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Abstract
Soft electronics have achieved significant development, attracting substantial interest due to their promising 
potential as a dominant form of future electronics. In this rapidly evolving field, the fully soft Schottky diode plays a 
critical role as a fundamental building block for electronic circuitry systems. These systems, constructed entirely 
from soft materials, can tolerate various mechanical deformations when interfaced with human skin, making them 
ideal for use in health monitoring systems and interactive human-machine interfaces. In this study, we introduce a 
Schottky diode fabricated entirely from soft materials using a facile solution process, further enabling all-printing 
fabrication systems. Utilizing the mechanical softness of poly(3,4-ethylenedioxythiophene) polystyrene sulfonate-
based soft electrode, poly(3-hexylthiophene) nanofibril composite soft semiconductor, and liquid metal, we 
successfully fabricated a fully soft Schottky diode. This diode exhibits exceptional electrical characteristics even 
under various mechanical deformations, showcasing the high durability of the device. We have further developed 
fully soft rectifiers and logic gates, highlighting the versatility of our study. By incorporating these devices with a 
piezoelectric nanogenerator in a skin-interfaced energy harvesting system, they exhibit sufficient capability for 
rectification, ensuring a stable power supply as part of a power supply management system. This approach offers 
substantial potential for future skin-interfaced electronics, paving the way for advanced wearable technology.
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INTRODUCTION
The field of skin-interfaced electronics has gained considerable attention in recent years, recognized for its 
potential to revolutionize society and daily life[1-5]. These devices offer groundbreaking applications, 
including health monitoring[6-9], enhanced user experiences[10-12], and human-machine interfaces[13-15]. Most 
notably, the development of soft diodes is pivotal in advancing these technologies, owing to their crucial 
role in rectification, signal clipping, switching, and various other functions within electronic systems[16,17]. 
Particularly, soft diodes made entirely of soft electronic materials, also known as fully soft diodes, offer 
significant advantages for seamlessly integrating electronics with the soft human body[18-20], clearly 
surpassing traditional diodes whose brittle and rigid nature results in a mechanical mismatch with soft 
tissues. These advantages are especially notable when compared to devices that employ structural 
engineering with non-soft elements, particularly in terms of simplifying the complexity of the device 
fabrication processes such as deposition, lithography, and annealing.

Although there have been efforts to develop flexible diodes for wearable electronics[19,20], these endeavors 
have encountered significant challenges. Primarily, these challenges stem from the complex nature of the 
manufacturing process and the inherent non-softness of materials, which fail to meet the specific 
requirements of skin-interfaced electronic devices. To address these issues, significant advancements have 
been reported, such as fabricating intrinsically stretchable polymer diodes[19,21] and developing fully rubbery 
Schottky diodes[22]. However, fabricating these devices involves either multiple layers, leading to 
cumbersome manufacturing processes, or the laborious task of embedding silver nanowires into elastomers. 
These complexities ultimately limit their scalability and cost-efficiency. Hence, there is an urgent need to 
streamline the fabrication of fully soft diodes. Simplifying this process would not only increase their 
availability but also enhance their effectiveness and usefulness in applications involving skin-interfaced 
electronics.

Here, we have successfully developed a fully soft Schottky diode composed entirely of soft electronic 
materials. This diode incorporates a eutectic liquid metal alloy, specifically gallium-indium, as the cathode, a 
poly(3-hexylthiophene) nanofibril (P3HT-NF) and elastomer-based composite as the p-type soft 
semiconductor, and soft poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) as the 
anode. The strategic selection of these materials was based on their respective energy levels, which are 
crucial for forming appropriate contacts. Specifically, a Schottky contact is formed at the interface between 
the cathode and the semiconductor, and an Ohmic contact is established at the interface between the anode 
and the semiconductor, thereby enabling the functional characteristics of diodes. Furthermore, all 
components can be formed through a solution process, which allows a facile fabrication process of the 
diode, thereby enhancing scalability and cost-efficiency. The fabricated fully soft Schottky diodes exhibit 
impressive electrical characteristics, demonstrating a forward current density of 2.01 × 103 A/cm2 at 3 V and 
a notable rectification ratio (RR) of 6.15 × 104 at ± 3 V. The devices retain their electrical performance even 
when subjected to mechanical strains of up to 30%. Moreover, we have progressed in developing fully soft 
rectifiers and logic gates using these fully soft Schottky diodes. Impressively, these components showcase 
sufficient electrical characteristics even under a tensile strain of 30%. Expanding on this technology, we have 
further demonstrated a skin-interfaced energy harvesting system, achieved by integrating a piezoelectric 
nanogenerator (PENG) with a fully soft diode-based full-wave bridge rectifier. This system reliably offers a 
self-powering process for skin-interfaced electronics that require direct current (DC) power. The 
development of a fully soft diode, enabled by a simple process and device structure, along with integrated 
circuits, has yielded encouraging results. This advancement potentially facilitates the future progression of 
fully soft, skin-interfaced electronic systems.
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EXPERIMENTAL
Materials
PEDOT:PSS (Heraeus Clevios PH1000) was purchased from Ossila. Polyethylene glycol 400 (PEG) was 
obtained from Thermo Fisher Scientific. Dimethylsulfoxide (DMSO; > 99.9%), Tergitol 15-s-9 (tergitol), 
toluene (> 99.5%), regioregular poly(3-hexylthiophene-2,5-diyl) (P3HT; MW = 50,000-100,000), anhydrous 
dichloromethane (DCM; > 99.8%), and gallium-indium eutectic (EGaIn) were acquired from Sigma Aldrich. 
Polydimethylsiloxane (PDMS; Sylgard 184) came from Dow-Corning. Styrene-ethylene-butylene-styrene 
(SEBS, G1657) was purchased from Kraton polymers. Tween 80 was obtained from Duksan Chemicals. 
Fast-drying silver paint (160040-30) was purchased from Ted Pella.

Preparation of the soft PEDOT:PSS solution
The soft PEDOT:PSS electrode was prepared by initially mixing PEDOT:PSS with DMSO in a weight ratio 
of 4% to enhance conductivity[23]. This mixture was then blended with tergitol and PEG in a weight ratio of 
100:1:8. Subsequently, the solution was stirred vigorously for 30 min at room temperature.

Preparation of the P3HT-NFs/PDMS composite solution
P3HT was dissolved in DCM to form a 4 mg/mL solution at 80 °C, then cooled at -25 °C for an hour to 
yield P3HT-NFs[24,25]. The P3HT-NFs solution was mixed with PDMS in DCM (80 mg/mL) at a weight ratio 
of 1:4, producing the P3HT-NFs/PDMS composite, which was then stored at -25 °C.

Preparation of the fully soft Schottky diode, bridge rectifier, and logic gates
The fully soft Schottky diode fabrication process began with preparing soft PEDOT:PSS electrodes. The soft 
electrode was patterned by spin-casting the solution at 500 rpm for 60 s onto an ultraviolet-ozone (UV-O3) 
treated SEBS substrate using a polyimide-based shadow mask prepared with a Silhouette Portrait 3 
programmable cutting machine. The patterned electrode was subsequently annealed at 100 °C for 30 min. 
The P3HT-NFs/PDMS composite was then spin-casted onto the electrodes at 500 rpm for 60 s using a 
polyimide-based shadow mask, followed by annealing at 100 °C for 30 min. EGaIn was applied to the 
P3HT-NFs/PDMS layer using doctor-blading through a polyimide-based shadow mask. The device 
fabrication process is schematically illustrated in Supplementary Figure 1. Depending on the type of device, 
such as a bridge rectifier or logic gates, the soft resistor was fabricated by spin-casting P3HT-NFs/PDMS 
between the lateral gaps of two soft PEDOT:PSS electrodes, following the same method.

Preparation of the skin-interfaced energy harvesting system
The energy harvesting system was constructed using a commercial PENG and a ceramic capacitor, which 
were incorporated into the fully soft bridge rectifier. Copper electric cables and the silver paint were used 
for interconnection to ensure electrical conductivity. For the skin-interfaced system, a soft dry-adhesive film 
was prepared[26]. This preparation involved mixing liquid state [10:1 (w/w) ratio of prepolymer to curing 
agent] with 2.5 wt% Tween 80. To ensure a smooth and consistent adhesive capability, the mixture was 
thoroughly degassed in a vacuum chamber. Afterward, the PDMS mixture was cast onto a glass slide and 
placed in a convection oven at 60 °C for two hours, forming the soft dry-adhesive film. Lastly, the integrated 
system was carefully positioned onto these prepared soft dry-adhesive films.

Characterization of the device and materials
The electrical properties of the fully soft Schottky diode were characterized using a Keithley 4200-SCS 
semiconductor analyzer, Keysight B2912B, and an LCR meter (E4980A, Keysight Technology Inc.) under 
mechanical strain, employing a customized stretcher and programmable stretching machine (Bending & 
Stretchable Machine System, SNM Korea). The rectifiers and OR and AND logic gates were characterized 
with a RIGOL DG4102 function generator and GW Instek GPP-3323 DC power supply. The output voltage 

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202405/ss4003-SupplementaryMaterials.pdf
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of the PENG was measured using a Tektronix TBS 2000B digital oscilloscope.

RESULTS AND DISCUSSION
Fully soft Schottky diode and soft electrode
Figure 1A shows a skin-interfaced 5 × 5 array of fully soft Schottky diodes, consisting of EGaIn, P3HT-NFs/
PDMS, PEDOT:PSS, and SEBS, serving as the cathode, semiconductor, anode, and substrate, respectively. 
Since the device is constructed entirely from soft components, it can be conformally mounted on the 
human body. Furthermore [Figure 1B], it exhibits excellent mechanical durability under various 
deformations. Besides the fully soft nature of the diode, a key advantage of our devices is their simple 
fabrication, based entirely on solution processes such as spin-casting and doctor blading, as schematically 
illustrated in Figure 1C. This approach offers significant potential for enhanced scalability and low-cost 
manufacturing. To achieve a sufficiently low surface energy of PEDOT:PSS for uniform electrode formation 
on the hydrophobic SEBS surface, a surfactant, tergitol [Supplementary Figure 2A], was introduced in 
PEDOT:PSS[27,28]. As the weight ratio of tergitol increases, the contact angle of the PEDOT:PSS solution 
decreases [Figure 1D and Supplementary Figure 2B]. This demonstrates the reduction in surface energy of 
the solution due to the addition of tergitol. Supplementary Figure 3 clearly shows the excellent coating 
quality of the PEDOT:PSS film achieved with this addition. Furthermore, PEG was selected as a plasticizer 
for the PEDOT:PSS-based soft electrode, which is utilized as the cathode in the fully soft diode. PEDOT:PSS 
has high tensile strength which results in low elongation at break, but adding the plasticizer lowers the 
tensile strength and allows higher steretchability[29,30]. Indeed, PEDOT:PSS without PEG demonstrates a 
dramatic increase in resistance under mechanical strain. In contrast, the PEG addition enables stable 
resistance under such strain, particularly when the added amount exceeds 8 w/w. This is evidenced by the 
normalized resistance change in response to mechanical strain [Figure 1E]. While such severe resistance 
change results from the formation of microcracks in the PEDOT:PSS film without PEG, the film containing 
PEG shows no obvious physical damage [Figure 1F]. It is noted that the electrical properties of PEDOT:PSS 
could be further improved by applying additional post-treatment processes to remove the excess insulating 
phase[31]. The optimized soft PEDOT:PSS electrode exhibits saturated resistance hysteresis after the second 
strain cycle [Supplementary Figure 4]. This suggests that the film is excellent for use as a soft electrode in 
fully soft diodes.

Characteristics of fully soft Schottky diode
Figure 2A shows the energy band diagram of the associated electronic materials, which is critical for 
operating the fully soft device as a Schottky diode. While a sufficient Ohmic contact is formed between the 
PEDOT:PSS anode and P3HT, the large energy barrier between the highest occupied molecular orbital 
(HOMO) level of P3HT and the Fermi level of EGaIn creates the Schottky contact between the 
semiconductor and the cathode electrode. This allows for suitable device operation as a Schottky diode. As 
illustrated in Figure 2B, the junction between P3HT and EGaIn causes energy band bending under thermal 
equilibrium, ensuring a constant Fermi level throughout the system. In this case, the recombination of 
electrons from EGaIn with holes in P3HT generates a depletion region, inducing a large energy barrier. This 
barrier is expressed by the built-in potential barrier (Vbi), which impedes charge carrier transport through 
the junction. With a positive potential (forward bias, Vf) applied to EGaIn relative to P3HT, the barrier is 
reduced (Vbi - Vf), facilitating charge transport from the HOMO of P3HT to the Fermi level of the metal, 
enabling electric current flow. Conversely, under reverse bias (Vr; negative potential to EGaIn relative to 
P3HT), an increased energy barrier (Vbi + Vr) at the junction hinders charge transport, thus suppressing 
current flow. Consequently, the fully soft Schottky diodes exhibit typical diode characteristics [Figure 2C].

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202405/ss4003-SupplementaryMaterials.pdf
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Figure 1. Fully soft Schottky diodes enabled by simple fabrication and soft components. (A) An optical image of a 5 × 5 fully soft 
Schottky diodes array (Inset: an exploded schematic illustration of the Schottky diode); (B) Optical images of the diodes array under 
various mechanical deformation of stretching (top), and poking (bottom); (C) Schematic fabrication process of the fully soft Schottky 
diode configured in the diodes array; (D) Contact angle-tergitol weight ratio curves of PEDOT:PSS solution (PEDOT:PSS:tergitol, 100:x, 
w/w) on SEBS substrate; (E) Normalized resistance (R/R0)-strain curves of PEDOT:PSS electrodes under different PEG weight ratio 
(PEDOT:PSS:Tergitol:PEG = 100:1: y, w/w) (Inset: overall R/R0-strain curve); (F) Microscopic images of PEDOT:PSS in the absence of 
PEG (PEDOT:PSS:Tergitol = 100:1, w/w) (top), and the presence of PEG (PEDOT:PSS:Tergitol:PEG = 100:1:8, w/w) (bottom) under the 
mechanical strain of 30%. EGaIn: Gallium-indium eutectic; P3HT-NFs: poly(3-hexylthiophene) nanofibrils; PDMS: polydimethylsiloxane; 
PEDOT:PSS: poly(3,4-ethylenedioxythiophene) polystyrene sulfonate; UV-O3: ultraviolet-ozone; SEBS: styrene-ethylene-butylene-
styrene; PEG: polyethylene glycol.

Figure 2D presents a 5 × 5 array of fabricated fully soft Schottky diodes. These devices exhibit reliable 
characteristics [Figure 2E], with an average RR of 8.91 × 104 and the highest of 2.92 × 105 [Figure 2F]. The 
current density under forward bias (Jf) at 3 V averages 1.72 mA/cm2 and reaches up to 4.32 mA/cm2 
[Figure 2G]. These performance metrics are comparable to those of previously reported soft Schottky 
diodes[19,21,22]. The specific current density-voltage (J-V) characteristics of these devices are provided in 
Supplementary Figure 5.

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202405/ss4003-SupplementaryMaterials.pdf
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Figure 2. Performance of the fully soft Schottky diode. (A) Energy band diagram of PEDOT:PSS, P3HT, and EGaIn; (B) Energy band 
diagram upon applied electrical bias; (C) Representative J-V characteristics of the fully soft Schottky diode; (D) An optical image of the 
diodes array (inset: a magnified optical image of the single device); (E) Calculated RR mapping of the 5 × 5 diodes array; (F and G) The 
statistical distribution of RR (F) and Jf (G) of the array; (H) J-V characteristics of the fully soft Schottky diode under the various 
mechanical strains of 0%, 10%, 20%, 30%, and 0% (released); (I and J) Calculated RR (I) and Jf (J) of the fully soft Schottky diode 
under the mechanical strains of 0%, 10%, 20%, 30%, and 0%(released); (K and L) Calculated RR (K) and Jf (L) of the fully soft Schottky 
diode under the repetitive strain cycles at the mechanical strains of 30%. PEDOT:PSS: Poly(3,4-ethylenedioxythiophene) polystyrene 
sulfonate; P3HT: poly(3-hexylthiophene); EGaIn: gallium-indium eutectic; P3HT-NFs: poly(3-hexylthiophene) nanofibrils; PDMS: 
polydimethylsiloxane; UV-O3: ultraviolet-ozone; SEBS: styrene-ethylene-butylene-styrene; RR: rectification ratio; J-V: current density-
voltage; Jf: forward current density.

The fully soft nature of these devices ensures reliable operation under mechanical strains of 0%, 10%, 20%, 
and 30%, and then releasing back to 0% [Figure 2H]. The diodes also show low electrical hysteresis under 
corresponding mechanical strains [Supplementary Figure 6]. Furthermore, both RR and J values remain 
stable under tensile strain [Figure 2I and J]. It should be noted that the J under different strains was 
calculated considering the geometrical deformation of the active area. Additionally, RR and J values remain 
consistent over 1,000 cycles of 30% stretching and releasing, demonstrating the mechanical robustness of the 
devices [Figure 2K and L]. The stability of the fully soft Schottky diode under mechanical deformation is 

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202405/ss4003-SupplementaryMaterials.pdf
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due to its construction from inherently soft materials, a carefully designed structure that evenly distributes 
strain, and minimized stress concentrations, ensuring intact layer adhesion and consistent electrical 
performance. These features make the fully soft Schottky diodes suitable for future wearable electronics, 
which are designed to withstand various forms of mechanical deformation.

Fully soft bridge rectifier
The primary function of a diode as a rectifier is converting alternating current (AC) input into DC output. 
This function is essential in power supply units, battery chargers, transformers, and numerous consumer 
electronics[32]. Considering these requirements, we have developed a fully soft bridge rectifier for full-wave 
rectification using four fully soft Schottky diodes interfaced by PEDOT:PSS-based soft electrodes [Figure 3A 
and B]. Figure 3C shows the circuit diagram of this rectifier. Its rectification characteristics, under an input 
voltage (Vin) of ±10 V at a frequency of 500 Hz, show a reliably rectified output voltage (Vout) [Figure 3D]. 
The voltage drop in the fully soft bridge rectifier is primarily attributed to the forward voltage of the diodes, 
which occurs when two diodes conduct simultaneously[33]. Additional voltage drops are caused by the 
internal resistance of the diodes and by higher load currents[34]. Figure 3E and F plots the Vout of the devices 
against varying Vin amplitudes and frequencies, demonstrating the reliable performance of the rectifier 
across a wide range of Vin. Detailed characteristics are provided in Supplementary Figure 7.

The fully soft bridge rectifier was further characterized under various tensile strains to evaluate its 
mechanical stability. Figure 3G shows the device under mechanical strain, exhibiting excellent deformability 
without physical damage. Figure 3H presents the rectification results at ± 10 V input and 500 Hz frequency 
under mechanical strains of 0%, 30%, and 0% (released). The Vout values were maintained without significant 
degradation, highlighting the robustness of the device under mechanical strain. Figure 3I and 
Supplementary Figure 8 show Vout corresponding to different input frequencies at a constant Vin of ±10 V 
under 0, 30, and 0% (released) mechanical strains. These results confirm that the fully soft bridge rectifier 
operates effectively under various electrical conditions and can withstand mechanical strain up to 30%, 
making it suitable for diverse applications in wearable and skin-interfaced electronics.

Fully soft OR and AND logic gates
The logic gates are crucial components in various electronic circuit systems, providing Boolean functions 
essential for digital systems[35,36]. Thus, we further demonstrated the functionality of fully soft logic gates, 
specifically OR and AND gates, based on fully soft Schottky diodes. The functional verification of the logic 
gates was conducted by applying biases of 0 and 3 V to the input voltages (Vin, A and Vin, B) of the diodes, 
representing logic input states of 0 and 1, respectively. Figure 4A and B illustrates the schematic and circuit 
diagram of the fully soft OR gate, respectively. Notably, the device exhibits exceptional mechanical 
endurance [Figure 4C]. The electrical characteristics of the fully soft OR gate were evaluated under 
mechanical strains of 0, 30, and 0% upon release [Figure 4D-F]. These results confirmed that a logic output 
state of 0 was consistently observed when both Vin, A and Vin, B were set to a logic input state of 0. In contrast, 
applying a logic input state of 1 to either one or both diodes resulted in a logic output state of 1, regardless 
of mechanical strain. Additionally, Figure 4G and H presents the schematic illustration and circuit diagram 
of the fully soft AND gate. The optical images of the devices, both with and without mechanical strains 
[Figure 4I], highlight their soft and deformable nature. The electrical operation of the AND gate is 
presented in Figure 4J, demonstrating that the logic output state is 1 only when both logic input states are 1. 
This device maintained its logic gate functionality even under a 30% mechanical strain and after the strain 
was released [Figure 4K and L]. The results from these fully soft logic gates, including their mechanical 
stability in standard logic operations, are summarized in truth tables provided in Supplementary Figure 9. 
These comprehensive analyses underscore the robust and reliable functionality of these fully soft logic gates, 
even under variable mechanical stresses.

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202405/ss4003-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202405/ss4003-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202405/ss4003-SupplementaryMaterials.pdf
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Figure 3. Fully soft bridge rectifier. (A) An optical image of the fully soft bridge rectifier; (B) Schematic exploded view of the fully soft 
bridge rectifier; (C) Circuit diagram of the bridge rectifier; (D) Rectified Vout of the fully soft bridge rectifier under Vin of ±10 V at a 
frequency (f) of a 500 Hz; (E) Vout-Vin curves of the fully soft bridge rectifier with various f of 50, 100, 200, 500, and 1,000 Hz; (F) Vout-f 
curves of the fully soft rectifier with various Vin of ± 1, ± 3, ± 5, and ± 10 V; (G) An optical image of the fully soft bridge rectifier under the 
mechanical stretching; (H) Time-dependent characteristic Vout curves of the fully soft bridge rectifier under mechanical strains of 0, 30, 
and 0% (released) (Vin = ± 10 V, f = 500 Hz); (I) Vout-f curves of the fully soft rectifier at Vin = ± 10 V. Vin: Input voltage; Vout: output 
voltage; P3HT-NFs: poly(3-hexylthiophene) nanofibrils; PDMS: polydimethylsiloxane; UV-O3: ultraviolet-ozone; PEDOT:PSS: poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate; AC: alternating current; DC: direct current.

Skin-interfaced energy harvesting system
In the realm of wearable technologies, a reliable power supply plays a critical role in ensuring consistent 
device operation. Owing to the significant inconvenience caused by frequent charging requirements for 
energy storage devices, harvesting energy from daily activities has gained substantial interest as a sustainable 
power source[37,38]. A PENG is one of the promising devices for this purpose, as it efficiently generates 
electrical power by converting mechanical energy from sources such as vibrations or pressure[39,40]. However, 
the AC power generated by PENGs is not immediately suitable for charging batteries or operating wearable 
electronics. Therefore, an appropriate rectifier is essential. Considering its importance, we have further 
demonstrated a skin-interfaced energy harvesting system that integrates a PENG with a fully soft diode-
based full-wave bridge rectifier. This system seamlessly interfaces with the skin [Figure 5A]. The schematic 
exploded view of the system is illustrated in Figure 5B, and detailed system interfaces are presented in 
Supplementary Figure 10. The output voltage from the PENG, induced by finger tapping, clearly shows AC 
potential in the time domain [Figure 5C]. When integrated with the fully soft rectifier, the system produces 
sufficiently rectified output voltages [Figure 5D]. However, this system alone does not provide a stable and 

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202405/ss4003-SupplementaryMaterials.pdf
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Figure 4. Fully soft logic gates based on the Schottky diode. (A) Schematic illustration of the fully soft OR gate; (B) Circuit diagram of the 
fully soft OR gate; (C) Optical images of the fully soft OR gate before strain (left) and after strain (right); (D-F) Vin and Vout of the fully 
soft OR gate under mechanical strains of 0% (D), 30% (E), and 0% (released) (F); (G) Schematic illustration of the fully soft AND gate; 
(H) Circuit diagram of the fully soft AND gate; (I) Optical images of the fully soft AND gate before strain (left) and after strain (right); 
(J-L) Vin and Vout of the fully soft OR gate under mechanical strains of 0% (J), 30% (K), and 0% (released) (L). Vin: Input voltage; Vout: 
output voltage; GND: ground.

smooth DC voltage, which can be further improved by integrating it with a capacitor. In a rectifier circuit, a 
capacitor functions to smooth out pulsating electric signals by storing electrical energy during voltage peaks 
and releasing it during troughs, resulting in a more consistent and stable DC voltage[41-43]. Figure 5E 
demonstrates that the skin-interfaced energy harvesting system, equipped with both a fully soft rectifier and 



Page 10 of Shin et al. Soft Sci 2024;4:22 https://dx.doi.org/10.20517/ss.2024.0313

Figure 5. Skin-interfaced energy harvesting system consisting of a fully soft bridge rectifier. (A) An optical image of the skin-interfaced
energy harvesting system placed on a human hand; (B) Schematic exploded view of the skin-interfaced energy harvesting system; (C-E)
Time-dependent output voltage of the PENG (C), the PENG integrated with a bridge rectifier (D), and the PENG integrated with the
capacitor-equipped bridge rectifier by finger tapping (E). PENG: Piezoelectric nanogenerator; AC: alternating current.

a capacitor, yields a stable DC output from the PENG under finger tapping. These results indicate that fully 
soft Schottky diodes, by efficiently converting mechanical into electrical energy and ensuring a stable/
consistent power supply, can be effectively employed in various skin-interfaced electronic systems that 
require a power management system as an important integral component.

CONCLUSIONS
In conclusion, the fully soft Schottky diode developed in this study demonstrates exceptional electrical 
characteristics, making it highly suitable for various practical applications in skin-interfaced electronic 
systems. Comprised entirely of soft electronic materials, this diode demonstrates not only remarkable 
electrical performance but also exceptional mechanical durability. Unlike many previous works that relied 
on complex components or labor-intensive fabrication processes, our device offers a streamlined, solution-
based process suitable to further all-printing fabrication techniques. This significant advancement addresses 
key challenges in scalability and cost-efficiency in producing such devices. The fully soft Schottky diodes 
maintain their electrical integrity even under mechanical strains and repeated stretching cycles, highlighting 
their robustness. These characteristics enable the extension to fully soft rectifiers and logic gates, showing 
considerable promise for developing wearable electronics through efficient AC to DC conversion and the 
execution of Boolean operations. Moreover, successfully integrating these diodes with a PENG in a skin-
interfaced energy harvesting system further shows their versatility and capacity for powering electronic 
devices. This innovation in fully soft electronics paves the way for the future development of advanced skin-
compatible electronic systems. This technology holds substantial potential to transform the fields of 
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wearable technology and human-machine interfaces, opening new avenues for research and applications in 
this rapidly evolving domain.
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