS under standard gravity field.
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observed in Fig. 7(b) inset image. After adding PS, the I–V
curve of the type II device indicates good rectification charac-
teristics with a turn-on voltage of 3 V in Fig. 7(b). The turn-on
voltage of the type II device after adding PS becomes slightly
higher than before adding PS, and it is because of the passiva-
tion of the sidewalls caused by the application of the solution
containing PS. The I–V characteristics verify the application
of a type II device as an accelerometer. A blueshift of
0.061 nm is observed in the EL spectrum at the peak wave-
length after adding PS under an injection current of 0.5 mA.
The blueshift reaches the spectral resolution limit of the spec-
trometer, as illustrated in Fig. 7(c). Interestingly, the peak wave-
length of the device without or with PS is different with the
increasing current. It is �0.061 nm for 0.5 mA and around
−0.05 nm for 0.9 mA. Blueshift of the peak wavelength is
due to the quantum domain limited Steinke effect, and it is
related to the PS-induced shape change of the GaN beam
and the driving current. Since the displacement of the beam
is minimal (0.02 pm), the blueshift will be unobvious for high
currents. The minimum acceleration sensitivity of the type II
accelerometer device can be considered as 0.02 m∕s2.

4. CONCLUSION

To summarize, we comprehensively took advantage of the
mechanical, optical, and electrical properties of GaN material
to prepare a novel electrically pumped, optomechanical GaN-
LED accelerometer with a beam structure. Extra mass block
induced blueshift of EL spectra was obtained based on the
weakening of the QCSE, and it shows driven current depend-
ency. Under equivalent acceleration, along with the
elastic deformation of GaN-LED, a direct relationship was ob-
served between the blueshift of EL spectra and the acceleration
magnitude. The maximum sensitivity of the acceleration is
measured to be 0.02 m∕s2, and the maximum measurable ac-
celeration is calculated to be 1.8 × 106 m∕s2, which indicates
that the fabricated accelerometer could realize high sensitivity
and broad acceleration measurement range in harsh environ-
ments. This facilitates a method to measure pN-level force by
testing the peak shift of the EL spectrum in the future. This
work is significant for developing one multipurpose device
for inertial navigation systems.
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