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last decade.[1–8] SMH offered mixed con-
duction of electronic and ionic charge 
carriers,[4] desirable electric properties 
(charge carrier mobility >3  cm2 V−1 s−1, 
work function >5  eV,  high Seebeck coef-
ficient >10 µV K−1),[7]   intriguing electro-
active and mechanical properties[2,3b] for 
practical possibilities in wearable elec-
tronics, health monitoring or care sys-
tems.[4,5] Its intrinsic viscoelasticity and 
self-healing ability[9] alleviated the trouble-
some mismatch issues for man–machine 
interfaces or e-epidermis beyond those 
brittle metals. Versatile SMHs allowed 
chemical modification/grafting on its 
molecular chain,[1,3] acid/bases doping,[1c,d] 
thermal treatment,[6b] electrochemical 
gelation,[10] oxidative chemical vapor depo-
sition, or worked as a carrier for doping 
nanofillers.[11,12] Besides, as was known, 
corrosive environment (acid,[1] alkali, or 
humidity), polar solvents,[6,9] and high 
temperature[7] were the least-inviting con-
ditions for metal electronics, but they 
enhanced SMHs for better electric con-
duction, TE properties,[7] or self-healing[9] 
instead of performance degradation.

Myriad effective synthesis strategies or fabrications were 
invented to fully unleash SMHs potential via electrochemical 
gelation,[10] pen lithography,[12] or spray ejecting.[13,14] However, 
the fabricated SMH electronics still took the rough macroshape 
(resolution at a sub-millimeter level by the latest 3D printing 
technique[2]) or planar-like films[11] without customizable geom-
etries at high freedom. Bulky SMH electronics lost ultrafine 
function programmability and were physically inaccessible to 

Semiconductive hydrogels denote a strategically valuable platform associ-
ated with interdiscipline fields by double advantages of metals and organisms 
(eco-friendliness, structural flexibility, mixed conduction, real-time responsive-
ness, scalable fabrication, and chemical stability). Nevertheless, the orthodox 
chemical/physical methods processing hydrogels yield planar-like layers or 
rough structures without ultrafine feature size or manipulative performance, 
falling short of µ-robotics, µ-electronics, or n-energy industries. Thereby, scaling 
the device’s volume down and unleashing material’s potential become crucially 
important for broadband applications. A femtosecond laser lifting-off technique 
is synthesized with self-assembly to break conventional volume/resolution 
limitation, enlarge the geometry-design capacity, and desirable electricity con-
duction for micro/nanosituations. Low-dimensional high-performance nano-
wires, electric circuits, ultrathin interdigital capacitors, manipulative photon 
filters, and metasurfaces are functionalized here. The repeated experiment 
concludes a high-density integration ability with a subminiature size down to 
10 × 10 × 0.02 µm3, tunable electric conductivity up to 1.17 × 105 S m−1, and 
areal capacitance >16.2 mF cm−2 for energy storage higher than those electro-
chemical double-layer ones. Large geometry capacity with nanometric resolu-
tion provides access to future-perspective optoelectronic products, n-energy, 
bioneural recordings, or interfaces of embedding conditions.
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1. Introduction

Hydrogel electronics (constructed on solution-processable sem-
iconductive hydrogel with p-electron delocalization)[1] promised 
numerous biological applications,[2,3] e-skins,[4] sensors,[5] bioel-
ectrodes,[6] thermoelectric (TE),[7] capacitors,[8] and spintronics. 
This champion material, semiconductive hydrogel (SMH),[3,6] 
radically rebuilt our conceptions of modern electronics in the 
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the embeddable applications.[11–14] However, the spatial resolu-
tion of central processing units (CPUs) was <22  nm in inte-
grated electronics, interspacing width <50  nm, the current 
density of transistors approached 106 mm−2, and the number of 
electric components in logic circuits exceed 104 mm−2. The SMH 
applications[1–13] lagged far beyond Moore’s law,[14b,c] falling 
short of the fast-developed n-electronics,[14c]  µ-mechanics,  
and n-photonics. Resultantly, it remained technologically chal-
lenging to integrate SMH at high density, which stifled its rapid 
innovations and broadband applications.

Unfortunately, SMH naturally lacked the vital moieties[15] 
that be readily crosslinked by ultraviolet lithography or two-
photon polymerization.[16] Thus, SMH got perennially prohib-
ited from optically transferring complex patterns onto chips. 
To break these geometry/resolution limitations and radically 
functionalize SMH, a facile multiprocess femtosecond laser 
lifting-off (fs-LLO, Figure 1; Figure S1, Supporting Informa-
tion) incorporating with self-assembly was demonstrated to 
tailor SMHs geometries, dimensions, and properties. The mul-
tiprocess fs-LLO inherited advantages of material and the high 

efficiency of laser processing, scaled device volume down, and 
boosted their optoelectronic performance by micro/nanoge-
ometries. Then, measurement confirmed the high performance 
of nanostructured interdigital capacitors, electrical circuits, 
photon filters, and metasurfaces. All devices exhibited desirable 
utility concerning real-time responsiveness, energy conversion 
behaviors, surface properties, soft mechanics, and high spatial 
resolution that were formidable to 3D printing techniques.[12–14]

2. Results and Discussion

The blended poly(3,4-ethylenedioxythiophene) 
(PEDOT):poly(styrenesulfonate) (PSS)[1] stood out among con-
ductive polymers due to its multitude merits of hydrogel nature 
(Table S1, Supporting Information),[3,6] low thermal conduction 
(<0.3 W m−1 K−1),[18] high power factor (10–400 µW m−1 K−2),[19] 
easy patterning, and optical clarity (>90% at a thickness of 
<30  nm).  Herein, we blended PEDOT:PSS solution with 
small-molecule tetrahydrofuran (THF, boiling point ≈65.4 °C), 

Figure 1. A schematic of the multiprocess fs-LLO nano/microengineering to scale down semiconductive hydrogels. Hydrogel precursor was balanced 
by self-assembly. Femtosecond laser pulse hit the spinning-coated precursor film on the substrate to lift off unwanted regions. After thermal annealing, 
the semicrystallized hydrogel presented a high-conductive nanostructure with π-stacked CNTs on SMH film, polymeric chains, and CNTs.
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single-wall carbon nanotube (CNT),[11,16,17] and tosylate (0.05 wt%)  
based on miscibility. The hydroxyl-grafting CNTs (Young’s 
modulus >  0.8 GPa,[19] area >1000 m2 g−1, thermal conduction 
>3000  W m−1 K−1) unveiled uniform dispersion due to π–π 
interaction.[20,21] THF interconnected PSS molecules through 
hydrogen bonding.[15,22] Self-assembly generated a homoge-
neous precursor solution after balancing all interactive effects.

Physical/chemical properties of the in-solution PEDOT  
precursor varied a lot through our modification. Stiffness 
(Figure S2, Supporting Information) and Young’s modulus 
(0.05–0.27 MPa) got noticeable improvement if heated or adding 
more CNTs (from 0.12–0.57 to 3.1–22.6 MPa when crystallized 
film with CNT)). Thicker SMH nanocomposite precursor pre-
sented dark blue (Figure S3, Supporting Information), in other 
words, the optical clarity[1c,5a,6b] depended on the thickness from 
rotation speed (Figure S6, Supporting Information). Adding 
THF to 0.4 wt% shifted its UV absorption ratio in the 400 to 
1000 nm range (Figure S4, Supporting Information). The rapid 
thermal annealing (135 °C) decreased the surface energy (water-
contact angle altered from 52.7° to 108.2°, seen in Figure S5, 
Supporting Information).

The schematic procedure of the multiprocess fs-LLO con-
tained three stepwise operations (Figure S1, Supporting Infor-
mation). Step 1. In-solution self-assembly[20–22] turned the 
mixture into a homogeneous precursor by balancing intermo-
lecular forces.[21] Tosylate (0.05 wt%) enabled the long chain 
of PEDOT molecules to congregate by physical crosslinks to 
stabilize holes through local charge neutralization.[23] Step 2. 
Spin-coating prepared the ultrathin SMH film on substrates 
(Figure S6, Supporting Information) at controllable thick-
ness. Pulsed laser beam got MHz acoustic-optical modulation 
as an invisible dicing knife[24,25] to hit spin-coated film at the 
predesigned trajectories. Step 3. Heating or thermal annealing 
dedoped the residual volatile THF, insulative PSS, and water 
off for more crystalline PEDOT-rich domains.[1b,6b]

Fs-LLO overcame thermal interaction issues[26–28] as a non-
contact ultrafast transfer route (Equations (S1)–(S5), Supporting 
Information) with huge design space,[25] and broke the curb 
of generic 3D printing[2,29] for delicate micro/nanostructures. 
Multifunctional SMH geometries were prototype designed and 
rapidly fabricated on ultrathin SMH film. The as-fabricated 
SMH nanowires (Figures S7a and S8, Supporting Information) 
exhibited ultrafine dimensions (linewidth <  50  nm, rough-
ness < 5 nm, thickness < 20 nm) even at a high laser-scanning 
speed of 2  mm s−1. The entire fabrication required no sacrifi-
cial layers, tedious transferring platforms, vacuum chambers, 
masks, or molds of conventional imprinting technologies. 
Moreover, thermal annealing formed PEDOT-rich domain with 
hybrid hydrogel/crystal/CNT construction (investigated by 
XRD test showing a more crystalline process[18c–f ] in Figure S10, 
Supporting Information). CNTs interacted with the conjugated 
polymers in PEDOT rich phases (Figures 2a and 3b) to provide 
a mixed electron/hole transporting path.[23,30]

2.1. Semiconductive SMH Nanowires

Sub-micrometer voxel (laser focus radius <  0.3  µm through 
a large-N.A. oiled 100× objective lens) of fs-LLO guaranteed 

a nanometric edge roughness (Videos S1 and S2, Supporting 
Information) in fabricating straight or curvy 1D nanowires 
(Figure  2b; Figure S7a, Supporting Information). The large 
surface-to-volume ratio increased the surficial interface contact 
with ethanol/glycol, which separated PEDOT from PSS for more 
compact nanochannels. Nanowires were customized here and 
micrographed by three methods: an atomic force microscope 
(Dimension Edge, Bruker Nano Surfaces, Figures S7 and S8,  
Supporting Information), a digital laser confocal microscope 
(LCM, Keyence VHX-7000, lateral resolution < 4  nm, longitu-
dinal resolution < 1 nm, Figure 2b), and a field-emission scan-
ning electron microscope (SEM) with energy-dispersive X-ray 
spectroscopy (Edx, Figure S12, Supporting Information), the 
measured linewidth reached 47.2, 48.3, and 44.7 nm (Table S2, 
Supporting Information), respectively, promising a practical 
integration density of >2 × 105 cm−2 processing SMH materials 
with enough interspace to avoid short circuit from occurring.

A visual Raman mapping technique (resolution of each pixel, 
in extracting 1441 cm−1 peak characteristic of PEDOT CC 
backbone) reflected out the material distribution on a footprint 
area of 5 × 5 µm2. PEDOT was highlighted as brilliant blue 
(Figure  2b, Supporting Information) by inelastic scattering of 
photons in straight lines, black blank indicated the lifted-off 
area without residue. In spectra (Figure S13, Supporting Infor-
mation), the precursor spectrum portrayed all characteristic 
peaks of used hydrogel. After thermal annealing, PEDOT fea-
ture blue-shifted, magnified, and overwhelmed CNT, THF, and 
PSS, implying PEDOT eventually dominated the electric prop-
erties of SMH, and concentration of THF and PSS was signifi-
cantly reduced by thermal annealing.

The virtuosity of modeling tools (AutoCAD, UG, or Solid-
works) allowed fs-LLO to transfer complex layouts to substrates 
taking only a few minutes much faster than 3D extrusion or 
lithography of taking hours for simple patterns. Ubiquitous 
curvilinear electric circuits (Figure  2c; Figure S7b, Supporting 
Information), meandering patterns, and even specific microscale 
letters (“electrically semiconductive hydrogel” in Video S3 of the 
Supporting Information, “ PEDOT:PSS” in Figure 2d; Figure S14 
and Video S4, Supporting Information) were single-step fabri-
cated and identified. The flexibility of multiprocess fs-LLO offered 
more geometry-based functions outperforming those simple 
planar layers or films for nanostructured semiconductive devices. 
Beneficially, no apparent circuit-opening, overlapping, cracking, 
breakage or collapse occurs in these structures even after three-
turn thermal annealing (constant 135 °C) for 20 min each turn.

To investigate electric performance, we first tested Seebeck 
coefficient[31] of SMH film from 20 to 150  °C (by NETZSCH, 
SBA-458), increasing from 8.81 to 15.3 µV K−1 at top at low-con-
centration of THF without CNTs, and declined to 14.32 µV K−1  
at 145  °C (Figure S15, Supporting Information). Increasing 
concentration of THF and CNTs here predicted a higher See-
beck coefficient and better TE function (Seebeck coefficient  
≈29.3 µV K−1). However, the self-assembling effect and aggre-
gated CNTs devastated the nanometric fabrication by the 
dopant-induced morphology modulation (Figure S11, Sup-
porting Information).[7b–f,34] To satisfy the volume/resolution 
requirement for broad micro/nanoapplications, we abandoned 
the heavy-doping strategy for TE properties (Seebeck coeffi-
cient exceeding 200 µV K−1),[7,15,18] which modulated molecular 
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 morphology to damage nanometric geometric features (Figure S9, 
Supporting Information).

Subsequently, a Keithley semiconductive parameter ana-
lyzer (Agilent, B-1500) figured out a current threshold voltage 
at 4.1  and 3.4  V for hydrogel and crystalline states, the weak 
current skyrocketed at a sharp slope if an applied voltage 
exceeding a threshold (Figure 2e) or adding alcohols. The tun-
able electric conduction by dropping acid/bases, ionic liquid 
or heating could be recorded from peripheral circuits as an 
environment sensor (Figure  2f). The electric conductivity of 
SMH film shifted to 1.17 × 105 S m−1 by the four-probe resist-
ance test (Figure  2g), which was substantially improved from 
our previous work (<5 × 103 S m−1)[16] fluctuated between styre-
nesulfonic acid-doping method (4.22 × 104 S m−1)[18d] and ionic 
treatment (1.439 × 105 S m−1),[7d] and still lower than fully crys-
tallized PEDOT (3 × 106 S m−1).[18a]

135 °C  annealing provided the optimal condition for bal-
ancing self-assembly, semicrystallization (containing both long-
chain molecules and some crystalline PEDOT), and no brittle 
mechanics or fractures, therefore, the highest electric conduc-
tion was obtained. As root cause, CNTs (>106 S m−1) tangled 
with PEDOT-rich domains to constitute more electron-trans-
port pathways under constant volume (Figure  2a; Figure S10, 

Supporting Information). Carbon atoms of SP2 ring connected 
PEDOT holes (positive charges), contributing to an electron/
hole conductivity higher than polyaniline, pyrrole (Table S1, 
Supporting Information), thiophene, acetylene (Table S1, Sup-
porting Information), or II–VI metal sulfide/oxide.

2.2. Electrode-Changeable Interdigital Capacitors

Energy storage or conversion promised a paradigmatic solution 
for the globally increasing energy crisis.[32] Thereby, the micro/
nanoscale capacitors applicable for next-generation e-skins,[4] 
electricity generators,[34] and bioelectronics[2] became an impe-
rious demand. Scientists and engineers kept looking for a com-
bination of dimension reduction and large scale energy storage 
volume for years.[32–34] Unfortunately, the intensively studied 
3D-printed electronics[2,13,14,29] still stayed at macroscope with 
millimeter-scale resolution out of the implantable occasions. 
The effective micro/nanoengineering of capacitors remained 
rare but highly valued.

The topology controllability of the fs-LLO incorporating with 
SMH offered a new solution to the energy crisis by ultrathin 
hydrogel-based energy storage devices.[35] Here, we fabricated 

Figure 2. a) Local morphology of sectional view of inside hydrogel network→ the dried crumpled hydrogel surface→the zoomed-in view of CNTs 
exposed on hydrogel surface →the semicrystallized stacked PEDOT nanorods in clusters. b) Laser confocal microscope images of SMH nanowires and 
Raman mapping. c) Curvilinear semiconductive circuits with bending angles exceeding 180 °C. d) 3D image of “functional devices” with a maximum 
thickness up to 234 nm. e) Repeated current–voltage scanning to determine open voltage threshold of SMH nanowires. f) Schematic illustration of 
on-chip nanowires used as sensor to alcohol or temperature. g) The electric conductivities of SMHs (tuned by adding CNT or THF, or annealed at 
different temperatures), peaking at around 134 °C ≈1.17 × 105 S m−1.
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nanometric single-layer interdigital capacitors (NSICs). The 
minimum volume scaled down to 30 × 30 × 0.02 µm3 (Figure 3) 
at a subminiature ratio of three-order magnitude than con-
ventional electrochemical electrodes. The freestanding NSICs 
promised a diversity of shape-changed electrodes (Figure 3a) at 
tunable interspacing and thickness (down to 19.2 nm controlled 
by spin-coating speed). Moreover, the mixed electron/hole 
transportation also provided another method to manipulate 
capacitance done by adjusting the material ratio. The NSICs of 
intrinsic hydrogel nature also offered opportunities for bioap-
plications due to the soft mechanics.

As was known,[33–35] the stored charge originated from the 
fast surface redox reactions of PEDOT, NSICs held higher 
pseudo capacitance density than electrochemical ones con-
strained at the limited smooth surface. Porous morphologies 
of the hydrogel network (Figures 2a and 3a) provided abundant 
channels and huge volume for electrolyte diffusion to facili-
tate energy-store responsiveness. The high dielectric constant 
electrolyte (ethanol glycol in Figure 4) flowed throughout SMH 
structures and interacted with the aggregated PEDOT mole-
cules for better material use.

Thermal annealing evaporated the volatile insulating THF, 
PSS, and moisture off (Raman spectra in Figure S13, Supporting 
Information) for a highly concentrated semimetal morphology. 

PEDOT molecular chain folded and noncovalently aggregated 
by π–π stacking effect,[21] changing the initial Fermi glass to a 
semicrystal with a shorter distance for transporting electrons 
or holes.[15–18] The PEDOT aggregated into the PEDOT-rich 
domains (Figures  2a and  3b) attractive to CNTs. Some other 
PSS/THF molecules formed a PSS/THF-rich domain on the 
material interface (Figures 3b) without π–π stacking interaction 
with CNTs. Long-chain PEDOT molecules, CNTs, and crystal-
line intertwined a compact space, the π-conjugation chains with 
p-electrons entangled with carbon atoms providing more elec-
tric nanochannels.

Volume reduction and shaping ability of fs-LLO extend the 
capability of NSICs to on-chip integrate with peripheral circuits 
or nanogenerators[35,36] to harvest energy, or to protect vulner-
able electrical chips from volt overloading, or to supply power. 
Manipulative electrode geometries (the square-shaped and ring-
shaped electrodes with tunable interspacing in Figure  3b,c, 
and Videos S1 and S2, Supporting Information) became real 
(Figure 4a,b) due to the flexible laser parameters (Table S2, Sup-
porting Information).[27,28] The evidence showed that NSICs 
featured desirable cycling stability with capacitance retention 
of up to 82% over 2 K cycles applied −5 to 5/0 to 5 V alterna-
tive voltage covering DC to radiofrequency formidable to cur-
rent low-efficiency lithium batteries or carbon electrodes. In 

Figure 3. a) SEM images of a ring-shaped interdigital capacitor at an approximate thickness of 4 µm, zoomed-in, and cross-view of the porous matrix, 
which contributed a better diffusion path for ionic solution or electrolyte. b) SEM images of a square-shaped interdigital capacitor after rapid thermal 
annealing and a camera view of the integrated capacitors under test. c) SEM images of a ring-shaped interdigital capacitor and zoomed-in view of the 
ring electrodes.
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repeated electric tests, capacitance-to-frequency manifested a 
declining trend (from >140 µF at 10 KHz → 102 µF at 200 KHz 
→ 65 µF at 500 KHz → 15 µF at 800 KHz → 5 µF at 1 MHz 
→ <10 pF at 10 MHz, Figure 4b), but still higher than reported 
transition metal oxides.[37] Effect of electrode shape gave a devi-
ation of areal capacitance and responsive curve (Figure  4c,d), 
ring-shaped electrode demonstrated a standard rectangle hys-
teretic curve (Figure 4d).

If NSICs immersed in the anion,[15,23] tosylate, the ionic 
intersection created more holes leading to polarons formation 
(“neutral” PEDOT or PEDOT+1→PEDOT+2).[30] If immersed in 
a glycol environment, the dipole–dipole interaction between 
glycol and thiophene rings of PEDOT[22] stretched out the mole-
cular chain for better phonon or electron transport, leading to 
large energy storage (Figure 4c,d). Therefore, glycol or tosylate 
solution recombined the NSICs as recommended electrolytes. 
The repeated tests found that the low-frequency scanning 
voltage provided a desirable areal capacitance of NISC up to 
16.2 mF cm−2 (Figure 4e, footprint area calculated from the dig-
ital dimension of Figure 4a). NISCs were totally metal-free, easy 
to integrate, capacity/geometry-tunable, and highly tolerant of 
sweating human skin, humidity, or ion[7,9] well-suited to wear-
able electronics.

2.3. On-Chip Photonic Applications

As was known, programmable on-chip photonic structures 
offered huge interest to optical sensors,[38] light-manipula-
tion (Figure 5),[39] information-encoding,[40a] data storage, 
or anticounterfeiting, which usually depended on metals or 

their oxides (Au, Ag, TiO2, etc.). Here, we employed fs-LLO 
to manipulate SMH nanowire array as photonic crystal 
(PC, Figure  5a–c) to select photons for structural colora-
tion (purple, brilliant blue, grass green, yellow, orange, red, 
and dark red, Figure 5a). The nanometric feature (Figure 5b) 
and dimensional flexibility promised a serial of optical 
wavelengths[40b] covering visible and invisible ranges. Inter-
estingly, the PCs maintained desirable electrical conductivity 
when using as a photonic device.[39]

The three-letter pattern (U.J.S., seen in Figure 5c) consisted 
of geometry-shifted PCs that enabled highlighted structural col-
oration for displaying[40] or information storage. Proper design 
of PC geometries promised more complex patterns and better 
controllability on PCs. To study the photon filtering utility, we 
detected the transmission spectra by exploiting an optical spec-
trograph (Princeton, SCT-320) through each PC sequentially 
at the resolution of 0.2 nm (Figure 5d). The retrieved spectral 
peaks unanimously matched with observed coloration.

Antireflection coating or signal selector played as critical 
components to reduce glare and light reflection loss regarding 
modern optic or optoelectronic systems for better optical clarity 
in camera lens, display screen, glasses lens, and the glass 
cover of photovoltaic solar cells.[41–45] Manufacturers of LCD, 
cathode-ray tubes, and aerospace sensor products often added 
antireflection coating[41] to optical parts for prolonging service 
life. However, traditional methods sacrificed shape controlling 
ability such as spin-coating, vacuum evaporation, etc.[42] In liter-
ature, the impedance matching layers of metal coating,[43] vana-
dium dioxide films,[44,45] or using graphene[46] was reliable only 
in a narrow band (<0.8 THz). Worse, the 2D materials generally 
lacked the self-supporting ability for complex structures.

Figure 4. a) LCM images of the electrode-altered NSICs, dimensions < 240 × 240 × 10 µm3. b) The pseudocapacitance of ring-electrode NSICs declined 
at incremental scanning frequency (from 10 KHz to 1 MHz). Capacitance downscaled to less than 10 µF at 10 MHz from initial 480 µF, conveying a better 
energy storage behavior at low frequency (<200 KHz). c) I/V response curves of square-electrode NSICs at normal, dehydrated at 30 °C, and thermal 
crystallized, respectively. d) I/V response of ring-electrode NSICs. Curves presented a quasi-parallelogram hysteresis curve by applying ethylene glycol 
as electrolytes. e) Summary of tested areal capacitance correlated with the scanning speeds and postprocessed states.
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To extend the SMH application to THz band, we transferred 
the microstructured SMH cylinder array onto a glass sub-
strate as THz metasurface hypothesizing with local resonance 
effect.[42] It was investigated using a commercial terahertz 
time-domain spectroscopy. The as-fabricated THz metasurface 
was projected by a 0.5 mm2 focused THz wave from spectrom-
eter with Apodization windowing (wavelength ranging from 
0.01 to 1  mm, Advantest, TAS7500, Figure  5e) to reflect the 
transmission spectrum (covering 0.2 to 1.2 THz at stepsize 
of 1.9  GHz). Interestingly, the transmission band expanded 
to over 1 THz (Figure  5f) wider than previously reported 
matching layers,[41–46] which also suppressed secondary reflec-
tion at the interface.

We picked two commonly used chlorinated pesticides, Imi-
dacloprid (a biotoxic pesticide) and Triadimefon (a fungicide of 
moderate toxicity, Figure S16, Supporting Information), incor-
porating our prepared THz metasurface for THz time-domain 
spectral detection. The THz spectra depicted that µ-structures 
of cylinders (radius ≈45 µm, thickness ≈4 µm) array improved 
the intensities by triple times (Figure S17, Supporting Informa-
tion), implying that SMH metasurface effectively suppressed 
secondary reflection at the interface. Spectral curves illustrated 
more distinctive rotational and vibrational characters. Undeni-
ably, THz time-domain spectrometer could analyze toxic sub-
stances[46] at a better signal quality with the assistance of SMH 
metasurface.

3. Conclusion

Self-assembly succeeded in electric conduction improvement of 
PEDOT:PSS hydrogel without sacrificing the spin-coated sur-
face roughness (thickness controlled down to 20 nm). The small 
molecular-weight polar THF and CNTs concentrated long-chain 
PEDOT molecules for a shorter electron/hole transporting path 
by noncovalent effect. Mechanics of the modified PEDOT film 
varied in stiffness (from <4000 to >12 000 µN) by self-assembly 
and postprocessing (Rapid thermal annealing at 135 °C), and its 
Seeback coefficient got improvement (as high as 15.3 µV K−1) 
with electric conduction (up to 1.17 × 105 S m−1). The multi-
process fs-LLO technique combined self-assembly, and thermal 
annealing succeeded in breaking the resolution/dimension/
properties limitations of 3D-printed hydrogels by inducing the 
unprecedented spatial resolution (linewidth <  50  nm, at least 
two-order better than the extrusion 3D printing) and main-
taining a vast shape/pattern design capacity, promising the 
hydrogel electronics readily integrated with electronic or even 
photonic products.

Broadband application of semiconductive hydrogels was 
technologically guaranteed by the rapid optical transferring 
micro/nanodesign. Following that, we demonstrated nanowire 
array (density > 104 mm−1), electrical circuits at nearly arbi-
trary layouts (bending angle > 180°), ultrathin supercapacitors 
(areal capacitance > 16.2 mF cm−2 and allowed for massive 

Figure 5. a) Camera view of an on-chip 4 × 4 PC array using SMH material. b) SEM images of on-chip PCs, and magnified single PC for details. c) PCs 
arranged for epitomizing three letters “U.J.S.” d) Transmittance spectra of each PC on a single chip. e) Schematic illustration of THz spectra measure-
ment with the as-prepared SMH metasurface. f) THz time-domain Transmission spectra of SMH film containing double pulses due to reflection effect.
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integration), manipulative photon filters (wavelength covered 
the visible spectrum), and THz metasurface (transmission 
band exceeded 1  GHz) for the first time as a guideline. The 
multiprocess fs-LLO implied the next-generation hydrogel elec-
tronics by the in-depth programming of hydrogel components 
or systems to the future-perspective µ-electronics, n-photonics, 
biosensors, n-energy devices of interdiscipline fields.

4. Experimental Section
Preparation of PEDOT–THF–CNT Nanocomposite: All used reagents 

were at high purity 99.9+%, and commercially available from Sigma-
Aldrich. PEDOT:PSS solution (1.4 wt%) was diluted by deionized water to 
0.7 wt%, and was stirred with 0.2 wt% tetrahydrofuran, 0.2 wt% hydroxyl-
modified carbon nanotube, and 0.05 wt% tosylate. After one-day sealed 
placement for self-assembly, spin-coating transformed the precursor into 
film with even surface roughness (<2 nm at the thickness of 20–30 nm, 
rotation speed at 1000 rpm for 90 s) before ultrafast fs-LLO process.

Mask-Free fs-LLO Process: Fs-LLO operated at the laboratory (humidity 
< 55%, temperature ≈20 °C), rapid thermal annealing was implemented 
in a vacuum environment with <  10−3  Pa air pressure. The fs-laser 
system (Figure 6) for massively reproducible n/µ-optoelectronics 
based on a mode-locked solid Ti:Sapphire laser (Chameleon Discovery, 
Coherent), emitting a wavelength-tunable pulsed laser beam (100 fs 
pulse width, wavelength covered visible, and invisible ranges from 650 
to 1200 nm). The terminal microscope (OLYMPUS IX 73) was equipped 
with a charge-coupled device (CCD), dichroic mirror, and an objective-
selective system. The oil-immersed objective lens (40×, 60×, 100×, N.A. 
= 1.4) focused the laser beam at the liquid-to-substrate interface. A 2D 
galvanometric scanning mirror (intelliSCAN III 140, SCANLAB) was 
implanted to cowork with a 3D movable platform. The entire optical 
system was fixed on an air-floating platform to isolate vibrational 
interferences.

Rapid Thermal Annealing: Thermal annealing of SMH devices was 
implemented in a low-vacuum (air pressure< 10−3  Pa) tubular furnace 
(GSL-1100X, Heifei Kejing) with a temperature resolution of 1  °C and 
range from 20 to 150 °C at the speed of 10 °C min−1. Each period lasted 
20 min for the three circles of entire annealing.

Electrical Performance Characterization: Electric performance was 
measured using a semiconductive devices analyzer, including a high-
resolution digital source meter (B1500A, Keysight) and a manual 
operation platform (MPS150, Cascade Microtech) to determine the 

I/V characters. A pair of water-proof tungsten probes touched the 
SMH devices for inputting voltage and collecting transient current 
(pA resolution). Four-probe square impedance tester (KQY-1, Jingge 
electronics, 0.01 Ω resolution) gave the sheet resistance (Rs) of SMH 
material. Electrical conductivity σ was calculated using the equation σ  
=  1/(Rs × d), where d denotes the thickness of films.

Nanoscale Characterization: Nanoscale characterization of nano/
micro-engineered PSM devices was replied on a field-emission electron 
microscope (FEI Nova NanoSEM 450) at acceleration voltages of 
2–10 kV, magnifying 100–30 000 times, or an ESEM (Thermo Scientific 
Quanta 200, FEI) on low-vacuum condition for SEM images or 
secondary-electron images. All specimen were freezing-to-drying 
processed before SEM for more details. Energy-dispersive X-ray 
spectroscopy (Edx) was carried with SEM characterization. A laser 
confocal microscope (LEXT OLS5000, Olympus) was utilized to 
nondestructively evaluate surface profile and thickness. Microscope 
Olympus-X71 recorded the CCD images.

Thermogravimetric Analysis: Thermogravimetric analysis was 
implemented in a thermally controlled chamber and monitored by 
a thermogravimetric analyzer (Pyris-1, Perkinelmer). The ambient 
temperature was up to 600  °C, and weight resolution was small down 
to 0.1 µg. Temperature ramped up at 10 °C min from 20   to 600 °C to 
dehydrate hydrogel and record weight loss.

Raman Spectrum Analysis: Raman spectroscopy was obtained through 
a Raman spectrometer at laser wavelength of 532 nm (InVia, Renishaw), 
ranging from 200 to 2000  nm using 60× objective lens (N.A. = 0.75). 
Laser power irradiating on NECHs was 5  mW. Data interrogation of 
Raman spectra was at time intervals of 3 s each.

Seebeck Coefficient Test: SMH film and commercial PEDOT:PSS film 
were postprocessed at the thickness of about 1 µm on a 10 × 10 mm2 
substrate, then substrates were put into the tester chamber (SBA 458 
Nemesis, NETZSCH), where temperature range varied between 20 and 
150 °C for simultaneously detecting Seebeck coefficient and resistance.

Mechanics Test: Mechanical properties of SMH film were reflected 
using a micromechanics instrument (FT-MTA02, FemtoTools). The 
micromechanics platform (compressive and tensile test) operated 
on the principle of nanoindentation. A micrometer-robotic system 
combines the FT-FS1000 mechanical force sensor (tip radius of probes 
is 0.5 µm) with the FT-UMS1002 (optical microscope system) for tensile, 
compressive, and adhesive forces tests.

XRD and UV–Vis Test: XRD test analyzed phase transfer (from 
hydrogel state to a semicrystallized nanostructure) for structural 
characterization. A Bruker D8 Discover diffractometer was carried out 
with an X-ray source operating at 30  kV, 30  mA. Data of dried SMH 

Figure 6. Schematic illustration of the streamlined multiprocess fs-LLO. a) Logically inverted 3D models designed by CAD software (a ring-shaped 
capacitor and a nanowire array). b) The established computer-aided ultrafast laser system. c) Typical SMH products of the retrieved macro electrodes 
and a microscale capacitor.
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hydrogel and the semicrystallized SMH were collected, respectively. UV 
absorption spectra at the range of 400–1000 nm were obtained using a 
UV–vis spectrometer (UV2450, Simadzu).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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