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Implantable, Biointegrated Optoelectronic Platforms with
Ultrathin Encapsulation Layers as Long-Term Neural
Interfaces

Xi Wang, Lichao Ma,* Yifei Lu, Zhongzheng Li, Fuying Liang, JiZhai Cui, Wei Cheng,
Fan Xu, Zhijin Hou, Yongfeng Mei, Xing Sheng, and Enming Song*

With the increasing demand for advanced biomedical technologies, there is a
pressing need for flexible, integrated systems capable of simultaneously
detecting and stimulating biological processes with high precision and
reliability. In this study, an on-chip integrated flexible electronic system is
successfully fabricated that combines both photoelectric detection and
stimulation functionalities. This system integrates single-crystal silicon
nanomembrane (Si-NM) photodiode array with micro-all-inorganic
light-emitting diodes (µ-ILEDs), achieving comprehensive flexibility and
complete encapsulation. The Si-NM photodiode exhibits broad responsivity
across the visible light spectrum. Observed spatial response variations enable
the detector array to accurately capture spatial information, precisely
determining the position and direction of the light sources. Notably, the
system incorporates an ultrathin thermally grown silicon dioxide (t-SiO2)
biofluid barrier. This barrier ensures stable leakage current in the device
following 120 h of immersion in 90 °C PBS solution, guaranteeing long-term
stability and reliability. Furthermore, this barrier effectively prevents the
infiltration of toxic elements into surrounding tissues, ensuring the safety and
biocompatibility of the implant. By leveraging advanced materials and
manufacturing technologies, this system not only enhances the performance
of optoelectronic devices but also expands their application scope in the
biomedical field, opening new avenues for future biomedical research and
clinical innovations.
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1. Introduction

The integration of photodetectors and
micro-all-inorganic light-emitting diodes
(μ-ILEDs) represents a significant ad-
vancement in modern optoelectronic
technology.[1] This integration facilitates
the efficient detection and emission
of light signals, finding extensive ap-
plications in diverse fields such as
biomedicine, wearable devices, smart
sensors, and flexible electronics.[1b,2]

The photodiode, as a critical compo-
nent, not only excels in photoelectric
signal conversion but also enhances the
versatility and adaptability of system.[3]

While traditional silicon-based photodi-
odes offer advantages such as low cost
and mature fabrication processes, they
exhibit limitations in high performance
applications.[4] Single-crystal silicon
nanomembrane (Si-NM) photodiodes,
an advanced optoelectronic device based
on silicon materials, play a critical role
in modern optoelectronics and semicon-
ductor technology.[5] The ultrathin struc-
ture of Si-NM significantly enhances
electron mobility and photoelectric
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conversion efficiency. The quantum confinement effect at the
nanoscale positively influences carrier behavior, improving de-
vice response speed and sensitivity.[6] Additionally, single-crystal
silicon shows excellent stability, low cost, and well-established
preparation methods, providing a robust foundation for large-
scale production and practical applications.
In the traditional field of bioelectronic engineering, rigid elec-

tronic materials such as silicon wafers, due to their inherent
rigidity and brittleness, struggle to conform perfectly to the
curved surfaces of soft human tissues or skin.[7] This mechan-
ical mismatch causes discomfort for patients and limits the com-
fort and safety of long-term wear or implantation. The advent of
flexible technology has addressed these challenges by enabling
the fabrication of electronic devices that match the flexibility of
the human body.[8] Concurrently, through miniaturization de-
sign, these devices become more lightweight and compact, sub-
stantially enhancing user comfort and biocompatibility.[9] By con-
trolling the dimensions of silicon materials at the nanometer
scale, unique mechanical flexibility can be imparted, providing
an opportunity to fabricate electronic devices on flexible sub-
strates and ultimately achieving the construction of large-area
flexible circuits and systems.[10] Numerous studies have high-
lighted the advantages and potential of Si-NM in applications
such as biosensors and neural electronic interfaces.[11] For exam-
ple, Song’s research group developed a flexible, biocompatible
multifunctional smart contact lens (P&T@DG) utilizing ultra-
thin single-crystal Si-NM (200 nm thick).[11a] Employing flexible
transfer printing and micro-nano fabrication techniques, this de-
vice can rapidly and accurately detect intraocular pressure fluctu-
ations andmonitor ocular surface temperature, facilitatingmulti-
dimensional auxiliary diagnosis of glaucoma. This progress is at-
tributed to the development of flexible transfer technology, which
allows for the precise and efficient transfer of functional ma-
terials like Si-NM from rigid substrates to flexible ones. The
process maintains the electrical properties of Si-NM while en-
dowing the devices with flexibility. Compared to direct growth
methods on flexible substrates, flexible transfer technology typi-
cally gives exceptional film quality and uniformity.[12] By avoiding
high-temperature processing on flexible substrates, this method
prevents potential damage to the substrates, ensuring their in-
tegrity and performance.[12b]

The core of Si-NM transfer technology lies in utilizing specific
process methods, such as chemical etching, laser lift-off, andme-
chanical exfoliation, to separate the Si-NM from its rigid substrate
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(e.g., silicon wafer) and transfer it intact onto a flexible substrate.
This process requires precise control of parameters including
temperature, pressure, and time to guarantee the integrity and
electrical properties of the Si-NM unaffected.[11c] However, impu-
rities are inevitably introduced during the transfer process, which
may compromise the electronic transport characteristics and de-
vice performance.[13] This transfer method faces limitations in
terms of efficiency and repeatability when applies to large-area
film exceeding 5 cm × 5 cm.[14] In order to cope with these chal-
lenges, Rogers research group proposed an innovative strategy:
fabricating the device on a silicon-on-insulator (SOI) structure,
followed by peeling off the prepared Si-NM device along with the
buried oxide layer from the rigid substrate.[15] This approach not
only ensures the pristine photoelectric properties of the single-
crystal Si-NM throughout the entire transfer process but also sig-
nificantly elevates the reliability and consistency of the transfer.
Another key conundrum in the development of flexible elec-

tronic devices is the implementation of effective encapsulation
barriers. These barriers play a crucial role in safeguarding the
long-term isolation of internal components from the surround-
ing environment. Traditional encapsulation methods typically
rely on a variety of organic and inorganic materials,[16] as well
as metals and ceramics.[17] For instance, while polyimide (PI)
and epoxy resins offer superior flexibility, they display relatively
poor barrier properties.[18] Conversely, metals and ceramics pro-
vide robust physical protection but require thick and rigid en-
closures, which limits their applicability to flexible and wearable
devices.[19] To address this issue, researchers have explored the
use of composite structures that combine different types of ma-
terials to achieve a balance between flexibility and protective per-
formance. For example, alternating layers of organic polymers
and inorganic oxides can be deposited on a flexible substrate to
enhance barrier effects.[20] Despite some successes with this ap-
proach, pinholes and defects in the encapsulation layer can still
allow environmental molecules and moistures to penetrate the
device, leading to higher permeability and compromising long-
term stability and reliability. A more novel and promising alter-
native is the utilization of the thermally grown silicon dioxide
(t-SiO2). Studies have demonstrated that the t-SiO2 films with a
thickness of 1 μm exhibit extremely low water vapor transmis-
sion rates, ranging from 10−6 to 10−8 g m−2 d−1 at 25 °C and
100% relative humidity.[21] This remarkable performance makes
it an ideal candidate for biofluid barriers. The t-SiO2 offers con-
spicuous chemical and thermal stability, assuring consistent per-
formance across a wide temperature range. Moreover, t-SiO2 has
exceptionally high transmittance in the visible and near-infrared
bands, typically exceeding 90%, which makes it particularly suit-
able for optical applications.[22]

In this study, we successfully fabricate an on-chip photode-
tector based on a SOI structure and integrate it with μ-ILEDs,
forming an advanced system that combines photodetection and
stimulation capabilities. To achieve overall flexibility and effec-
tive encapsulation, the prepared Si-NM device, along with the
buried oxide layer, is carefully delaminated from the rigid sub-
strate. The Si-NM photodetector demonstrates superior electrical
and optical performance. Furthermore, the device manifests un-
paralleled mechanical deformation resistance, maintaining sta-
ble performance even after exceeding 1000 bending cycles. No-
tably, the thin t-SiO2 film serves as an effective biological fluid
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Figure 1. a) Process flow for the optoelectronic integrated system involving photodiodes and μ-LEDs which are encapsulated by t-SiO2 on a flexible
substrate. (1) The fundamental structure of the SOI serves as the foundation, upon which devices are fabricated utilizing the Si-NM layer. (2) The
photodiodes are fabricated by patterning the Si-NM using processes such as photolithography, thermal diffusion doping, and plasma etching. A bilayer
of Cr (10 nm) and Au (150 nm) is subsequently deposited to form the top metal electrodes. (3) The diluted PI is applied as the device isolation layer
through the spin-coating process. (4) The μ-LEDs are transferred onto the device surface, followed by the deposition of a Cr (20 nm)/Au (500 nm) bilayer
as the metal electrodes. (5) An additional layer of t-SiO2 is transferred to serve as the upper encapsulation layer of the system. (6) A flexible system is
achieved by removing the bulk silicon from the backside via dry etching. b) Illustration of the optoelectronic integrated system encapsulated with t-SiO2.
c) An image of two μ-LEDs operating simultaneously on an integrated device. The inset presents the enlarged optical image of an individual LED. d)
Optical image of the optoelectronic integrated system on a flexible substrate in a bent state (bending radius 10 mm).

barrier, enabling long-term stable implantation characteristics.
This innovative design not only achieves efficient photoelectric
conversion and precise light stimulation but also, owing to its ex-
cellent stability and biocompatibility, is well-suited for long-term
in vivo applications as a reliable implant.

2. Results and Discussion

2.1. The Fabrication Process of a Flexible Integrated Photoelectric
System That Combines Photodetection and Light-Emission
Capabilities

The fabrication method encompasses the production of Si-NM
photodiode arrays, the integration of these photodiodes with μ-
LEDs, a comprehensive encapsulation strategy, and the realiza-
tion of flexibility, as schematically illustrated in Figure 1a and
Figures S1 and S2 (Supporting Information). An optical micro-
scope image of the on-chip Si-NM photodiode array and an en-
larged optical microscope image of a single P–N junction are pre-
sented in Figure S3 (Supporting Information). A detailed discus-
sion of these processes is provided in the Experimental Section.
The fabrication process includes doping, isolation, andmetalliza-

tion steps to form isolated Si-NMphotodiode arrays on a SOI sub-
strate; Diluted polyimide (DPI) bonding, μ-LED transfer printing
via stamp, and metal wiring of μ-LEDs enable the coupling of
the Si-NM photodiode array with μ-LEDs; The transfer of an ad-
ditional t-SiO2 layer and the subsequent removal of the silicon
substrate result in a flexible electronic device featuring double-
sided t-SiO2 encapsulation layers. An exploded-view schematic
illustration of the key functional layers is depicted in Figure 1b.
Figure 1c presents an image of two μ-LEDs operating simulta-
neously on an integrated device. Additionally, the inset depicts
the enlarged optical image of an individual LED. An optical im-
age (Figure 1d) shows the integration of Si-NM photodiode array
with the μ-LED system on a flexible substrate in a bent state (with
a bending radius of 10 mm), demonstrating that this electronic
device enables to conform to surfaces of various shapes and sizes
and particularly suitable for biomedical, wearable, and flexible
electronics applications. Photodiodes are employed for efficient
light signal detection, while μ-LEDs are utilized for light signal
emission. The integration of these two components enables the
system to perform both light detection and emission on a sin-
gle platform, thereby significantly simplifying circuit design and
enhancing the overall integration and reliability of the system.
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Figure 2. a) I–V characteristic curves for the Si-NM photodetector before and after the removal of the backside bulk silicon. b-i) Dark and photocurrent of
16 photodiodes in the Si-NM photodetector array. Inset: optical image of a single device. (ii) the normal distribution statistics results on the dark currents
at various voltages. c-i) Photodetector as a function of voltage under white light intensities of 0.2, 0.4, 0.6, and 0.8 mW cm−2. (ii) I–V characteristic curves
in the −1 to 0 V range (red box in (i)). iii) Photocurrent and dark current of the Si-NM photodetector as a function of white light power at a −0.5 V bias.
d) Comparison variations in the normalized dark current and photocurrent level (0.4 mW cm−2) at −0.5 V bias under different bending diameters (5, 10,
15, 20, 25 mm). Error bars represent the standard deviation derived from three replicate measurements. Inset: optical images of the device at bending
diameters of 10 mm and 25 mm. e-i) Current variation levels during the bending cycle test with a diameter of 10 mm. Error bars represent the standard
deviation derived from three replicate measurements. (ii) Dark currents at −0.5 V bias for 16 photodiodes in the Si-NM photodetector array after 1000
bending cycles.

2.2. Photoelectric Characteristics of the Flexible Integrated
Photoelectric System

Following a series of meticulously designed and executed prepa-
ration steps, we successfully fabricated an array of Si-NM photo-
diodes. Optoelectronic devices must be equipped with outstand-
ing electrical and optical performance as well as sustain stable op-
eration in complex mechanical environments. In particular, en-
suring that the photoelectric performance stays unaffected dur-
ing the pursuit of flexibility and extensibility has emerged as a
critical technical challenge. To address this challenge, we conduct
comprehensive experimental research by comparing the current
(I)–voltage (V) characteristic curves of Si-NM photodetector be-
fore and after removing the backside bulk silicon, as illustrated in
Figure 2a. The results demonstrate that the dark current changes
minimally, the photoelectric current response remains consis-
tent, and the I–V characteristics are similar both before and af-
ter the removal of the back bulk silicon. These findings suggest
that enhancing device flexibility does not significantly impact its
photoelectric properties.
Subsequently, we investigate the uniformity of the flexible pho-

todiode array. Figure 2b illustrates the dark I–V characteristic
curves of the 16 photodiodes within the array, along with a sta-
tistical analysis of the normal distribution of dark currents at

various voltages. The data clearly demonstrates a high degree of
performance consistency among the photodiodes, indicating that
the fabrication process for the array has been highly successful
and yields no observable damage or defects. This conclusion is
further corroborated by the optical image shown in the inset of
Figure 2b–i. The turn-on voltage of the device is as low as 0.5 V,
enabling the photodiode can operate at a reduced operating volt-
age. This feature significantly reduces energy consumption and
enhances operational efficiency. The current switching ratio is on
the order of 105, making sure that the on-state current is substan-
tially higher than the off-state current. This characteristic guaran-
tees high sensitivity and reliable signal detection.[23] The reverse
bias current is on the order of 0.1 nA, demonstrating excellent
dark current characteristics. This low reverse bias current not
merely minimizes noise interference but improves the signal-to-
noise ratio, allowing the photodiode to maintain high precision
and stability even under low-light conditions.[24]

Light illumination exerts a significant influence on the elec-
trical properties of silicon nanofilms, and its mechanism can be
comprehensively analyzed from the following perspectives[25]: 1)
When the energy of incident photons exceeds the bandgap energy
of silicon, electron–hole pairs are generated, increasing the free
carrier concentration; 2) Photogenerated carriers alter the charge
distribution, reducing net charge density and narrowing the
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depletion region width; 3) The narrowing of the depletion region
width results in a reduction of the Schottky barrier height, en-
hancing carrier transport properties; 4) The presence of photo-
generated carriers induces photocurrent and alters the electrical
characteristics of the device; 5) Illumination may also influence
the surface states of silicon nanofilms, indirectly affecting the in-
terface properties. To evaluate the electrical characteristics of the
fabricated Si-NM photodiodes under different illumination con-
ditions, we exposed them to white light with controlled intensity.
The light source utilized in the experiment is precisely calibrated
to warrant consistent light intensity. Figure 2c presents the I–V
characteristic curves under dark conditions and varying light in-
tensities. Under dark conditions, the device exhibits a dark cur-
rent of 0.46 nA at a bias voltage of −0.5 V, indicating the pres-
ence of a small dark current even in the absence of illumina-
tion. This current is primarily attributed to defects, impurities,
or intermediate-level trap states within the material.[26] The pho-
tocurrent increases and reaches saturation at low reverse bias
under white light excitation. The primary cause of the increased
photocurrent under low reverse bias is the expansion of the deple-
tion region and the intensification of the built-in electric field.[27]

These factors collectively enhance the efficient collection of pho-
togenerated carriers, ultimately resulting in the saturation of the
photocurrent. Under a bias of −0.5 V, the photocurrent shows
a distinct linear growth trend with the increasing light intensity
(Figure 2c-iii). Specifically, when the irradiation power is set to
0.2, 0.4, 0.6, and 0.8mWcm−2, the correspondingmeasured pho-
tocurrents are 6.41, 11.9, 16.2, and 20.6 nA, respectively. These
results not only confirm the excellent linearity of the response of
photodetectors to variations in light intensity but even highlight
its consistent performance stability across a wide range of light
intensities, from low to high.
Figure 2d illustrates the variations in normalized dark current

and photocurrent (0.4mW cm−2) levels at a bias voltage of−0.5 V
for bending diameters of 5, 10, 15, 20, and 25mm. Throughmore
than three repeated tests, the device performance sustains highly
stable both before and after bending, irrespective of whether it is
in dark conditions or under illumination. The current levels are
on the order of 10−9 A, indicating remarkable mechanical flexi-
bility and reliability. The inset images in Figure 2d show optical
images of the diode array at bending diameters of 10 mm and
25 mm, respectively. Figure 2e shows the results obtained from
the 10 mm diameter bending cycle. The reference value is estab-
lished as the device current level at a −0.5 V bias prior to bend-
ing. The data demonstrate that, under both illuminated and non-
illuminated conditions, as well as after multiple bending cycles,
the device current is consistent with its performance before bend-
ing. After undergoing 1000 bending cycles, the 16 photodiodes in
the array exhibit minimal dark current deviation at a −0.5 V bias,
indicating that the array maintains stable performance even af-
ter repeated bending. The outstanding mechanical deformation
resistance of Si-NM photodiodes ensures their long-term reliabil-
ity and consistent performance across a wide range of application
scenarios.
The absorption spectrum of Si-NM photodiodes on flexible

substrates in the visible light range elucidates their wavelength-
dependent light absorption characteristics. To achieve a more
comprehensive understanding, we conducted an in-depth anal-
ysis of absorption performance of the device across the visible

spectrum, as illustrated in Figure 3a. In the blue light region
(450–495 nm), the photodiodes exhibit a relatively high absorp-
tion efficiency, primarily due to the significant photon absorp-
tion coefficient of Si-NM within this wavelength range. Addi-
tionally, the sub-nanometer thickness of the PN junction signif-
icantly minimizes surface recombination of photogenerated car-
riers, thereby enhancing the overall absorption performance in
the blue light region. In the green light region (495–570 nm),
the absorption efficiency decreases due to the lower absorption
coefficient of the Si-NM compared to that in the blue light re-
gion. In the red light region (620–750 nm), the absorption ef-
ficiency further diminishes. This reduction is primarily caused
by the insufficient thickness of the Si-NM (on the order of sub-
micron) to effectively absorb long-wavelength photons, allowing
partial penetration of red light and consequently reducing the ab-
sorption efficiency. Based on these findings, we employ the dry
transfer method to transfer blue and green μ-LEDs and system-
atically compare their I–V characteristics (Figure 3b). It is abun-
dantly clear that the I–V curves of both blue and green μ-LEDs ex-
hibit flawless superposition, both prior to and following the trans-
fer process. The turn-on voltages steadfastly maintain a constant
level of 2.5 V, while the electrical performance demonstrates re-
markable consistency. Using a blue μ-LED as the light source and
placing it at various locations on the photodetector array (The re-
sponse curves of the photodetector to varying intensities of blue
light, as well as the corresponding current values at a bias voltage
of −0.5 V, are illustrated in Figure S4, Supporting Information).
By systematically varying the position of μ-LED,we are able to pre-
cisely control the distance between the light source and each de-
tector, enabling a detailed investigation of the spatial distribution
and variation in light response. Based on the I–V characteristic
curve, we generated a light response map of the photodetector
array (Figure 3c). This map clearly illustrates the current varia-
tions in each photodetector as the μ-LED is positioned at differ-
ent locations. Specifically, when the μ-LED is placed at the edge or
corner, the photocurrent response exhibits a pronounced gradi-
ent, with detectors closer to the light source showing stronger re-
sponses and those farther away demonstratingweaker responses.
In the design of optical sensors, adjusting the position of the μ-
LED can optimize the light sensing performance in specific re-
gions to meet diverse application requirements.[28] When the μ-
LED is centered, despite minor variations in response due to ge-
ometric differences, the overall photocurrent distribution across
the array remains relatively uniform, demonstrating consistent
light sensitivity. This configuration is particularly suitable for ap-
plications requiring uniform illumination, such as biomedical
imaging or environmental monitoring, ensuring that all detec-
tors receive light signals of consistent intensity, thereby enhanc-
ing data accuracy and reliability. The observed spatial variations
in response enable the array to recognize spatial information, al-
lowing for precise determination of the position and direction of
the light source.

2.3. Stability and Biocompatibility of the Flexible Integrated
Photoelectric System

Under physiological conditions, stability and biocompatibility are
critical parameters for assessing the performance and safety of
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Figure 3. a) Absorption spectrum of Si-NM photodetectors on flexible substrates in the visible light range. b) Comparison of I–V characteristic curves
of μ-LEDs before and after flexible transfer: the left two panels show blue LEDs, and the right two panels show green LEDs. c-i) Schematic illustration
of placing a μ-LED at the upper right corner of the Si-NM photodetector array. (ii) Light response mapping of the μ-LED at various positions within the
array.

biomedical devices. A significant advantage of this device is its
comprehensive encapsulation achieved through the utilization of
the SOI buried layer and an additional transferred SiO2 layer. To
validate the encapsulation performance, we conduct an acceler-
ated aging experiment and leakage component analysis on the
system encapsulated with t-SiO2. Figure S5 (Supporting Infor-
mation) unveils a schematic of the experimental setup designed
to subject the device to accelerated immersion in a 90 °C PBS
solution, employing a polydimethylsiloxane-based (PDMS) well
structure to precisely confine the solution. Figure 4a reveals the
test results for a 500 nm thick layer of t-SiO2 immersed in the
same rigorous conditions. The leakage current measurements
obtained using the potentiostat reveal that the device maintains
a leakage current below 2.5 nA after 120 h of immersion in PBS.
Figure 4b illustrates the temperature-dependent measurements
of hydrolysis rate of t-SiO2 in PBS at pH of 7.4. The results
demonstrate a strong linear correlation between the hydrolysis
rate and 1/T, consistent with Arrhenius scaling.[29] Data analy-
sis reveals an apparent activation energy of EA = 1.32 eV, corre-
sponding to an exceptionally low thickness change rate at 37 °C
(≈0.04 nm d−1).[30] These finding suggests that a 500 nm thick
t-SiO2 encapsulation layer can guarantee a minimum lifespan of
30 years for the encapsulated devices under physiological tem-
perature conditions. In addition, the results of the leakage com-
ponent analysis indicate that the 500 nm t-SiO2 layer dissolves
uniformly in the 90 °C PBS solution. Prior to complete disso-
lution, no leakage of Cr, Au, and Ga elements is observed within
the device (Figure 4c). This indicates that our photonic integrated
system exhibits promising potential for application as a stable
implant.
Furthermore, cytotoxicity experiments validate the biocompat-

ibility of the device, serving as a complementary assessment to
the in vitro immersion tests conducted using ICP-OES mea-
surements. White light and fluorescence microscopy images of

stained live (green) and dead (red) cells (mouse cardiac fibrob-
lasts, L929) co-cultured with our photonic integrated device for
1 and 3 d are shown in Figure 4d. Figure 4e displays the rel-
ative viability of L929 cells assessed using a cell counting kit-8
(CCK-8) assay. A comparison between the experimental samples
and the control samples (cells cultured without devices) demon-
strates that there is no statistically significant difference in rel-
ative cell viability between these two groups (P > 0.05). This
is consistent with the previous literature reports,[31] which indi-
cate that flexible GaAs photodetectors with ultrathin thermally
grown silicon dioxide layers can be used as chronic biomedical
implants. Subsequently, we carry out in vivo experiments on the
device. Figure 4f presents the experimental image of the device
implanted in the cerebral cortex of a rat. The results reveal that, af-
ter 7 d of implantation, the I–V characteristic curve of the Si-NM
photodiode remains largely consistent with that prior to implan-
tation (Figure 4g), thereby validating the excellent long-term im-
plantability of the device. Furthermore, Figure 4h demonstrates
that, following 7 d of implantation, the performance of the 16
photodiodes on the device exhibit high consistency, substantiat-
ing the stability of the device during this timeframe. It can there-
fore be concluded that the flexible integrated photoelectric sys-
tem, which combines both light detection and emission capabili-
ties, exhibits excellent stability and biocompatibility. These prop-
erties render it highly suitable for use as a reliable implantable
device for long-term in vivo applications.

3. Conclusion

In summary, by integrating an on-chip Si-NM photodetector
based on SOI architecture with μ-LEDs, and leveraging cutting-
edge transfer techniques and advanced encapsulation processes,
we have successfully engineered a flexible device that seamlessly
combines photoelectric detection and stimulation capabilities.
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Figure 4. The working stability and biocompatibility of the t-SiO2 encapsulation system. a) The time-dependent current response of the photoelectric
system immersed in a 90 °C PBS solution. b) Dissolution rate of t-SiO2 in PBS at different temperatures at pH of 7.4. c) Concentrations of Si (i) and
Cr, Au, Ga (ii) as a function of duration immersed in PBS solution (PH 7.4 at 90 °C). Error bars represent the standard deviation derived from three
replicate measurements. d) White light and fluorescence microscopy images of live/dead-stained L929 cells cocultured with the device (bottom) and
without devices (top) as control samples. e) Relative viability of L929 cells as a function of culture time (1 and 3 d), compared with control groups. Error
bars represent the standard deviation derived from three replicate measurements. f) A photograph of the device implanted in the cerebral cortex of a
rat. g) The I–V characteristic curve of the Si-NM photodiode measured before and after 7 d of implantation. h) Dark and photocurrent of 16 photodiodes
in the Si-NM photodetector array after 7 d of implantation.

This innovative device boasts superior electrical and optical per-
formance, along with exceptional resistance to mechanical defor-
mation, enabling it to withstand over 1000 bending cycles. The
observed spatial response variations enable the detector array to
accurately capture spatial information, precisely determining the
position and orientation of the light source. The incorporation of
an ultrathin t-SiO2 biofluid barrier guarantees stable leakage cur-
rent even after 120 h of immersion in 90 °C PBS solution. Fur-
thermore, this barrier effectively prevents the leaching of toxic
elements into surrounding tissues, ensuring the safety and relia-
bility of the device. This innovative achievement holds significant
potential for future biomedical research and clinical applications
and is poised to become a viable candidate for long-term stable
implants.

4. Experimental Section
Fabrication Details: Cleaning Protocol: The preparation process for the

Si-NM photodiode array based on the SOI wafer involved a meticulously
designed cleaning protocol to ensure that the Si-NM, which grown along

the (001) crystal direction with an initial bulk doping concentration of
1015 cm−3 and a corresponding surface resistivity of 13.3 Ω cm, was free
from organic particles, natural oxide layers, and ionic pollutants. The de-
tailed steps were as follows:

1) Ultrasonic clean sequentially with acetone/alcohol/deionized water for
2 min each;

2) RCA 1: Immerse the sample in SC-1 solution (deionized water: 30%
H2O2: 29% NH4OH = 5:1:1) at 70 °C for 10 min to remove organic
contaminants;

3) Buffered oxide etch (BOE, deionized water: HF = 6:1) for 30 s to elim-
inate natural oxide layers formed on the surface of silicon nanofilms;

4) RCA 2: Immerse the sample in SC-2 solution (deionized water: 30%
H2O2: 39%HCl= 5:1:1) at 75 °C for 10min to remove ionic pollutants;

5) Thoroughly ultrasonic clean the sample with deionized water to re-
move any residual solution and subsequently blow dry with a nitrogen
gun.

Manufacturing Process of Si-NM Photodiode Array: The detailed fabri-
cation process for Si-NM photodiode arrays was as follows:

1) Prepare clean samples with the specified dimensions: Cut the n-type
SOI wafer (with a 220 nm thick top Si-NM, a 1 μm thick buried

Adv. Mater. Technol. 2025, e00261 © 2025 Wiley-VCH GmbHe00261 (7 of 10)
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oxide layer, and a 200 μm thick initial silicon substrate) into 2 cm ×
2 cm pieces. Thoroughly clean, followed by blow-drying to ensure clean
surfaces.

2) Thermal diffusion doping: 1) Deposit a 600 nm SiO2 mask on the
Si-NM surface using plasma-enhanced chemical vapor deposition
(PECVD) equipment at a deposition temperature of 350 °C for 8 min;
2) Define the etching window using photolithography technology. Ap-
ply positive photoresist S1813 in hard contact mode with the follow-
ing parameters: spin-coat at 4000 rpm for 30 s, pre-bake at 115 °C for
90 s, expose for 7 s, post-bake at 115 °C for 3 min, and develop using
rx3080 developer for 35 s. Blow dry the sample with nitrogen gas; 3) Re-
active ion etching (RIE) system and BOE solution to define the P-type
thermal diffusion doping region of the Si-NM device. The parameters
were as follows: pressure 50 mTorr, gas flow rate 40 sccm CF4/1 sccm
O2, RF power 100 W for 5 min. Subsequently, immerse the sample in
BOE solution for 2 min to achieve hydrophobicity in the etched win-
dow; 4) Remove the photoresist and blow dry the sample; 5) Perform
thermal diffusion doping using Boron solid source. Pre-diffusion was
conducted in a N2 atmosphere with a flow rate of 1 L min−1 at 960
°C for 15 min, followed by redistribution in at 1100 °C for 35 min in
an ambient atmosphere. Remove the mask using HF. After soaking
the doped SOI wafer in 49% HF for 30 s, the Si-NM surface became
completely hydrophobic.

3) Silicon nanofilm device isolation: 1) Define the device area using pho-
tolithography technology. Apply positive photoresist S1813 in hard
contact mode and expose for 7 s; 2) Isolate the device region using RIE
technology. The RIE parameters were as follows: pressure 100 mTorr,
gas flow rate 15 sccm SF6/3 sccm O2, and RF power 50 W for 140 s;
3) Remove the photoresist and blow off any residue.

4) Metallization: 1) Deposit the electrode material (Cr/Au) using mag-
netron sputtering equipment. The Ar gas flow rate was 19 sccm, and
the pressure was 2 mTorr. Sputter Cr at 130 W for 24 s (resulting in
a 10 nm thickness) and Au at 135 W for 150 s (resulting in a 150 nm
thickness); (2) Define the metallization area using photolithography
with positive photoresist S1813; 3) Perform wet etching of Au and Cr
using their respective etchants; 4) Remove the photoresist and blow
off any residue; 5) Conduct rapid thermal annealing in N2 atmosphere
at 340 °C for 2 min.

Fabrication of Si-NM Photodetectors Coupled with µ-LED: The μ-LEDs
are provided by the Xing Sheng Research Group at Tsinghua University.
The fabrication of thin-film μ-LEDs encompasses several fundamental
steps, including epitaxial growth,microdevice fabrication, release from the
source wafer, and transfer as well as printing onto the target substrate or
circuit. Blue, green, and violet LEDs are generally grown on sapphire sub-
strates with a GaN buffer layer. The GaN buffer layer is decomposed via
laser lift-off, enabling the separation of μ-LEDs from the sapphire substrate
through gentle mechanical force applied at 70 °C. Subsequently, the sam-
ples are immersed in a dilute ammonia solution (1:5 aqueous solution) for
approximately 30 min to eliminate residual gallium. Finally, the thin-film
μ-LEDs are separated from the temporary release tape by heating them
to 120 °C. The detailed fabrication process is referred to the prior pub-
lications of the Xing Sheng Research Group.[32] Then, the integration of
μ-LEDs with the photodiode array is as follows:

1) Apply DPI (PI: dimethyl acetamide (DMAC) = 2.5:1) as the adhesive
layer. Spin coat DPI on SOI wafer containing Si-NM photodetectors
at 5000 rpm for 30 s, followed by a soft bake at 110 °C for 3 min and
30 s to achieve a thickness of approximately 1 μm.

2) Transfer the μ-LED to theDPI substrate using a prepared PDMS stamp.
Prepare the transfer stamp by curing PDMS (base: curing agent = 4:1)
at 60 °C for 24 h, cutting it into the desired shape, and bonding it
to a glass substrate. Lift the μ-LED from the temporary substrate and
transfer it to the designated device position. Place the sample on a hot
plate at 110 °C, then gently release the PDMS stamp at 90 s. Soft bake
the sample at 150 °C for 3 min.

3) Metal wiring of μ-LEDs: Deposit Cr/Au electrodes using magnetron
sputtering technology. Define the metal electrode region using pho-
tolithography and metal etching solutions.

Encapsulation Strategies with t-SiO2 Barriers: The buried oxide layer in
SOI wafer, t-SiO2, served as the back-surface biofluid barrier after device
was fabricated on the top silicon layer and the bulk silicon was removed.
The second transferred t-SiO2 layer as the front-surface biofluid barrier.

A 1 μm thick PI coating and a separate adhesive layer (Kwik-Sil, World
Precision Instruments) were spin-coated onto the second t-SiO2 wafer.
Inductively coupled plasma-reactive ion etching (ICP-RIE, 50 mTorr of
SF6/O2, 40/3 sccm, with RF power of 1200 W) and RIE (50 mTorr of
SF6/O2, 15/3 sccm, with RF power of 100 W) were employed to remove
the bulk silicon, exposing a 1 μm thick t-SiO2 layer as the biofluid barrier
on the PI substrate, which was laminated on a temporary glass plate. A
similar method was used to remove the bulk silicon from the t-SiO2 wafer.
Peeling off the entire sample from the glass substrate resulted in a flexible
electronic device encapsulated by top and bottom t-SiO2 layers.

Characterization: The I–V characteristics under dark and white light
with varying intensities were measured using a probe station and a semi-
conductor parameter analyzer (Keithley 4200A). The leakage current in
PBS solution was evaluated using a potentiostat (CHI600E). The concen-
tration of Si, Cr, Au, and Ga were quantified using inductively coupled
plasma optical emission spectrometry (ICP-OES, Agilent 7800). The vari-
ations in the thickness of t-SiO2 during immersion in PBS solutions at
varying temperatures were quantified using ellipsometry.

Cytotoxicity Evaluation: Following sterilization via ultraviolet irradia-
tion, the photoelectric integrated device was co-cultured with L929 cells
(Procell Life Science & Technology Co. Ltd.) in a constant tempera-
ture incubator at 37 °C for 24 and 72 h, respectively. The cultured cells
were stained using the calcein acetoxymethyl/propidium iodide (AM/PI)
double-stain kit (BB-4126, BestBio) and incubated at room temperature
for 15 min. Fluorescence microscope was employed to capture images of
the stained live and dead cells. To evaluate relative cell viability, the co-
cultured cells were incubated in culture medium supplemented with 10%
CCK-8 solution (IV08-100, Invigentech) for 2 h at 37 °C. The absorbance
at 450 nm, measured using a microplate reader, was used to quantify the
relative viability of the cells.

In Vivo Experiment of Animal Models: All the animal experiments were
approved by the AnimalWelfare and Ethics Committee of the Experimental
Animal Center of Fudan University (Approval Number: 202504001S) and
were conducted under its supervision. All in vivo experiments were per-
formed on 6-week-old male rats. Rats were induced into inhalation anes-
thesia using a 0.5 mL min−1 air flow containing 4% isoflurane. Subse-
quently, the rats were transferred to a stereotactic apparatus and main-
tained under anesthesia via a built-in mask. The ventilation rate of isoflu-
rane was adjusted according to the respiratory condition of the rats. The
skin on the top of the rat’s head was carefully incised using ophthalmic
scissors to expose the skull. A small burr hole was then drilled in the skull
to access the cerebral cortex region. Finally, the device was gently attached
to the surface of the cerebral cortex.
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