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Optical strain sensor for stress visualization is a significant topic in biomechanical imaging or electronic skin. In
this study, the dual-wavelength InGaN/GaN multiple-quantum-wells (MQWSs) micro light emitting diode (Micro-
LED) is demonstrated with color response under mechanical stimulation by piezo-phototronic effect. The peak
intensity of green light increases by about 37%, while the blue decreases by 10% at the external strain of 0.20%.
Simultaneously, the intensity integral ratio of green and blue light changes from 43:57-53:47, leading to the
display color shift from light blue to turquoise significantly. It is noted that electrical injection shows a greater
color response than photoluminescence, indicating that the piezo-phototronic effect changes both the recom-
bination in MQWs and the carrier injection. The different piezoelectric modulation between green QW and blue
QW lies on the different strain-induced piezoelectric polarized charges in the interface of InGaN QWs, revealed
by experiments and APSYS simulation in details. This study is of high significance for the development of optical-
based stress sensor with strain visualization and high spatial resolution for smart sensing and micro-opto-

electromechanical systems.

1. Introduction

Tactile and pressure sensors with micro/nano structures are signifi-
cant in the fields of wearable electronics and human-machine interfaces
[1-3]. Wearable strain sensors normally have effective electromechan-
ical responses to external stimuli [4,5]. And various pressure sensors
have been designed based on nanowires/nanotubes [6,7], polymer
composite dielectric [8,9], organic thin film [10], and demonstrated to
have a high sensitivity. However, the electronic responses of pressure
sensors are limited by parasitic resistance or capacitance, especially
when considering the integration of large number of micro-/nano-sized
sensors [11]. With the increasing density and decreasing size of sensors,
the sensitivity decreases accompanied by undesired and severe
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crosstalk, which makes it difficult in the detection of pressure in
microscale. Alternatively, owing to the fast response time and high
sensitivity of optical devices, the coupling of force-electricity-optical
signals in pressure sensors attracts great attention [12-14]. The opti-
cal pressure sensor based on light emitting diode (LED) arrays is capable
in sensing the external pressure changes by analyzing the variation of
optical signals [15]. Furthermore, by the collection of spatial optical
signals of miniaturized optical sensors, high spatial resolution pressure
mapping could be realized, which achieves stress visualization [16,17].
Thus, strain detection based on photonic sensing with high resolution
and fast response is of high significance for Internet of things (IoT).
InGaN/GaN multiple-quantum-wells (MQWs) are the most widely
applied light emitting structure for photonic devices, which have been
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developed in illumination and visible light communication. Due to the
non-centrosymmetric structure of wurtzite nitride crystals, the piezo-
electric potential could be induced by various external strain in group III
nitride such as GaN, AIN, InN [18-20]. With the modulation of the in-
ternal piezoelectric field by the strain-induced interface polarized
charges, the light emitting properties could be changed in InGaN/GaN
MQWs [21,22]. This strain-to-light signal response is essentially
modulated by the energy band structure under different strain condi-
tion, which has been defined as piezo-phototronic effect with the
three-way coupling among semiconductor properties, piezoelectric po-
larization, and optical excitation [23,24]. The effective band gap and the
electron-hole wavefunction overlap ratio in InGaN/GaN MQWs could be
changed via the application of in-plane biaxial stress, resulting in a
variation of luminous intensity and wavelength [25,26]. Recently, most
reports focused on the changes in the single wavelength emission in-
tensity of InGaN/GaN MQWs under different strain condition [27-29],
but the collection of light intensity is susceptible by optical deviation,
which leads to the decrease in sensing accuracy. The wavelength shift
could provide a more reliable information in strain-optical sensing and it
has great potential for the realization of strain visualization. However,
the wavelength shift of single wavelength InGaN/GaN MQWs is nor-
mally limited under different compressive or tensile strain, which is
usually about few nanometers (~2 nm at a strain of 1%) [30,31].
Furthermore, dual-wavelength InGaN/GaN MQWs with micro-structure
has the potential of optical response to mechanical stimuli [32], but the
wavelength response has not been studied up to now. The
piezo-phototronic modulation mechanism in dual-wavelength InGaN/-
GaN MQWs remains rarely explored in current studies, while it is crucial
for the display color shift in dual-wavelength MQWs.

In this work, we propose a stress visualized optical strain sensor
based on dual-wavelength InGaN/GaN MQWs micro light emitting
diode (Micro-LED). The dual peak wavelengths are located at about 450
nm and 550 nm, respectively, by designing the sandwich structure of
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short-wavelength quantum wells (QWs) and long-wavelength single
quantum well (SQW) grown on sapphire substrate. The stress and optical
properties are studied at different strain condition via Raman scattering
spectra, photoluminescence (PL) and electroluminescence (EL) experi-
ments. It is found the integral intensity ratio of green and blue peak
changes from 43:57-53:47 with increasing external in-plane tensile
strain up to 0.20%, leading to the shift in the displayed color from light
blue to turquoise. The modulation in the dynamics behavior of carriers
in MQWs under piezo-phototronic effect is revealed combining the time-
resolution photoluminescence (TRPL) and APSYS simulation. This result
provides the guidance for optical strain sensor with a high spatial res-
olution and strain visualization in the field of wearable electronics and
human-machine interfaces.

2. Experimental section

The dual-wavelength InGaN/GaN MQWs LEDs are grown on c-plane
(0001) sapphire substrate by metal organic chemical vapor deposition
(MOCVD). As shown in Fig. 1(a), the epitaxial structure includes a low-
temperature nucleation layer, Si-doped n-GaN layer, a six-period
InyGa; _xN/GaN MQWs structure and Mg-doped p-GaN layer. Specif-
ically, the InyGa; _4yN/GaN MQWs structure is composed of five periods
of blue MQWSs and one period of green SQW. And the green QW is
located between the first and the second blue QW from the top to bot-
tom. It is noted that a thin GaN barrier with one-half thickness of normal
barrier is inserted between the first blue QW and the green QW. The
design of first blue QW and thin GaN quantum barrier (QB) are aimed at
increasing the hole injection from p-GaN to the green QW, which is
conducive to the dual wavelength emission of MQWs.

The Micro-LED arrays are fabricated using standard processing
techniques. The micropillars with 60 ym are prepared by inductively
coupled plasma (ICP). Then Ti/Al/Ni/Au (20 nm/60 nm/30 nm/
100 nm) multilayer metals are deposited on the n-GaN by electron beam
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Fig. 1. (a) Schematic diagram of the dual-wavelength MQWs structure and the fabrication of flexible Micro-LED arrays. The illustration is the SEM image of single
pillar (the left) and the luminous image of Micro-LED arrays (the right). (b) PL spectra of dual-wavelength InGaN/GaN MQWs. (c) EL spectra of dual-wavelength
Micro-LED arrays under different injection current.
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evaporation. Annealing at 1000 °C for 30 s in N, atmosphere is applied
to form ohmic contact. Similarly, the p-GaN region sputters the Ni/Au
(30 nm/150 nm) and is annealed at 700 °C for 1 min in N, atmosphere
to achieve the ohmic contact in p-electrode. Next, 1100 nm thickness
SiOs, layer is deposited by plasma-enhanced vapor deposition (PECVD)
to form the passivation layer and using wet etching to bare the n-elec-
trode and p-electrode hereafter. The Al/Ti/Au (1700 nm/50 nm/
300 nm) layers are deposited on the exposed electrodes. Finally, the top
of the wafer is coated wax to protect the electrode and then the sapphire
substrate is horizontally thinned and polished to 80 ym in order to easily
apply bending strain and is divided into strip with the size of
1cm x 0.5 cm by laser scribing. The scanning electron microscope
(SEM) image of single pillar and the luminous image of Micro-LED ar-
rays are shown in Fig. 1(c). The fabricated dual-wavelength Micro-LED
arrays exhibit two emitting peaks about 450 nm and 550 nm in PL
spectra, respectively, as shown in Fig. 1(b). At different injected current,
the EL spectra also show the dual-wavelength characteristics in Fig. 1(c).
With the increase of injection current, the intensity of green peak rapidly
enhances, producing phosphor-free white light emission. In contrast, the
intensity of blue peak instead decreases due to the overflow of electrons
at high current.

3. Results and discussion

The stress condition has been discussed by Raman scattering spectra
with a customized experimental setup in Fig. 2(a) when applying
different strain. Due to the reduced in-plane compressive stress of the
epitaxial layer from the thinned substrate after polishing the sapphire
substrate, the sample bends upward slightly and spontaneously [33]. By
changing the horizontal compression, the thinned samples could bend

(a)
- Laser
<" "> Lens
Spectrograph - >
Dichroic
mirror
cCD Microscope
objective
Sample Stress Controller
—
XY stage
I |

(c)

— &=0%

— &=0.04%
£=0.09%
B &=0.14%
| — £=0.20%

50

Raman shift (cm™)

Normalized intensity (a.u.)

520 530 540 550 560 570 580
Raman shift (cm™)

Nano Energy 109 (2023) 108283

upward in different degrees, indicating different in-plane tensile strain
has been introduced into the Micro-LED epi-layer. It has been demon-
strated that uniform strain is induced in the large area of bending sample
[26]. The conversion relationship between horizontal compression and
tensile strain is shown in supporting information S1 and the results are
shown in Fig. 2(b). Through changing compression from 0 ym to 100 um,
the external tensile strain increases to about 0.20%, which is of high
precision for the piezo-phototronic modulation of InGaN/GaN MQWs.
Normally, the InGaN QWs suffer from in-plane compressive strain
caused by both the mismatch between InGaN QWs and GaN QBs and the
stress from sapphire substrate. This strain induces the piezoelectric
polarized charges in the interface of InGaN/GaN MQWs, which results in
a large built-in electric field and affects the light emission in QWs [34].
In order to evaluate the stress condition in InGaN/GaN MQWs with
different external tensile strain, the shift of GaN E3 p;; Raman mode is
characterized which represents the average stress in the epi-layer. As
shown in Fig. 2(c), the Ep;n Raman peak shifts to short wavenumber
from 569.78 cm ™! to 567.8 em ™! with the increasing external strain,
meaning that the in-plane compressive strain decreases. This reveals the
compensation effect of external strain on internal strain in the
InGaN/GaN MQWs. The residual stress change can be estimated by the
biaxial strain model with the following formula [35]:

Ac = Aw/K @

where Ao is the in-plane biaxial stress, Aw = @ —wy is the relative offset
of Ez pjgh Raman peak (wo=568 cm ™! is the standard peak of strain-free
GaN), and K is the biaxial stress coefficient (K=4.2 cm~'GPa~! for GaN).
As shown in Fig. 2(d), large residual stress about 419 MPa can be
deduced from Eq. (1) at the strain-free condition (0% external strain).
With increasing the external tensile strain, the residual stress in Micro-
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Fig. 2. (a) Schematic diagram of the Raman scattering spectra test system with stress controller. Two precision displacement devices with two Spiral Micrometers are
used to fix or bend the sample, and the upward convex bending can be stably applied by the movement of displacement devices. (b) The relationship between
horizontal compression and tensile strain. (c) Raman scattering spectra at different external in-plane tensile strain in dual-wavelength Micro-LED. (d) Raman peak
shift and residual stress change at different external in-plane tensile strain in dual-wavelength Micro-LED.
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LED epi-layer decreases significantly, which exhibits slightly tensile
stress state of — 45 MPa at the 0.20% external strain. Therefore, tensile
stress is introduced into the MQWs effectively under upward bending
strain, which is conducive to the further modulation of built-in electric
field in InGaN MQWs.

Fig. 3(a) shows the PL measurement at room temperature for blue
and green dual-wavelength Micro-LED under various tensile strain.
Owing to the In composition difference between blue QW and green QW,
the force-optical response exhibits obvious discrepancy. The PL intensity
of both blue and green emission increases under small strain conditions.
However, when the tensile strain continues to increase after a critical
value, the blue light intensity begins to decrease, while the green
emission still becomes higher. With the application of in-plane tensile
strain, the c-axis compressive stress is introduced into InGaN MQWs,
which compensates the initial c-axis tensile stress in MQWs. It has been
demonstrated that the stress compensation effect can reduce the
quantum-confined Stark effect (QCSE), leading to an increase of light
intensity and a blueshift in peak wavelength [36]. However, due to the
larger lattice mismatch in green InGaN/GaN QW than blue InGaN/GaN
QW, more external stress is needed to compensate the internal stress in
green QW. This results in a larger intensity variation and wavelength
shift in green InGaN/GaN SQW under different external strain, as shown
in Fig. 3(b-c). The blue light reaches maximum intensity about 110% at
the strain of 0.09%, while the green light may enhance to maximum
intensity (128%) until a maximum external strain of 0.20% is applied.
And as the strain increases from 0.09% to 0.20%, the light intensity of
blue QW declines by about 9%, attributed to the stress
over-compensation phenomenon in the piezo-phototronic modulation of
MQWs [37]. Furthermore, it is observed that the green peak exhibits a
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lager blueshift about 1.8 nm at the strain of 0.20%, while the blue peak
first blueshifts and then redshifts with the increase of external strain.
The wavelength shift is normally limited in InGaN/GaN MQWs experi-
mentally in piezo-phototronic effect, even when it comes to the green
light band. This is probably related to localization centers and energy
band restructure modified by the strain, which include the band gap,
valence band degeneracy, and effective mass of holes. It is noting that
the changes in the ratio of blue and green dual-wavelength of InGaN/-
GaN MQWs by piezo-phototronic effect might take place of the wave-
length change in single-wavelength devices [38]. As shown in Fig. 3(d),
when external strain is applied, green light intensity increases and ex-
ceeds the blue with an obvious blueshift of overall waveform simulta-
neously. The peak intensity and integral intensity of green light
significantly increase to 128% and 124%, respectively, at the strain of
0.20%, while there are few changes in the blue light. Therefore, the
proportion of blue-green light emission changes in dual-wavelength
InGaN/GaN MQWs under various external strain, which brings the va-
riety of display color.

The TRPL experiments for blue light and green light of dual-
wavelength InGaN/GaN MQWs are performed to further reveal the
differences between the piezo-phototronic modulation of blue light and
green light. As shown in Fig. 4(a) and (b), the PL decay curves exhibit
non-mono-exponential behaviors both in blue QW and green QW, and
all the curves can be fitted by double exponential decays. The fit con-
stant 7; and 73, which represent slow decay lifetime and fast decay
lifetime, respectively, have a decreasing tendency under low external
strain conditions. However, when the strain increases to 0.09%, the
attenuation speed of the PL decay spectrum of the blue light begins to
decrease, while it is still increasing for green light. The two decay
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Fig. 3. (a) PL spectra of blue and green dual-wavelength InGaN/GaN MQWs Micro-LED under different external strain. (b) PL intensity and (c) peak wavelength of
blue light and green light change under different external strain. (d) Peak intensity and integral intensity of blue light and green light at the external strain of 0% and
0.20% respectively.
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Fig. 4. TRPL spectra of (a) blue QW and (b) green QW in dual-wavelength InGaN/GaN MQWs under different external strain. (c) PL decay time of blue QW and green
QW at different external bending strain. (d) Frequency responses of dual-wavelength Micro-LEDs under different strain conditions. (e) The change of — 3 dB
modulation bandwidths with the increasing of external strain. (f) Schematic diagram of carrier injection and decay in two types of QWs.

processes are considered as the transition to strong localized states and
the recombination of carriers in them respectively [39], which are
highly correlated with the radiative recombination lifetime and non-
radiative recombination lifetime. It can be deduced that the radiative
recombination rate of excitons might increase in blue and green InGaN
QW under the effect of stress compensation, which results in a higher
light emission of MQWSs. However, due to the less built-in piezoelectric
polarization field of blue QW than green QW, the direction of the field
tends to easily reverse under over-large external strain, leading to a
decrease of emitting light intensity [40]. Therefore, the effective carrier
lifetime 7.4 first decreases (12%) and then increases (17%) for blue light,
but it continues to decrease by about 28% for green light with the
external strain up to 0.20% in Fig. 4(c). These results indicate that the
carrier dynamics behaviors under various strain is different in blue QW
and green QW, which might be caused by the dissimilarity of the stress
modulation effect in energy band structure.

In order to further understand the strain-induced additional piezo-
electric polarization field in blue and green QW, the piezo-phototronic
modulation behaviors have been discussed in depth under the action
of external electric field. Fig. 4(d) shows the — 3 dB modulation band-
widths of the dual-wavelength Micro-LED with different strain condi-
tions. The modulation bandwidth is positively correlated to internal
quantum efficiency (IQE) at low injection current densities [41], and it
can be expressed as the reciprocal of 7.4 multiplied by a constant coef-
ficient. With the compensation effect of external in-plane tensile strain
on internal compressive strain, the built-in piezoelectric field reduces
and the effective carrier lifetime decreases in both blue QW and green
QW. Thus, the — 3 dB modulation bandwidths increase as the internal
residual stress declines. However, it is noting that when external strain
reaches to a critical value about 0.09%, the decay time increases in blue
QW but decrease in green QW. When considering these two types of
QWs simultaneously, there will be competition between the two carrier
lifetime contributions to the modulation bandwidth. As shown in Fig. 4
(e), the — 3 dB modulation bandwidths constantly increase to 113%

before the strain of 0.14% and have a slight decrease at higher external
strain. Importantly, the two external strains do not coincide when the
bandwidths reach the maximum and the blue light decay lifetime rea-
ches the minimum. It may be concluded that the decrease of green light
decay lifetime is dominant compared to the increase of blue light decay
lifetime when the external strain is in the range of 0.09% and 0.14%.
And at the higher strain than 0.14%, the attenuation of blue decay
lifetime becomes the main factor. These results further demonstrate the
difference of carrier dynamic behaviors between blue QW and green QW
in dual-wavelength Micro-LED by piezo-phototronic effect. In addition,
different from the photogenerated carriers of PL, electrical injection
carriers are mainly distributed in the QWs near the p-GaN as shown in
Fig. 4(f). Although the piezo-phototronic modulation is different in blue
QW and green QW, the light emitting characteristic under electrical
injection still need further discussion.

Fig. 5(a) shows the EL spectra of blue and green dual-wavelength
Micro-LEDs under different external strain at the injected current of
20 mA. The blue light peak is obviously higher than green light peak,
which is distinguished from the results of PL. But as the applied in-plane
tensile strain increases, the intensity of blue light and green light ex-
hibits the same tendency like that in PL experiments. The light intensity
of blue shows an enhancement of 11% at the strain of 0.09% and then
decreases by 10% at larger strain, while the green light increases by 37%
under a 0.20% tensile strain in Fig. 5(b). It is noted that the EL
enhancement of green light and the decline of blue light at high strain is
more significant than PL, which is probably caused by the distribution of
electrical injection carriers. In particular, the integral intensity ratio of
green light to blue light constantly increases under the increasingly
larger external strain. As shown in Fig. 5(c), the integral intensity ratio
of green to blue peak increases from 43:57-53:47 as the strain increases
from 0% to 0.20%, meaning that the dominated light color of Micro-LED
shifts from blue to green gradually. This color change is expressed as a
chromaticity coordinate shift from (0.209, 0.272) to (0.224, 0.332) in
CIE chromaticity diagram, as shown in Fig. 5(d). Specifically, the EL
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luminous images at the strain of 0% and 0.20% are exhibited in Fig. 5(e),
which are consistent with the results in CIE chromaticity diagram. The
color change under different external bending strain can be interpreted
as the piezo-phototronic modulation in the light emitting of blue and
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(~5%) in Fig. S1, indicating that higher color response is expected in
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electrical injection than optical pumping. Notably, the change of injec-
tion current density also significantly affects the spectral in Micro-LED
[42,43]. At higher injection current of about 100 mA shown in
Fig. S2, the intensity of green light becomes fully dominant compared to
that of blue light. And when applied a 0.20% strain, the proportion of
green light integral intensity increases about 10% as well, which is
corresponding to the enhancement at the low injection current of
20 mA. Furthermore, with the application of external strain, the
response current slightly increases in the I-V curve shown in Fig. S3. The
strain-induced interface polarized charges change the built-in electric
field, resulting in the modulation of band structure. Thus, the modula-
tion of band structure might facilitate the injection of charge carriers
[44]. Therefore, the strain-induced polarized charges modulate both the
recombination in MQWs and the injection of carriers, which enables the
significant strain-color response in dual-wavelength Micro-LED under
electrical injection.

To deeply explore the physical mechanism of piezo-phototronic ef-
fect on the modulation of dual-wavelength Micro-LEDs, the simulation
calculation of MQWs under electric injection is carried out by APSYS at
different external strain. Considering the stress compensation effect of
external stress on internal stress, the results of EL spectra simulation
show well consistent trend with the experimental results as shown in
Fig. 6(a). Due to the piezoelectric properties of wurtzite crystals along c-
axis, piezoelectric polarized charges are compensated by strain-induced
polarized charges under the c-axis compressive stress in MQWs [45]. In
Fig. 6(b), before the critical strain of 0.09%, the net charges in the
interface of green QW and blue QW both decreases. However, as the less
lattice mismatch between GaN barrier and InGaN well in blue QW, the
interfacial polarized charges slightly inverse at the excessive c-axis
compressive stress. Simultaneously, the positive polarized charges in +c
plane and the negative polarized charges in -c plane in green InGaN QW
layer reduce to the minimum at the strain of 0.20%. These redistribution
behaviors of piezoelectric polarized charges under various strain
directly leads to the change of built-in piezoelectric polarization field in
MQWs. With the increase of c-axis compressive strain, the electric field
in each QW significantly reduces. Considering the carrier transport, the
QWs that contribute to the light emission are mainly the last few wells
near the p-GaN. It is exhibited that the built-in electric field consistently
declines in green InGaN QW about two thirds. In the last blue InGaN QW
layer, the electric field almost reduces to zero at the strain of 0.09% and
then changes from negative to positive gradually at larger c-axis
compressive strain as shown in Fig. 6(c). Correspondingly, the energy
band structure is presented in Fig. 6(d) to further understand the mod-
ulation of color by external strain [46]. Owing to the reduced built-in
electric field in both bule QW and green QW at a low external strain,
the energy band tilt in InGaN QW decreases in Fig. 6(e), resulting in an
enhancement of electron-hole wavefunction overlap ratio in Fig. 6(f). As
a result, the radiative recombination increases in InGaN QWs, leading to
the higher light emission of both blue and green light. The integral in-
tensity ratio of green peak and blue peak slightly increases, which
changes the display color of dual-wavelength Micro-LED. However, the
reversal of the built-in electric field results in a reverse tilt of energy
band in blue QW after a critical c-axis compressive strain, while the
energy tilt further reduces in green QW (more details are shown in
Fig. S4). This means the electron-hole wavefunction overlap ration in
blue QW and green QW changes in the opposite trend, and thus the
green light further increases but the blue light decreases. In addition, the
electron concentration in the last blue QW drops rapidly and the elec-
tron overshoot is effectively relieved as the external strain increases, as
shown in Fig. S5. Therefore, the display color significantly changes
under different external strain in dual-wavelength Micro-LEDs, exhib-
iting the strain-optical response characteristic.

4. Conclusion

In summary, we have fabricated the blue and green dual-wavelength
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Micro-LED arrays and demonstrated the color response characteristic of
blue and green InGaN/GaN MQWs under external strain based on piezo-
phototronic effect. Visually recognizable color change is observed in
both PL and EL under different strain conditions in dual-wavelength
Micro-LEDs. The green light intensity increases by 37% while the blue
light decreases by 10% at the same strain about 0.20%, which realizes
the integral intensity ratio change of green and blue light from
43:57-53:47. The display color shifts from light blue to turquoise with
the increase of in-plane tensile strain. Furthermore, the physical mech-
anism of piezo-phototronic effect in blue QW and green QW is revealed
by combining TRPL, modulation bandwidth experiments and AYSYS
simulation. The difference in the energy band modulation of blue QW
and green QW causes the different trends of radiative recombination in
the two types of QWs, which finally results in the change of dual-
wavelength spectra under different strain. This work provides a new
method for the design of stress visualized and high spatial resolution
optical stress sensor toward wearable electronics and human-machine
interfaces.
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