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ABSTRACT A high-resolution dynamic tactile/pressure display is indispensable to the

N

comprehensive perception of force/mechanical stimulations such as electronic skin, biome-
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chanical imaging/analysis, or personalized signatures. Here, we present a dynamic pressure
sensor array based on pressure/strain tuned photoluminescence imaging without the need for

electricity. Each sensor is a nanopillar that consists of InGaN/GaN multiple quantum wells. Its stamp
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photoluminescence intensity can be modulated dramatically and linearly by small strain
(0—0.15%) owing to the piezo-phototronic effect. The sensor array has a high pixel density of
6350 dpi and exceptional small standard deviation of photoluminescence. High-quality
tactile/pressure sensing distribution can be real-time recorded by parallel photoluminescence
imaging without any cross-talk. The sensor array can be inexpensively fabricated over large
areas by semiconductor product lines. The proposed dynamic all-optical pressure imaging
with excellent resolution, high sensitivity, good uniformity, and ultrafast response time offers a suitable way for smart sensing, micro/nano-opto-

electromechanical systems.
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mart sensing, such as emulating elec-

tronic skin and human—computer in-

terfacing, offers new opportunities in
sensor networks for artificial intelligence
to carry out identification, positioning,
tracking, monitoring, communication, and
management. The design, fabrication, and
realization of large-scale, dynamic, high-
resolution pressure-sensitive arrays are in-
dispensable to further promote the com-
prehensive perception of pressure/strain,
position, and motion. Nowadays, the pres-
sure sensor arrays, made from microstruc-
tured rubber Iayers,1 assembled nanowires
or nanotubes,>~* or transistors,”~” are based
on a change of electrical signal such as
capacitance or resistance under applied
pressure. However, to get a two-dimensional
(2D) image of pressure distribution,'~” each
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independent device element in the cross-bar
electrodes has to be connected to the mea-
surement circuit one by one. Therefore, the
increased number of pixels will dramatically
decrease the response speed of the 2D
electrical array device. Furthermore, another
alternative method is using an optical read-
out signal for pressure imaging by electro-
optical conversion, which aims to achieve
user-interactive pressure/tactile visualization.2®
Even so, an electrical interconnect layout for
a high-density matrix increases fabrication
complexity and current maldistribution.
Thus, it is hard to simultaneously achieve
large-area, high-density, and high-speed
imaging for pressure sensing distribution.
Until now, the advance of all-optical
devices has greatly promoted the speed
and capacity of information communication
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technology.'”® The demonstrations of all-optical
functional components, such as switches,'®"" memo-
ries,'>"* modulators,'*"> and regenerators,'® open up
the feasibility of on-chip photonic integration or net-
works. In particular, utilizing all-optical imaging for
smart sensing can be a novel and suitable way for
large-area, highly uniform, high-resolution sensing
applications. The elimination of an electrode greatly
reduces the device complexity of 2D matrix arrays and
helps large-scale and high-density integration for high-
resolution active sensing at the micrometer or sub-
micrometer level. In addition, no electrical injection
drastically reduces power consumption. More impor-
tantly, the self-heating effect in electronic devices
could be completely avoided, which is a common
problem for long-term reliability in poor thermal con-
ductivity materials. Furthermore, in large-scale matrix
arrays, it is noted that nonuniform current spreading
phenomenon'” directly worsens the spatial distribu-
tion of an electric field or electroluminescence and
device stability in optoelectronic imaging.

As an all-optical method, photoluminescence (PL)
has been widely used for analyzing the electronic
structure of materials such as band gaps, crystal
structure, impurity levels, and defects. Although a
few papers reported strain-induced change of the
band gap and PL in semiconductor nanowires
(Ge, GaAs),'®'® such modulation only occurred under
a very large strain. Here, we present that PL intensity of
InGaN/GaN multiple quantum well (MQW) can be
tuned dramatically and linearly by a small strain
(0—0.15%) due to the piezo-phototronic effect for
the first time. On this basis, a new type of all-optical
pressure sensor array was designed without the need
for electricity. Each pressure sensor is a nanopillar that
consists of vertically aligned InGaN/GaN MQWs. The
sensor array was top-down fabricated inexpensively
over large scales. Most importantly, dynamic pressure
distribution mapping has been successfully achieved
by the ultrafast pressure/strain-sensitive PL imaging,
which demonstrates potential applications in biome-
chanical imaging/analysis, next-generation touch-pad
technology, personalized signatures, identity authen-
tication, human—machine interfacing, micro/nano-
opto-electromechanical systems, etc.

RESULTS AND DISCUSSION

Figure 1 shows a schematic diagram of a pressure-
sensitive PL imaging measurement system. Our device
is based on vertically aligned InGaN/GaN MQW nano-
pillar arrays. Each pillar works as an independent
pressure-sensitive sensor. The basic structure of each
sensor contains n-GaN, five light-absorbing InGaN/GaN
QWs, and p-AlGaN/p-GaN layers. To optimize optical
absorption and transition of Ing;8Gagg,N/GaN MQW
nanopillars used in this work, the wavelength of ex-
citation in the optical source was chosen to be 405 nm.
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Figure 1. Schematic diagram of piezo-phototronic effect
tuned PL imaging. The pressure sensor array is based on
vertically aligned pillars that consist of InGaN/GaN MQWs.
The basic structure of each sensor contains n-GaN, five light-
absorbing InGaN/GaN QWs, and p-AlGaN/p-GaN layers.
When applying pressure/strain by a pressure stamp with
a BINN pattern, a high-resolution PL image of BINN is
depicted in the spatial pressure distribution in real time.
The incident photons can penetrate through the bipol-
ished sapphire substrate and GaN layer and then be
absorbed by Ing 18Gag g;N QW layers of each pillar. The
generated PL imaging can be read in real time. In
addition, a pressure stamp with a “BINN” pattern was
fabricated for pressure-sensitive imaging measure-
ment by using a negative photoresist SU-8 mold. The
InGaN/GaN MQW nanopillars that contacted the con-
vex part of the pressure stamp were compressed along
the c-axis direction, leading to the generated pressure-
induced negative and positive piezoelectric charges in
their top and bottom parts.2>?' Under compressive
force/strain, piezoelectric polarization charges in-
creased the internal electric field of the InGaN/GaN
MQW active region at the p—n junction and tuned the
charge separation, transportation, and/or recombina-
tion?> 28 in the PL mechanisms. Meanwhile, the non-
compressed nanopillars had no piezoelectric-induced
charges, thus no change of PL intensity could be found
from these nanopillars. In addition, it is noted that the
PL dynamic process takes place at a very short time of
nanoseconds or less,>3° which is beneficial for fast-
speed optical imaging. By using a charge-coupled
device (CCD) to collect and monitor the PL intensity
of all sensors, the all-optical imaging of the applied
pressure distribution can readily be attained.

The sensor array was simply achieved by the state-
of-the-art top-down fabrication from an epitaxial In-
GaN/GaN multilayer on a c-plane bipolished sapphire
substrate,?? including a photolithography patterned
nickel—metal dot matrix (Figure 2a), low-damage
dry etching of GaN-based thin films (Figure 2b), and
removal of the Ni—metal mask (Figure 2¢). It should be
noted that no extra electrodes were needed here,
which dramatically reduced the process complexity
and extremely cut down the fabrication cost. As shown
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Figure 2. Top-down device fabrication and PL imaging. (a) Large-area, well-ordered nickel—metal dot matrix fabricated by
photolithography patterning, metal evaporation, and lift-off processes. (b) Low-damage dry etching of GaN-based thin films
patterned by nickel—metal dot matrix. (c) MQW pillar array after removing the Ni—metal mask. (d) Visibly transparent PMMA
polymer spin-coated to fill in the pillar array, the clean tips of which are exposed by oxygen plasma etching. (e) Corresponding
PL signals of our MQW pillar array, in parallel emitted at a peak wavelength of ~460 nm. (f) Statistical results of the PL peak

intensities of all blue-light pixels in (e).

in Figure 2, the well-aligned and uniform InGaN/GaN
nanopillar array has a density of 6.25 x 10° cm™2 The
diameter, height of each pillar, and distance between
two adjacent pillars are 0.8, 1.2, and 4 um, respectively.
Such vertically aligned nanopillar arrays could be
fabricated in a large area with excellent uniformity
of size, shape, period, and height by this top-down
fabrication technique. The extremely small variance in
the height of all pillars ensures a clearly defined and
reproducible top contact plane for pressure sensing. A
visibly transparent poly(methyl methacrylate) (PMMA)
polymer was used to completely fill in our array, the
tips of which were exposed by oxygen plasma etching
as shown in Figure 2d. This flattened composite struc-
ture can greatly improve the mechanical robustness of
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our nanoarray device, especially for dynamic pressure
sensing.

Based on the PL excitation method, the large-area,
highly bright InGaN/GaN MQW nanopillar array was
uniformly lit up by a laser diode of 405 nm, which can
be substituted by other wide-spectrum violet or ultra-
violet light sources. Its corresponding PL signals, in
parallel emitted at a peak wavelength of ~460 nm,
were collected in Figure 2e by a thermoelectrically
cooled CCD detector. Figure 2e shows a large-area
uniform distribution of the emitted blue PL from our
high-density pillar array, which can reach the PL imag-
ing area of several square centimeters without the
view-field limitation of the objective lens and CCD
camera. Each pixel is a blue-light emitter. The period
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of the blue-light spot matrix is 4 um, corresponding to a
high pixel resolution of 6350 dpi. It is noted that the
diameter of the light spot is only 1.2 um with a highly
centralized distribution of light intensity, the size of
which is just slightly bigger than that of the MQW
pillar in Figure 2c. No cross-talk takes place between
any adjacent blue-light spots. Therefore, it guarantees
a better spatial resolution for pressure imaging
compared to the electroluminescent method reported
previously.® Furthermore, the PL peak intensities of all
blue-light spots are statistically calculated in Figure 2f.
The mean PL peak intensity and corresponding stan-
dard deviation are 133.62 and 10.6%, respectively,
demonstrating that the PL from the sensor array is
highly uniform. As a result, our top-down fabricated
InGaN/GaN MQW npillar array exhibits a large-area,
high-resolution, no cross-talk PL imaging.

Figure 3a shows the PL spectra of the MQW nano-
pillar array at different power densities of the excitation
light source from 2 to 20 mW/mm? at room tempera-
ture. The PL intensity increased with increasing excita-
tion optical power. However, the PL emission peak was
constant at around 460 nm from the light emission of
InGaN QW layers. It is worth mentioning that the in-
plane residual strain in InGaN/GaN MQW nanopillars
has been greatly relaxed after top-down fabrication.>'

For the pressure/stress dependence of the PL spec-
tra, various external compressive stresses were applied
to our pressure sensor array, which were measured by
force gauge. Since the MQW nanopillar only occupied a
very small portion of the pressure sensing area, the
external stress exerted on the sensor array (o;) is much
smaller than that applied on the MQW pillars (o). The
pressure magnification factor (M) can be calculated by
M = op/os = ag/a,, where as and a, are the cross-
sectional areas of the sensor unit and each pillar in
Figure S1, respectively. According to our array struc-
ture, the value of the M factor is 31.83. In addition,
Figure 3b presents the PL spectra of a typical MQW
pillar from 420 to 513 nm under different compressive
stresses. It is noted that its emitted PL intensity can be
strongly modulated by the magnitude of the applied
external pressure up to 14.94 MPa (corresponding to
the pillar's strain of ~0.15%), while almost keeping its
PL peak wavelength the same. Therefore, we mainly
focused on its relative PL intensity change (|L, — Lo|/Lo)
as a function of the applied compressive stress o, the
relationship of which is presented in Figure 3¢, where
L, and Ly denote the integral PL intensity between 420
and 513 nm under the applied stress and zero stress,
respectively. The external pressure/stress was exerted
on our array by the patterned BINN stamp. The InGaN/
GaN MQW nanopillars, which were in contact with the
BINN stamp, were deformed when applying the stres-
ses and vice versa. At the deformed region, there exists
a nearly linear increase of the PL intensity change
with the external stress, while there is only a slight
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Figure 3. PL characterization of our MQW pillar array. (a) PL
spectra of the MQW pillar array at different power densities
of the excitation light source from 2 to 20 mMW/mm? at room
temperature. (b) PL spectra of a typical MQW pillar under
various compressive stresses. (c) Changes of PL intensity
inside and outside the BINN stamp as a function of the
applied compressive stress.

fluctuation at the nondeformed region, as shown in
Figure 3c. The pressure sensitivity (S) of our InGaN/GaN
MQW nanopillar array is defined as'

SAL/L)  O(Ly — Lo|/Lo)  as
— — X —
005 00p ap

S M
The sensitivity can be derived from the slope of the
relationship between the PL intensity change and
the applied stress in Figure 3c. It is proportional to
the pressure magnification factor M. For our pillar array,
the S value of 39.09 GPa~' remains keeps the same
from low pressure to 15 MPa, which gives >3-fold
improvement in pressure sensitivity compared with
the results reported before.® At ~2 MPa pressure level,
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Figure 4. High-resolution PL imaging of pressure/strain distribution. (a) Bright-field image of the BINN stamp in contact with
the MQW pillar array. (b—e) Static PL images of the MQW nanopillar array by pressing the BINN stamp under different
pressure/stresses of 0, 1.87, 7.47, and 14.94 MPa, respectively. (f—h) Two-dimensional PL intensity differential images derived

from PL maps (b—e) by numerical subtraction, respectively.

a high-resolution pressure image of the BINN logo is
also clearly observed in Figure 4c. It has to be noted
that the pressure sensitivity can be further increased by
partially lowering the array resolution or decreasing
the size of the pillar. If the resolution of the nanopillar
array is changed to the same resolution as human skin
(~50 um),*? the pressure sensing will be enhanced to
the level of ~12.8 kPa, which is in the medium-pressure
regime (10—100 kPa). Besides, the pressure sensitivity
will reach 6.11 MPa ™. Furthermore, the low-pressure
sensing below 10 kPa could be realized by a decreasing
cross-sectional area of MQW nanopillars. Therefore, our
pillar array can provide wide applications for pressure
sensing distribution through the design and optimiza-
tion of three-dimensional (3D) array devices.

In order to obtain the dynamic PL imaging for
pressure/strain distribution, the convex patterned
BINN stamp manipulated by mechanical motions was
used to provide dynamic pressure/strain for the MQW
nanopillar array. Figure 4a gives the bright-field ima-
ging of the BINN stamp in contact with our array
device. These two parts are clearly observed from the
backside of the transparent sapphire substrate. From
optical morphology, it further shows a highly ordered
alignment of dark dots corresponding to the InGaN/
GaN MQW nanopillars, which is much better than the
bottom-up grown nanowire arrays.’>?' By cyclic press-
ing and releasing of the BINN stamp on the MQW
array, dynamic PL imaging can be readily recorded for a

PENG ET AL.

pressure/strain evolution process from 0 to 14.94 MPa
in Supporting Information, movie S1. The vertically
dynamic response of pressure sensing corresponds
to the real-time image changes of the patterned BINN
stamp. Due to the ultrafast PL recombination process
in nanoseconds or less,>>3° it demonstrates unprece-
dented fast response for dynamic pressure/strain
sensing, providing and guaranteeing very good time
resolution of mechanical motions. Also, after 1000
pressing/releasing cycles, no degradation occurs in
the pressure-sensitive PL imaging, exhibiting a good
reliability and mechanical robustness of our array
device, as shown in Figure S2.

Meanwhile, the static PL images of the MQW nano-
pillar array under external pressure/stresses of 0, 1.87,
747, and 1494 MPa were directly obtained by a
chromatic CCD camera, as shown in Figure 4b—e. By
optical excitation, each InGaN/GaN MQW nanopillar
could emit bright blue light without applied pressure.
With increased compressive stress by pressing the
BINN stamp, the PL intensity of the compressed pixels
gradually decreased, while that of the noncompressed
ones did not have any change. Based on the excellent
pressure sensitivity, our InGaN/GaN MQW array can
map the magnitude and spatial distribution of the
applied pressure/strain on it. Figure 4b—e intuitively
presents a series of high-resolution pressure images
of the BINN logo under different compressive stresses.
As the pressure increases, the patterned BINN logo

e
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became more and more distinct. Similar results were
also obtained by other stamps with the “PYC” pattern
in Supporting Information, Figure S3. Furthermore,
the 2D PL intensity difference images (AL = |L,(xy) —
Lo(x.y)]) can be derived from the PL intensity maps by
numerical subtraction. The processed images for 2D
distribution of AL demonstrate the pressure/strain
modulation effect on the PL intensity of InGaN/GaN
MQW nanopillars, which are presented in Figure 4f—h.

Finally, to further demonstrate its capability and
versatility for pressure/strain sensing, laterally dynamic
PL imaging was carried out to record in real time the
movement track of a personal signature, as depicted in
Supporting Information, movie S2. First, a rectangle
SU-8 stamp, just like a pen point, was pressed on the
InGaN/GaN pillar array with a compressive stress of
3 MPa. Then, we load a lateral motion to the pen point
by 3D micromanipulation stages while keeping its
vertical height constant. The full trajectory of its move-
ment clearly outlines the signature symbol “2”, as
shown in Supporting Information, Figure S4. Based
on the dynamic PL imaging technique, many useful
messages with a personal signature are included, such
as shape, stroke, speed, and strength, which enable the
development of personal signature recognition, iden-
tity authentication, psychological/physiological state
monitoring, individualized encryption, and so on.

The piezo-phototronic effect offers a new way to
modulate/control carrier generation, transport, separa-
tion, and recombination in light-emitting diodes or
solar cells?*~2® by using pressure-induced piezoelec-
tric charge. Here we find that such a piezoelectric
charge can be used to tune photoluminescence under
small pressure/strain for the first time. When pressure/
strain are applied to the uniaxial GaN-based multilayer
pillar, the piezoelectric polarization charges will be
newly generated at its two ends due to a lack of central
symmetry in wurtzite structures. Correspondingly, the
PL optoelectronic processes, such as excitation and
recombination, will be influenced by pressure/strain-
induced piezoelectric charges at the interface. Figure 5
presents the schematic band diagram of the uniaxial
n-GaN/(InGaN/GaN MQW)/p-AlGaN/p-GaN pillar (a) with
and (b) without pressure/strain, simulated by SiLENse
5.4 software. No external bias voltage in the PL process is
taken into account. In the equilibrium state, the n-GaN
and p-AlGaN Fermi levels are equal (Egn,n-can = Efp,p-aigan)
under no pressure/strain in Figure 5b. The built-in
electric field in the p—n junction region will partially
deplete the free carriers of InGaN QWs near the p-AlGaN
layer. In addition, it will be directly tuned by the newly
generated piezo-polarization field

_ o 4
eVpiezo - Efp.p-AIGaN - Efn,n-GaN )

which depends on the applied pressure/strain ¢ on
the InGaN/GaN MQW npillar in Figure 5a. When the
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Figure 5. Mechanism of piezo-phototronic effect tuned PL.
(a,b) Schematic band diagram of the uniaxial n-GaN/(InGaN/
GaN MQW)/p-AlGaN/p-GaN pillar with and without pres-
sure/strain, respectively.

[0001]-polarity InGaN/GaN MQW pillar is under com-
pressive strain, the negative and positive ionic charges
are created at the top p-AlGaN and bottom n-GaN,
respectively. The compressive strain-induced piezopo-
tential along a MQW pillar is equivalent to producing a
reverse bias voltage on it. So, both the built-in electric
field and depletion region width are increased, as shown
in Figure 5a.3> When the MQW pillar is illuminated by
an excitation light of 405 nm, the photogenerated
electron—hole pairs will be quickly separated by the
increased built-in electric field, resulting in the decrease
of radiative recombination probability and hence the PL
intensity.

CONCLUSIONS

In summary, we have developed a new method of
pressure sensing by using pressure/strain-induced
piezoelectric charge to tune the PL intensity of In-
GaN/GaN MQW:s under a small strain (0—0.15%). Such
a modulation effect is distinct, linear, and ultrafast.
On this basis, an all-optical pressure sensor array by
the piezo-phototronic effect has been developed to
measure dynamic pressure distribution without the
need for electricity. Beyond the limitations of an elec-
trical connection, our all-optical device offers a novel
and suitable method for large-area, highly uniform,
high-resolution, ultra-high-speed pressure/strain dis-
tribution sensing in top-down fabricated InGaN/GaN
MQW nanopillar arrays. The pressure tuned PL imaging
does not have any cross-talk. It can provide a wide
range of applications for low-, medium-, or high-pres-
sure regimes through the design and optimization of a
3D array structure. Meanwhile, the ultrafast PL imaging
guarantees dynamic pressure distribution in real time.
Furthermore, both the input signal and the output PL
signal are all-optical with wide wavelength tunability
from ultraviolet to infrared. It is beneficial for on-chip
photonic integration in optical manipulating, trans-
mitting, communicating, and recording, enabling a
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great development of smart sensing, next-generation
touch-pad technology, human—machine interfacing,

METHODS

Top-Down Fabrication of InGaN/GaN MQW Nanopillar Arrays. The
blue Ing 13Gagg,N/GaN MQW multilayer was grown on a c-plane
bipolished sapphire substrate by a low-pressure metal organic
chemical vapor deposition system. From bottom to top, it
consisted of a 2 um undoped GaN buffer layer, a 3 um n-type
GaN layer, five periods of Ing;3GaggN/GaN (3 nm/12 nm)
quantum well active layers, a 60 nm p-type Alg;5GaggsN
electron blocking layer, and a 100 nm p-type Mg-doped GaN
capped layer.?? The gallium, indium, and nitrogen sources were
trimethylgallium (TMGa), trimethylindium (TMIn), and ammonia
(NH3), respectively. Biscyclopentadienyl magnesium (CP,Mg)
and silane (SiH,;) were used as the p-type and n-type doping
sources, respectively. Vertically aligned InGaN/GaN MQW pillar
arrays were fabricated as follows. First, a large-area and high-
density dot matrix, with a diameter of 0.8 um and a period of
4 um, was photolithography patterned by a Nikon NSR1755i7A
stepper machine. Ni—metal was used as the etching hard mask
by electron-beam evaporation and lift-off processes. Then,
the MQW nanopillar array was regularly formed using a low-
damage inductively coupled plasma (ICP, SENTECH SI500)
etching technique, the height of which was 1.2 um for the
physical separation of each MQW active region. The ICP etching
process is based on chlorine (Cl,) and boron trichloride (BCls)
mixed gases with 30 and 3 sccm, respectively. After that, the
remnant Ni—metal mask was removed by sulfuric acid, hydro-
gen peroxide, and deionized water mixed solution (its concen-
tration ratio is H,S04/H,04/H,0 = 3:1:10) for 30 s. Rapid thermal
annealing at 350 °C for 1 min was implemented to repair the
sidewall damage and defects. Subsequently, a 2.5 um thick
PMMA (Microchem) was spin-coated to wrap around the MQW
pillars. The tips of the MQW pillars were exposed by oxygen
plasma etching the top part of the PMMA.

High-Resolution PL Imaging from InGaN/GaN MQW Nanopillar Arrays.
The pressure-modulated PL imaging measurement was based
on an inverted confocal PL microscopy (Leica SP8), 3D micro-
manipulation stages, and a force gauge. A normal force/strain
was applied on the MQW pillar arrays using a homemade stamp
(a sapphire substrate with a convex character pattern of BINN in
context or PYC in Supporting Information molded on it). The 3D
micromanipulation stages could precisely adjust the position
and pressure of the patterned stamps. The applied force could
be controlled step by step with a given amount. According to
the schematic diagram of the PL imaging measurement, we
chose a semiconductor laser of 405 nm as the PL excitation
source. The incident photons can penetrate through the bipol-
ished sapphire substrate and GaN and AlGaN thin films and are
only absorbed by Ing 1§Gag g;N QW active layers. The emitting PL
signals of the ordered array were focused again and detected
by a thermoelectrically cooled CCD and PL spectrum analysis.
The PL measurement was performed at room temperature.
Under different force/strain conditions, we mainly focused on
the relative change in the emitted PL intensity. The PL spatial
uniformity and intensity distribution of our array can be directly
obtained. Importantly, the dynamic PL imaging under a 3D
moving stamp was carried out to record tactile action and
personal signature.
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