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Abstract Functional signal conversion devices are critical
components of next-generation intelligent systems, driving
an urgent demand for novel sensing materials and func-
tionalities to enable advanced applications in intelligent
robotics and human—machine interfaces. In this work, we
present a quantum dot light-emitting diode (QLED) array
based on a newly developed signal conversion functional
material 20% Gd-doped CeO,_, (CGO). Under pressure
and electric field induction, the oxygen vacancy dynamics
in CGO were modulated, resulting in macroscopic polar-
ization charges, reflecting the mechanical force-electrical
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response effect. The QLED pixel emission intensity was
controlled by external pressure, achieving a remarkable
1000% enhancement at 1.8 GPa. Combined with resolu-
tion-tunable Si MWs array, mapping of 2D pressure dis-
tribution on external objects with optical signals was
realized. This work extends the force-electrical-optical
signal conversion mechanism to centrosymmetric cubic
fluorite materials, overcoming the traditional limitations of
piezo-phototronic devices that rely on specific crystal
symmetries, and provides new avenues for the develop-
ment of the next-generation smart sensing.

Keywords Tactile sensing; Light emission modulation;
Force electro-optical coupling

1 Introduction

Tactile sensing is a critical mechanism for humans to
perceive and interact with external environment [1-3].
Similarly, in artificial intelligence (AI) systems, replicating
tactile sensing fundamentally involves converting external
stimuli such as pressure and strain into analyzable optical
or electrical signals [4-7]. Thus, emulating human-like
tactile perception is a core challenge in Al technology
[8, 9] and remains one of the key researching focuses
[10-13]. With the rapid development of intelligent tech-
nology, applications such as smart robots [2, 14, 15],
human-machine interfaces [3], and personalized healthcare
systems [16—18] are evolving toward higher sophistication,
miniaturization, and enhanced functionality [19-22], which
requires their integration with tactile sensing elements with
high resolution, easy to acquire signals and low cross talk
[23]. Recent studies have extensively explored electrical
pressure sensors for tactile sensing [24-26]. Through
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innovative structural designs and functional material
modifications, these sensors have evolved from single
configurations to complex architectures [27-29], leading to
significant improvements in important performance
parameters such as dynamic response range, sensitivity,
and response time [27, 30-34]. However, critical chal-
lenges persist, including difficulty in fabricating large-area
array devices, limited spatial resolution in array configu-
rations, challenges in achieving real-time pressure visual-
ization and precise pressure mapping.

Mechanoluminescent phosphor-based sensing devices
represent an attractive breakthrough in force visualization
technology, enabling direct conversion of mechanical
stimuli into optical signals with dynamic pressure respon-
siveness [35-38]. However, the spatial resolution of such
devices is fundamentally limited by phosphor particle
dimensions and their underlying working mechanism. In
contrast, materials capable of mechanical force-electrical
signal conversion demonstrate greater potential for tactile
sensing applications [39, 40]. Notably, piezoelectric
materials such as ZnO and GaN, which are highly
responsive to mechanical stimuli, have been extensively
utilized in high-resolution piezoelectric light-emitting
diode (LED) arrays and thoroughly investigated in prior
studies [41-44].

Interestingly, due to advancements in materials research,
mechanically responsive materials are no longer confined
to traditional non-centrosymmetric crystals. Even cen-
trosymmetric materials have been engineered to exhibit
mechanical response through external stimulation or dop-
ing strategies [45, 46]. This has certainly broadened the
range of candidate materials for further research on
mechanical force-electrical coupled devices. While the
mechanisms underlying the piezoelectric properties of
these centrosymmetric oxides have been discussed in
detail, their application in sensing remains largely unex-
plored. Here, we report a QLED array with mechanical
force-electrical responsiveness for high-resolution accurate
optical two-dimensional (2D) pressure mapping. By intro-
ducing CGO as a mechanical force responsive functional
layer, the regulation of the Schottky barrier at the metal—
semiconductor interface was achieved [46], in which the
piezoelectric polarization potential of CGO was used as a
‘gate’ to control the light emission intensity of the pixels in
QLED array ultimately achieves the two-dimensional
pressure distribution mapping of the shape of the external
postage stamp. Under a pressure of 1.8 GPa, the pressur-
ized pixels exhibit a remarkable 1000% enhancement in
emission intensity. Furthermore, the pixel array’s scala-
bility and resolution are enabled by a flexible structural
design and Si wafer-based micro/nanoprocessing. Cru-
cially, our device combined a CGO functional layer with a
flexible Si-based process to incorporate CGO into a tactile
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sensing array based on optical signals. This technology will
broaden the application scope and multidisciplinary
crossover possibilities of materials with mechanical force-
electrical coupling effects and has potential applications in
soft robotics, electronic skin, and high-resolution opto-
electronic systems.

2 Experimental
2.1 Fabrication process for CGO films

Firstly, bottom Al electrode was deposited on cleaned Si
wafer with 300 nm-thick oxide layer by magnetron sput-
tering (PVD75, Kurt J. Lesker) at 60 W. Subsequently,
CGO films with different doping concentrations were
deposited on the bottom electrode at a deposition power of
150 W for 35 min, and finally the top Ag electrode was
deposited on the CGO film.

2.2 Fabrication process for Si MWs

The highly doped p-Si wafers were cleaned with acetone
and ethanol to remove surface impurities, respectively.
Next, the wafers were cleaned and dried with deionized
water, followed by plasma treatment to improve the
hydrophilicity of the wafer surface. Subsequently, a nega-
tive photoresist (HTA116, HTA112, B&C Chemicals) was
spin-coated on the wafers surface (4000 rpm for 60 s) and
the photoresist with the array pattern was obtained by pre-
baking at 110 °C for 60 s, exposing for 12 s and post-
baking at 110 °C for 60 s. This photoresist pattern was used
as a mask for inductively coupled plasma (ICP) reactive
ion etching (ULVAC NE-550H) to obtain a Si MWs array
with a pitch of 15 pm and a size of 15 um x 55 pm.

2.3 Fabrication process for SPCL

After obtaining wafers with regular Si MWs array, oxygen
plasma treatment was performed to improve the
hydrophilicity of the array. polydimethylsiloxane (PDMS)
(curing agent 1:10) was then poured onto the wafer and
rotated to fill the gaps of the Si microwires (MWs) (2000
rpm, 30 s). Immediately afterward, it was cured in an oven
at 80 °C for 4 h. After curing, the PDMS would tightly
wrap the Si MWs array to make the top of the array a
continuous plane, and then the entire Si MWs arrays were
cut off from the wafer together with the PDMS to obtain
the complete large-area Si MWs array/PDMS composite
layer (SPCL).
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2.4 Fabrication process for QLED

Quantum dots (QDs) solutions were spin-coated on the
surface of the SPCL (2000 rpm, 30s), followed by drying at
60 °C for 20 min to remove the solvent and obtain the QDs
layer. Then CGO was deposited on the surface of the QDs
layer (150 W, 35 min) as the ETL and Ag (60 W, 8 min)
were deposited on the backside of the SPCL as the bottom
electrode. Finally, the whole film was adhered to the ITO/
PET substrate with the CGO surface, where the ITO was in
contact with the CGO surface and served as the top
electrode.

2.5 Characterization and measurement
of the QLED array

The morphology of Si MWs array and QLED were char-
acterized by field-emission scanning electron microscopy
(SU1510, Hitachi). The QLED array was powered by a
direct current (DC) source meter (M8812, Maynuo), and
the EL spectra of QLEDs were measured by with spec-
trometer (QE65000, Ocean Optics). I-V and [-T charac-
teristics were measured by the semiconductor device
analyzer (B1500A, KEYSIGHT).

3 Results and discussion

3.1 Force-electric coupling phenomena in CGO
films

Researchers have made significant advances in developing
mechanical force-electrical coupled functional materials,
including piezoelectric ZnO nanostructures, piezoresistive
materials, and related piezoelectric systems [47]. Among
these, ZnO-based materials have gained particular attention
for force sensing applications due to their excellent com-
patibility with micro/nanofabrication processes. The
piezoelectric potential generated by the deviation of the
central charge under pressure can effectively modulate
carrier transport characteristics in the p—n junction or the
heterointerfaces, enabling external force detection through
localized electrical or optical signal variations [48, 55].
Historically, research on piezoelectric materials was con-
strained to naturally non-centrosymmetric crystals due to
fundamental structural requirements. However, recent
breakthroughs in doping strategies and defect engineering
have enabled the emergence of force-electrical coupling
effects in centrosymmetric semiconductors. This expansion
of viable material systems opens new possibilities for
cross-disciplinary applications and novel device scenarios.

A conceptual schematic of the flexible mechanical
force-electrical coupling responsive QLED is shown in
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Fig. 1A, demonstrating the potential for reflecting input
mechanical signals in the form of optical signals. The
operational principle relies on piezoelectric polarization-
induced modulation of the local Schottky barrier at the
CGO interface. Under combined electrical and mechanical
stimulation, the CGO layer generates polarization charges
that alter the barrier characteristics [46]. This modulation
produces spatially varying current densities across the pixel
array, resulting in corresponding changes in electrolumi-
nescence (EL) intensity that accurately map the pressure
distribution from external objects. To investigate the force-
electrical coupling characteristics of CGO thin films, we
developed a custom characterization system (Fig. 2A)
comprising two three-dimensional (3D) displacement
stages for sample positioning, a dynamometer for applying
and measuring controlled vertical pressure and a semi-
conductor test system for real-time electrical property
measurements. The enlarged view showed the specific
device structure, with a Si wafer with a SiO, layer as the
substrate, Ag and Al as the upper and lower electrodes to
form different Schottky barrier, and a layer of SiO, sput-
tered on the edge of the CGO film to act as an insulating
layer to avoid short-circuiting of the top and bottom elec-
trodes. Figure 2B-D shows the behavior of current versus
pressure for CGO films with doping concentrations of 0,
10%, and 20% in the same pressure range. Notably, the
pressure response exhibits progressive enhancement with
increasing doping concentration, as evidenced by the sys-
tematically amplified current modulation at 1 V bias
(Fig. 2E). This trend is quantitatively captured by the
pressure-dependent current variation rate, providing clear
evidence for doping optimized force-electrical coupling. At
doping concentration of 0, the conductivity of CGO films
was low, where the concentration of oxygen vacancies (V,)
was at a low level, whereas the similar radii of Gd** and
Ce**" ions and the lower binding energy of Gd>" and Ce*™
result in higher conductivity of Gd,Oz-doped CeO,_,
[49, 50]. The electric field-induced redistribution of mobile
charges in the thin films leads to a crystalline phase tran-
sition of the material, which is associated with chemical
swelling and material heterogeneity [49-52]. The presence
of V, in oxide materials can be stabilized and controlled by
selecting different aliquot dopants and co-doping, which
induces the redistribution of mobile V, under electric field,
resulting in the manifestation of piezoelectricity in the
intrinsically centrosymmetric, non-stoichiometric oxides
[46, 53]. The chemical expansion, phase transition, diffu-
sion and redistribution of mobile ionic species in cen-
trosymmetric ionic materials were controlled using electric
fields to produce a macroscopic piezoelectric effect in the
materials [46] which further modulates the Schottky barrier
at the interface between the CGO and the metal electrode
(Fig. 2G). Figure 2F presents the /—T curves of the films
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Fig. 2 Fabrication process and morphological characterization of flexible Si MWs array. A Schematic structure of SPCL. B ICP
etching process utilizing photoresist as a mask and PDMS curing. C Optical photograph of SPCL adhered to a flexible substrate after
peeling off. D Top and cross-sectional SEM image of a Si MWs array. E Top and cross-sectional SEM image of SPCL
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with three doping concentrations in response to pressure,
and the current of the films responds well to the loading
and unloading of pressure at a fixed voltage.

3.2 Flexibility of Si microwires array

To facilitate QLED array integration and enhance
mechanical force sensitivity, we incorporated a flexible
p-Si microwires (MWs) array into the device architecture.
Figure 3A illustrates the key structural element, that a
SPCL formed by encapsulating the Si MWs array in
PDMS. The fabrication process of SPCL is shown in
Fig. 3B. First, photoresist was spin-coated on the cleaned
highly doped p-Si, and photoresist with array pattern was
obtained by UV exposure; photoresist patterns were used as
a mask. After the ICP etching and cleaning process, neatly
aligned array of Si MWs was obtained (Fig. S1), with
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individual Si MW having edge lengths and heights of 15
and 55 pm, respectively, and a pitch of 15 pm, which
resulted in array of Si MWs with a resolution of up to 846
DPI and regular alignment on the surface of Si wafer
(Fig. 3D), as demonstrated in the experimental section with
specific process parameters. The mixed PDMS was then
poured onto the surface of the Si wafer with Si MWs array
and spin-coated, which would fill the gaps of the Si MWs
array and leave a layer of PDMS film, following cured in
an oven at 80 °C for 4 h. The curing process resulted in a
coplanar PDMS surface aligned precisely with the Si MWs
top (Fig. 3E), maintaining electrical contact accessibility
while preventing interlayer short circuits. This precise
surface control enabled clean mechanical release of the
composite structure using a precision blade, yielding large-
area, flexible SPCL membranes with excellent structural
integrity. The optical photograph (Fig. 3C) confirms the
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Fig. 3 Electromechanical characterization and testing device for CGO films. A Test device for applying pressure, consisting of a 3D
displacement table, a dynamometer, and a semiconductor tester. The inset was a schematic of the test. Variation of current with
pressure in B 0%, C 10%, and D 20% doped CGO films. E Rates of change of current with pressure for different doping concentrations
of CGO over the same pressure range. F Pressure response curve of 20% doped CGO film at 0.5 V fixed voltage. G Modulation of
Schottky barrier at metal-semiconductor interfaces by piezoelectric polarization charges
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SPCL’s uniform adhesion to flexible substrates, demon-
strating its suitability for flexible device integration.

3.3 Optical and electrical characterization of QLED
array

We further combined the SPCL prepared in the previous
section with CGO to construct a flexible QLED array based
on CGO and Si MWs. In the structure of QLED array
(Fig. 4A), SPCL acted as the hole transport layer (HTL)
and CGO as the electron transport layer (ETL). QDs were
employed as the light-emitting layer because of its high
optical performance, adjustable light-emitting band gap,
and adaptable to different shapes of substrate [54]. Fur-
thermore, the emission wavelength of the QLED array can
be tuned by varying the QD size and composition, enabling
customized optoelectronic properties for diverse applica-
tions. The fabrication process of the QLED array is shown
in Fig. S2, in which a layer of QDs was spin-coated on the
SPCL and a 20%-doped CGO film was deposited on top of
it, then the CGO side was contacted with the PET with an
ITO layer to make the ITO layer serve as the top electrode,
and finally the backside of the SPCL was deposited with
the Ag layer as the bottom electrode. Complete fabrication
details including deposition parameters and processing
conditions are provided in the experimental sec-
tion. Thanks to the arrayed Si MWs HTL, the electrons

could not move in the plane of the QDs layer, and thus the
arrayed luminescence could be realized even if the QDs
layer without pixels (Fig. 4B). Combined with the mature
micro/nanofabrication process, pixels of QLED array with
different morphologies and sizes could be easily obtained
to meet different application requirements. Figure 4C and
D represents the EL spectra with increasing voltage and
turn-on voltage of the QLED, respectively. The EL peak of
QLED was centered at 625 nm, which corresponds to the
photoluminescence (PL) peak of QDs (Fig. S3). The
absence of additional spectral features indicates high-purity
emission from the QDs layer. And rectification curves of
the device showed the turn-on voltage at 4 V. The device
exhibited well isolated pixels with a center-to-center
spacing of 30 pm. As demonstrated in Fig. 4E, individual
pixels show excellent optical isolation with negligible
inter-pixel cross talk. Figure 4F presents the energy-level
alignment diagram of all functional layers in the QLED
structure, illustrating the charge transport mechanisms.

3.4 Force-electricity-optical coupling mechanism
in QLED array

To investigate the mechano-optoelectronic coupling in the
QLED array, we developed a custom testing platform
(Fig. 5A) that exploits the force-electrical response of
CGO to modulate pixel emission. The QLED array was
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Fig. 4 Optical and electrical characterization of QLED devices. A Schematic structure of QLED device. B Each pixel could be easily
distinguishable in a CCD image viewed under a microscope, including the QLED array pixels and their images when they were
illuminated, and the scale bar is 100 um. C EL spectra of the QLED device at different voltages. D Turn-on voltage of the QLED
devices. E Enlarged view of the six illuminated pixels in B and the spatial resolution of the pixels. F Energy-level structure diagram of

each layer in QLED
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provided with controlled pressure by the vertical dis-
placement stage rising and falling at the bottom, while the
transparent acrylic plate was fixed at the top, and the
optical information was captured by the charge coupled
device (CCD) at the top through the transparent acrylic
plate, there was a Si stamp with the convex character
‘BINN’ between the dynamometer and the QLED array. It
could be concluded from Fig. 5B that the rate of change of
the current of the devices in the same pressure range was
consistent with the pattern of the rate of change of the
current of the CGO in Fig. 2E, which indicated that the
responsiveness to the pressure in the QLED device were
determined by the CGO, and the degree of responsiveness
were increased with the CGO doping concentration
increased. Since the Ag electrode is in contact with the
flexible SPCL, the pressurized object will inevitably cause
some effects on the Ag electrode under high pressure,
which may induce some microcracks and lead to the
decrease of current in the undoped CeO,_, film. In con-
trast, the 10% and 20% Gd-doped CGO films have higher
conductivity, effectively compensating for electrode inter-
face effects. This further confirms that Gd** doping sig-
nificantly the electrical properties of CeO,_, film. The
curves represented by three doping concentrations of CGO
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were characterized in the uniform pressure range, which
excluded the impact brought by the variation of the elec-
trode contact area. Our analysis reveals that the applied
pressure and electric field induce piezoelectric polarization
in the CGO layer, which effectively modulates the Schot-
tky barrier between CGO and ITO interface (Fig. S4). This
barrier modification facilitates enhanced carrier transport
across the interface, leading to significantly increased
device current. In the equivalent circuit of device, the CGO
was equivalent to a transistor connected in series with the
QLED to control the current (Fig. S5), which serves as
both an ETL and a force-electric response functional
material. Similar device structures were discussed in detail
in previous work [43]. When the vertical displacement
stage rises, the pressure on the QLED array gradually
increases, in which the luminescence intensity of the pixels
increases with the increase of the current. As demonstrated
in Fig. 5C, the EL intensity enhancement factor E of the
pixels exhibits an approximately linear trend within the
pressure range of 0—1.8 GPa, which was modulated by the
piezoelectric polarization potential, reaching a 1000%
increase at maximum pressure compared to the initial
luminescence intensity. The enhancement factor was
defined as E = (I; —I,)/I,, where I, and I, were the
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luminescence intensity of the pixel under zero and under
applied pressure, respectively. The 2D mapping of pressure
was demonstrated using the convex character 'BINN’ in
Fig. 5D, and the convex character was obtained by ICP
etching on Si. The pressure mapping process (Fig. SE)
reveals that the EL intensity of pixels subjected to pressure
was gradually increased, while the non-pressurized pixels
maintain constant emission. The difference in EL intensity
between pixels was gradually obvious as the pressure
increased, and finally a pixel array display consistent with the
Si convex character pattern was obtained. Figure 5F illus-
trates the mechanical deformation of the QLED array when
subjected to external pressure, demonstrating stress transfer
from the Si MWs array to the CGO functional layer. The
simulation results of the stress in Fig. 5G reveal that when
subjected to pressure, the structure of the Si MWs array
would cause the stress to be concentrated in the part of the Si
MWs that was connected to the QDs layer and the CGO film,
the height uniformity of the Si MWs array ensures that the
pressure is uniformly distributed in each Si MW and the
CGO film, and complete mechanical isolation of non-pres-
surized regions. Uniform array structures of the Si MWs
offered QLED with variable-resolution light-emitting pixels,
while ensuring the CGO’s response to mechanical stimuli as
well as the functionality and reliability of SPCL, further
demonstrating the technology’s potential for integration
with tactile sensing and other interfaces.

4 Conclusion

In summary, we demonstrated a mechanically responsive
QLED array leveraging the unique properties of CGO and
SPCL, which enables the modulation of EL intensity
through external pressure. The QLED exhibits a remark-
able pressure-dependent enhancement in light emission
intensity, achieving a 1000% increase in EL intensity at 1.8
GPa compared to initial state. This special behavior orig-
inates from the mechanoelectronic coupling response of
CGO, which allows them to modulate the height of the
Schottky barrier in response to electric field and pressure,
thus affecting the luminous intensity of pixels in QLED. In
addition, Si MWs were obtained by UV lithography pre-
cision etching processes, yields well-defined Si MWs array
with controllable pixel dimensions, enabling QLED array
to have a resolution of up to 846 DPI. Furthermore, the
process of preparing flexible SPCL is expected to advance
the integration of Si-based materials into flexible sensing
technologies. This work provides a viable approach for the
stress expansion of centrosymmetric oxides and manipu-
lation of the luminescent properties of centrosymmetric
oxide semiconductor-based QLED by applying static
strains, and can be linked to other interfacial effects,
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showing extraordinary potential for applications in the
fields of haptic sensors, MENS, and artificial intelligence.
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