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Electronic materials with mechanical flexibility and visual transparency are highly desirable for imperceptible wearable 
electronics that can alleviate wearing reluctance. However, as a well-functioned material in modern electronics, silicon is 
usually rigid and opaque. Here, a novel strategy is proposed to fabricate single-crystalline silicon frameworks (sc-SiFs) 
through alkali etching. The as-prepared sc-SiFs exhibit a minimum bending radius of 6 mm and a light transmittance of up 
to 77%. The remarkable performance results from the unique framework structures, which provide adequate space for 
stress relief and light transmission. By precisely controlling the structural parameters, the mechanical and optical properties 
of SiFs can be easily tailored to meet the diverse requirements of various applications. Despite new properties, sc-SiFs 
preserve the electronic properties of silicon, which makes them good candidates for wearable electronics. As an example, 
imperceptible bending sensors based on sc-SiFs have been constructed to detect physiological activities, including facial 
expressions and swallow. This work provides a scalable method for fabricating flexible and transparent silicon materials, 
which will facilitate the development of imperceptible wearable electronics. 

Introduction
Wearable electronics have attracted intensive attention due to 
their potential applications in healthcare, man-machine 
interaction, and bionic robots.1–5 For instance, electronic skin is 
able to detect human activities across a wide range of limb 
movements in real time.6 Electronic patches can be fixed for 
tracking vital signs of premature infants.7 And bionic skins can 
reproduce skin functions such as touch, pain, and temperature 
perception.8 In these application scenarios, flexible and 
transparent electronic devices with mechanical and visual 
imperceptibility are very desired. Mechanical imperceptibility 
means that the device has good flexibility and can conformally 
contact with skins without a sense of restraint, which benefits 
precise extraction of bio-signals and ensures wearing 
comfort.9,10 Visual imperceptibility refers to the high 
transparency of the device, making it inconspicuous to others, 
ensuring aesthetics and privacy in wearable applications. In 
addition, visual information can penetrate the transparent 
device and be utilized for comprehensive clinical diagnosis.11 

In order to obtain imperceptible devices, the applied 
electronic materials need to be flexible and transparent. 
Extensive research has been conducted to develop flexible and 
transparent electronic materials, such as transparent 
conducting oxides,12–14 metal nanowires (silver and copper 
nanowires),15–17 organic semiconductors,18–20 and 
perovskites.21,22 Although they can be used to fabricate flexible 
and transparent solar cells,23 transparent energy storage 
devices,24–26 transparent soft robot,27,28 transparent heater,29 
transparent air filter,30,31 touch screens,32 displays,33 

photodetectors,34 and other devices,35,36 the challenges of low 
carrier mobility and poor stability still persist in these material 
systems.37,38 In contrast, silicon, as the core active material in 
traditional electronics, exhibits excellent electrical properties 
and stability, but is rigid and opaque, hardly meeting the 
material requirements of the booming imperceptible 
electronics.39,40

To solve the above problems, our group recently developed 
novel flexible and transparent single-crystalline Si frameworks 
(sc-SiFs) by setting up holes in thinned silicon wafers with 
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masked deep silicon etching. The holes provide a space for 
stress relief, which reduces strain concentration and allows the 
frameworks to withstand large bending deformation without 
mechanical fracture.41 On the other hand, the holes allow the 
penetration of light, which makes the sc-SiFs transparent. 
Besides the new features of flexibility and transparency, the sc-
SiFs maintain the electronic property of Si materials and are 
compatible with Si-based device process. This endows the 
capability of fabricating high-performance Si-based flexible 
transparent devices. For example, efficient and transparent 
solar cells based on sc-SiFs with a transparency of 20% and 
energy conversion efficiency of up to 14.5% have been 
reported.42–44 Our group has prepared high-performance sc-SiF-
based flexible and transparent photodetectors, which exhibit a 
record response speed, high responsivity, and high specific 
detectivity.41 Despite these progresses, the reported sc-SiFs 
were fabricated through dry etching, which askes specialized 
and expensive equipment, and the etching area is limited in one 
experiment. Moreover, it causes damage and ion 
contamination on the side walls of sc-SiFs, which will harm the 
device performance.45 These problems hinder the extensive 
research and application of sc-SiFs. Besides, while wet etching 
is a common method for silicon etching, it remains unclear 
whether and how sc-SiFs can be manufactured through wet 
etching. Some issues such as the masking method for wet 
etching, the single-side etching of silicon wafers, as well as the 
morphology and structure control, need to be addressed.

In this work, a scalable method for fabricating flexible and 
transparent sc-SiFs is developed by combining lithography and 
highly efficient wet etching technology. Through the design of 
appropriate experimental setups and procedures, controlled 
fabrication of sc-SiFs was achieved and the impact of 
experimental conditions on sc-SiFs morphology was revealed. 
The as-prepared sc-SiFs exhibit a minimum bending radius of 6 
mm, and a light transmittance of up to 77%. By controlling the 
structural parameters, the flexibility and transparency of the 
SiFs can be tailored to meet the requirements of various 
applications. Moreover, the research demonstrates the 
potential of these flexible and transparent sc-SiFs in 
imperceptible wearable electronics by taking wearable bending 
sensors as an example. The sensors are capable of detecting 
physiological activities, including facial expressions and 
swallow, which is significant for healthcare and human-machine 
interaction. This work provides a new strategy to fabricate 
flexible and transparent silicon materials, which will promote 
the research and application of silicon-based imperceptible 
wearable electronics. 

Results and discussion
The wet-etching fabrication of flexible and transparent sc-SiFs is 
divided into two steps including thinning the wafer and alkali 
etching with patterned silica as the mask. 200 μm-thick, double-
side-polished and oxidized N-type <100> silicon wafers are 
adopted to fabricate sc-SiFs. Before thinning the wafer, a 

Fig. 1 Single-sided thinning of the silicon wafer. (a) Flowchart of thinning. (b) Etching rate in 50 % KOH solution at 95 °C. (c) 3D 
morphology, (d) depth map, and (e) step height of the thinned silicon wafer.
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photolithography process for patterning silica is first conducted 
because thinned silicon wafers are fragile in photolithography 
manipulation. For thinning silicon wafers, a stainless-steel (SS) 
fixture and silicone gaskets were used to protect the photoresist 
pattern on one side and make thinning only occur on the other 
side (Fig. 1(a)). After fixing the silicon wafer with the fixture, the 
oxide layer on the exposed surface was removed with 40% HF. 
The wafer was then etched in 50% KOH solution, which was 
heated to 95 °C in a water bath. The thickness of the sample at 
different etching time was measured and plotted for accurately 
controlling the thickness (Fig. 1(b)). The remaining thickness of 
the sample has a linear relationship with the etching time. 
According to the relationship between single-side etching depth 
and time, the etching rate was fitted as 1.5 μm min-1. The results 
show that the etching rate in our experiment is constant, and 
the thickness of the thinned sample can be effectively 
controlled with etching time. Notably, the etching rate 
increases with the increase of reaction temperature. For 
example, the etching rate is 0.5 μm min-1 at 70 °C, and 1.5 μm 
min-1 at 95 °C. It is beneficial to accelerate the reaction rate and 
reduce the reaction time by adopting the water bath 
temperature of 95 °C. Furthermore, the morphology and 
uniformity of the thinned silicon wafer were investigated with 
three-dimensional (3D) laser confocal microscopy. As shown in 
Fig. 1(c), the sealing area was effectively protected from etching 
by using the fixture and a 16 mm × 16 mm square pit was 
formed due to the etching of silicon wafer. The depth map 
shows that the height of the etched surface is uniform in the 
middle zone of approximately 14 mm × 14 mm, while the height 
fluctuates at the edge zone due to bubbling and the edge effect 
(Fig. 1(d)).46 The height fluctuating can be explained as follows. 
When silicon reacts with alkali, hydrogen is produced (equation 
(1)) and gathers at the edge of the fixture, forming bubbles (Fig. 
S4, ESI†). The production and movement of bubbles will affect 
the etching and lead to the height fluences at the edge zone. 

                                     (1)𝑆𝑖+ 2𝐾𝑂𝐻+ 𝐻2𝑂= 𝐾2𝑆𝑖𝑂3 + 2𝐻2↑

The height-position curve along the diagonal line of the square 
pit further confirms the uniformity of the thinned silicon wafer 
in the middle zone (Fig. 1(e)). Furthermore, a piece of 4-inch 
wafer was etched in the same way (Fig. S5, ESI†). The silicon 
wafer has a exposed circular zone with the diameter of 7 cm. 
After alkali etching, it is found that the height in the middle 
circular zone with the diameter of 6.4 cm is uniform and the 
non-uniformity in height only occurs within 0.3 cm from the 
edge, which is similar to the size of non-uniform zones at the 
edges of 16 mm × 16 mm samples. The edge effect has limited 
impact on the overall thinning. The results indicates that this 
method allows for the acquisition of large-area and uniform 
thinned silicon wafers.

After obtaining thinned silicon wafers, the next step is alkali 
etching with patterned silica as the mask (Fig. 2(a)). The thinned 
silicon wafer is treated in a buffered oxide etchant (BOE) 
solution. With patterned photoresist as the mask (Fig. 2(b)), the 
exposed oxide layer was removed and silicon under them was 
exposed (Fig. 2(c)). Then, the photoresist on the silicon wafer 
was dissolved in acetone. The retained silicon oxide layer 
replicates the pattern of the photoresist (Fig. 2(d)). The retained 
silicon oxide pattern serves as the mask in the next step of wet 
etching. With the patterned oxide layer as the mask, the sample 
was etched again in 50% KOH solution at 95 °C. The etching rate 
of silicon dioxide in KOH is much slower (1-2 orders of 
magnitude) than that of silicon.47 Therefore, the oxide layer 
protected the silicon under them from being etched. In 
contrast, exposed silicon was etched and gradually hollowed 
out (Fig. 2(e)), and sc-SiFs were obtained. It is noted that the 
thickness of the thinned silicon wafer needs to be at least twice 
the thickness of the target sc-SiFs due to the simultaneous 
etching on both sides in this step. The final thickness of sc-SiFs 
is determined by the thickness of the thinned silicon wafer and 
the time of the second-step etching. Though thinner sc-SiFs 
have better flexibility and higher light transmittance, sc-SiFs 
with the thickness less than 10 μm are easy to fracture when 

Fig. 2 Alkali etching of the silicon wafer with patterned silica as the mask. (a) Flowchart of the silica-masked alkali etching. 
Microscopic photographs of the silicon wafer (b) with the photoresist pattern, (c) after the oxide layer at the unmasked region 
removed, and (d) with the photoresist removed. (e) A microscopic photograph of the obtained single-crystalline silicon 
frameworks (sc-SiFs).
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they are taken out from the solution due to the action of surface 
tension. Moreover, they are also fragile during the subsequent 
process of device fabrication. In our experiments, 20 μm is 
almost the smallest thickness to ensure the robustness of the 
sc-SiFs, which was adopted as the sample thickness to balance 
the property and robustness in this work. 

The sc-SiFs were characterized with a scanning electron 
microscope (SEM). The sample is uniform with periodic grid 
structures (Fig. 3(a)). A magnified SEM image shows that the 
surface of the sidewall is smooth without obvious etching 
damage (Fig. 3(b)). In contrast, the sc-SiFs fabricated by dry 
etching have relatively high surface roughness (Fig. S3, ESI†).48 
Therefore, sc-SiFs obtained by wet etching are advantageous 
for photoelectric devices with less surface recombination. The 
sc-SiFs show good flexibility and transparency. A piece of 20 μm-
thickness sc-SiFs can be easily bent with a very small radius of 6 

mm (Fig. 3(c)), which indicates that they have potential for 
devices with mechanical imperceptibility. Moreover, the sc-SiFs 
can be highly transparent and visually imperceptible (Fig. 3(d)). 
The transparency of sc-SiFs is related to their structure 
parameters (Fig. 3(e) and (f)). For samples with a fixed edge 
length of 60 μm, the transparency increases with the decrease 
of the edge width. A high transparency of 77 % was obtained in 
the sample with the edge width of 10 μm. Moreover, the 
transparency for each sample is slightly higher than the hole 
proportion due to the incomplete light absorption of sc-SiFs 
(Fig. 3(f)).49 The results imply that the transparency of sc-SiFs 
can be rationally controlled by changing the hole proportion 
with structure parameters. The minimum edge width is set as 
10 μm, and the corresponding transmittance of the sample is 
77%. Higher transmittance (i.e. smaller edge width) will lead to 
increased fabrication complexity, because the edge with 

Fig. 3 Characterization of the morphology and properties of sc-SiFs. (a, b) SEM images of sc-SiFs at 45° oblique angle at different 
magnifications. (c) Optical image of a 20 μm-thick sc-SiFs bent between tweezers and (d) a 20 μm-thick sc-SiFs on rose. (e) Transmittance 
of sc-SiFs with different edge widths in the visible wavelength range. (f) Transmittance at 500 nm wavelength and hole proportion of sc-
SiFs with the same edge length of 60 μm and different edge widths.
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smaller width is easy to be excessively etched or fracture when 
they are taken out from the solution due to the action of surface 
tension. 

During the etching process, the crystal orientation of the 
silicon wafer plays a crucial role in determining the etching 
morphology. For alkali etching, the etching rates vary with 
different crystal orientations. The etching rate is fastest along 
the (110) crystal plane,50 resulting in preferential etching along 
this crystal plane. When the edge directions of the photoresist 
and silica pattern are along <100> crystal orientation on the 
wafer surface, they are parallel to the (110) crystal plane of the 
silicon wafer. In this case, the morphology of etched sc-SiFs on 
the top surface is consistent with the silica pattern. However, 
because the top surface of the used silicon wafers is (100) 
crystal plane, it has 45° angles with the sidewalls of the (110) 
crystal planes (Fig. 4(a1)). When the edge direction of the 
photoresist and silica pattern is not parallel to the (100) crystal 
plane of the silicon wafer, the morphology of etched sc-SiFs 
deviates from the silica pattern due to the crystallographic 
selective etching. As the angles between the edge direction of 
the silica pattern and the <100> crystal orientation of the wafer 
surface were set as 15°, 30° and 45°, the morphology of sc-SiFs 
and the silica pattern show similar angles of rotation (Fig. 4). 
The results provide a new route to finely control the 
morphology of sc-SiFs by adjusting the pattern angle. Moreover, 
it is also indicated that the pattern direction should be paid 
special attention for obtaining sc-SiFs with designed 
morphology. In order to obtain good alignment, programmatic 
laser cutting was used to cut the silicon wafer in directions 
parallel to and perpendicular to the positioning line of the (110) 
silicon wafer. In the lithography process, the masking pattern is 
designed with the same square area of 2.0×2.0 cm2 as the silicon 
wafers. The masking pattern and the silicon wafers are carefully 
aligned to match each other.

The potential applications of the flexible and transparent sc-
SiFs in mechanically and visually imperceptible electronics were 
demonstrated through fabricating wearable bending sensors to 
detect emotion and body action.40 Sc-SiFs with an edge length 
of 60 μm and width of 10 μm were chosen as the active 
materials in account of their high transparency. A 100 μm-thick 
PDMS layer was used as the substrate and encapsulation layer, 
and 25 nm-diameter Ag nanowire networks were used as 
transparent electrodes (Fig. 5(a)). With a total thickness of 200 
μm, the sensors can be clamped and transferred with tweezers. 
With the encapsulation of PDMS, the silver nanowires form a 
robust conducting network on both ends of the sc-SiFs to 
ensure reliable electrical contact (Fig. 5(b) and (c)). As a kind of 
silicon materials, sc-SiFs have piezoresistive effect.51 The basic 
response of the relative change of resistance (ΔR/R0) to 
deformation was investigated through bending the device at 
different bending radii and applied different pressures on it (Fig. 
5(d)). The electrical current of the device at a constant voltage 
increased when the device was bent (Fig. 5(e)). The results 
indicate that the absolute value of the relative change in 
resistance decreases with the increase of the bending radius 
and the fitting curve shows an inverse proportional relationship 
(Fig. 5(f)). When different pressures are applied on the device, 
the relative change of resistance decreases with the increase of 
the pressure (Fig. S6, ESI†). The standard curve of the 
relationship between the relative resistance change and the 
strain was obtained through calculating the strains 
corresponding to different bending radii (Fig. 5(g)). The relative 
change in electrical resistance of the sc-SiFs sensor decreased 
linearly with the increase of strain. The gauge factor (

) represents the sensitivity of the sensor and is 𝐺𝐹= (∆𝑅 𝑅0) 𝜀
calculated as -17 according to the slope of the fitting line. The 
negative gauge factor is consistent with the piezoresistance 
effect of n-type silicon.52 The resolution of the sensor (R) 

Fig. 4 SEM images of the morphology of sc-SiFs with different lithography directions. (a, a1) The mask direction is parallel to the silicon 
wafer orientation. (b, b1) The angle between mask direction and silicon wafer orientation is 15 °. (c, c1) The angle between mask direction 
and silicon wafer orientation is 30 °. (d, d1) The angle between mask direction and silicon wafer orientation is 45 °.
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referred to be minimum strain signal that can be detected and 
is calculated as 0.02% strain according to Equation (2).

                                          (2)𝑅= 𝜎 𝐺𝐹
where σ is the standard deviation of 0 strain measurement.  The 
stability of the sensor was measured through cyclically testing 
its response to bending at a 12.5 mm radius for 9 days with 60 
cycles per day (Fig. 5(h)). The signals of the sensor kept stable in 
the total 540 loading and unloading cycles, indicating good 
stability. With the features of high flexibility and transparency, 
the sensor can conformally contact with skins without a sense 
of restraint and is visually inconspicuous (Fig. 5(i)). Three 
devices were adhered to the skin around the corners of the 
eyes, the skin near the corner of the mouth, and the neck skin 
for the detection of blinking, smiling, and swallowing, 
respectively. It is important to consider the motion artifacts and 
false signals that can be caused by poor adhesion and conformal 
contact.53,54 In our experiments, the skin secretion can help 
eliminate the air between the device and the skin, enabling the 
attach of the sensor on the skin under the action of atmospheric 
pressure. For the applications of emotion and swallow 
detection, the skin in the attached positions of the face and 
neck mainly undergoes large-radius bending. Due to the above 
reasons, the sensor can keep conformally contact with the skin 
in these applications and effectively detect the emotion and 
swallow. The devices in Fig. 5(i) were not connected to other 
electrical wiring and exhibit the concept of transparent devices 
based on sc-SiFs. In the practical testing process, the two ends 
of the device were conducted out with elastic silver pastes and 
two 25 μm-diameter silver wires. Nevertheless, it is believed 
that all-transparent wearable systems can be realized through 
integrating with transparent power sources and transparent 
signal processing and transmission devices. Constant voltages 
were applied to the devices, and the currents were recorded 
and transferred to the relative change in resistance. As shown 
in Fig. 5(j) and (k), the ΔR/R0 obviously decreased with eye 
blinking and smiling, and then recovered as the actions stopped. 
The relative change of resistance can be attributed to the 
deformation of the skin and the attached devices induced by 
the actions. Swallow was monitored by the sensor adhered to 
the throat. In the test, swallow amplitude got stronger with the 
decrease of saliva when continuously swallowing. As a result, 
the swallow peak values of ΔR/R0 gradually decreased (Fig. 5(l)). 
The results indicate that the imperceptible wearable bending 
sensors can be effectively applied to detect emotions and tiny 
motions. It is noted that the detection of blinking, smiling and 
swallowing is significant for healthcare and communication. For 
example, the average frequency of human blinking is 12 times 
per minute. An abnormal increase in blinking frequency may be 
related to conjunctivitis, xerophthalmia, or attention deficit 
hyperactivity disorder (ADHD).55–57 Both blinking and smiling 
are also forms of human body language and ways of emotional 
communication. In addition, the monitoring of swallow 
amplitude can be used to reflect inhaled by mistake, choking 
water, or airway obstruction of vegetative patients and help 
save their lives.58–60

Conclusions
In conclusion, this study has introduced an innovative strategy 
for the fabrication of flexible and transparent sc-SiFs by using 
wet etching, addressing the limitations posed by traditional 
rigid silicon in wearable electronics. The prepared sc-SiFs exhibit 
a minimum bending radius of 6 mm and a remarkable light 
transmittance of up to 77%. By precisely controlling the 
structural parameters, it is possible to tailor the flexibility and 
transparency of SiFs to meet the diverse requirements of 
various applications. Furthermore, the immense potential of 
the flexible and transparent sc-SiFs in the development of 
imperceptible wearable electronics was demonstrated by 
taking the wearable bending sensor as an example. The sensor 
has been successfully fabricated and implemented to detect 
facial expressions such as blinking, smiling, and swallowing, 
which are significant for healthcare, human-machine 
interaction, and various other fields. This work provides an 
efficient and scalable method for fabricating flexible and 
transparent silicon materials, which will provide a new material 
choice for imperceptible wearable electronics.

Experimental section
Fabrication and characterization of sc-SiFs

Sc-SiFs were fabricated from double-side polished and oxidized, 
200 μm thick, 1–10 Ω·cm, n-type, (100)-oriented Si wafers. The 
Si wafer was cut into 2.0×2.0 cm2 pieces. A photoresist mask for 
patterning oxide layer was formed through spin-coating 
photoresist (AZ 4620), exposure and development processes. 
Then, the wafers fixed by fixtures with single-side square 
window were immersed in 40% HF solution for 36 s to fully 
remove the oxide layer on the side without the photoresist 
pattern, and a bare Si window (1.5×1.5 cm2) was obtained. 
Following that, the wafer was etched in 50% KOH solution at 95 
°C for 90 min and the thickness of the wafer was reduced to 65 
µm. Next, the sample was released from the fixtures. The side 
with photoresist pattern was immersed in a BOE buffered 
etching solution for 4 min to fabricate patterned oxide layer. 
After that, the sample was etched in 50% KOH solution at 95 °C 
for 15 min to obtain sc-SiFs. Last, the sc-SiFs underwent multiple 
cleaning processes, including rinsing, ultrasonic cleaning, and 
soaking, to reduce excessive residues in experiments. The 
structures and morphologies of the sc-SiFs were characterized 
by using SEM (Hitachi, SU5000). The transparency of the sc-SiFs 
with different structure parameters was measured using 
ultraviolet-visible spectrophotometer (Hitachi, U-3900).

Fabrication and characterization of wearable sc-SiFs sensors

Wearable sc-SiFs sensors were fabricated on quartz plates 
cleaned by acetone, deionized water and ethanol, respectively. 
First, a fluorine-containing hydrophobic solution (DELO) thin 
layer was spin-coated on the quartz plate to facilitate the final 
stripping. Second, a polydimethylsiloxane (PDMS, Sylgard 184) 
layer was spin-coated on the quartz plate at 1000 rpm for 30 s 
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and baked at 100 °C for accelerated curing. After the solidifying 

Fig. 5 sc-SiFs-based bending sensors for wearable applications. (a) Schematic of the device structure of the wearable sc-SiFs bending sensor. 
(b) SEM image of the sc-SiFs bending sensor. (c) SEM image of the silver nanowire electrodes on the sc-SiFs bending sensor. (d) 
Experimental setup for applying bending strain on the sensor. (e) Electrical current of the device attached on cylinders with different radii. 
(f) Relationship between the relative change of resistance and the bending radii. (g) The relative change in resistance of the sc-SiFs sensor 
at different strains. (h) Long-term stability of the bending sensor. (i) Digital photos of the sensors attached to different parts of the human 
body for sensing various signals. (j) Blinking bending strain sensing data. (k) Smiling bending strain sensing data. (l) Swallowing bending 
strain sensing data. 
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of PDMS, the sc-SiFs were placed onto the PDMS substrate. 
Fluorine-containing hydrophobic solution (DELO) was drop-
coated on the intermediate part of the current substrate 
including the sc-SiFs and dried to form hydrophobic surface. 
After that, the ethanolic solution of Ag nanowires (25 nm in 
diameter and 20 μm in length) was spin-coated to form 
networks suspended on the two ends of the sc-SiFs as 
transparent electrodes. Eventually, another layer of ultrathin 
PDMS was spin-coated on the top of the device for 
encapsulation. The morphology of the silver nanowire 
electrodes was characterized by using SEM (Hitachi, SU5000). 
All electrical measurements of the wearable sc-SiFs sensors 
were performed using a semiconductor electrical test and 
analysis system (LinkZill, LK-TFT-IV).

Stability testing of the wearable sc-SiFs sensors

One end of the sc-SiFs sensor was attached to the surface of a 
semi-cylinder with the radius of 12.5 mm, and the other end of 
the sensor was connected to a mechanical arm keyboard 
clicker, which drove this end of the sensor to attach and 
separate from the surface of the semi-cylinder. For each cycle, 
the sc-SiFs sensor was kept attaching on the surface for 3 s, and 
then recovered to the unbent state and was kept for 7 s. At the 
same time, the current under the fixed voltage of 2 V was 
measured in real time by a source meter (Kelthley 2636B). The 
test lasted for 9 days with 60 cycles per day. 

Note: The experiments involving human subjects were 
performed with the full consent of the participants.
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