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Plasmonic printing of high-performance 
metal oxide electronics under room 
temperature
 

Zhan Gao    1,7, Yang Fu    2,7, Qiang Zhang    1,3, Jian Li    1,4, Zhiyuan Li1, 
Guihuan Guo    1, Dengfeng Li    1, Jingkun Zhou    1,4, Dangyuan Lei    2,5,6   & 
Xinge Yu    1,3,4,5 

Solution-processed metal oxide (MO) thin-film transistors present 
substantial promise for next-generation large-area, low-cost electronics. 
However, challenges like prolonged high-temperature annealing  
(at >400 °C) and a lack of universal, high-resolution printing technology 
hinder their widespread applications. Here we report a processing 
technology, termed ‘plasmonic printing’, for fabricating high-performance, 
solution-processed all-MO thin-film electronics under room temperature 
and ambient conditions. This process leverages femtosecond-laser-excited 
silver nanowires to induce plasmonic local heating, facilitating rapid 
(<0.3 s) and localized conversion of MO precursors into high-quality MO 
thin films, including conductor, dielectric and semiconductor. Remarkably, 
these MO thin films exhibit superior electrical performance without the 
requirement of special gases or high-temperature treatment, thereby 
enhancing the fabrication efficiency. Furthermore, precise pattern control is 
demonstrated, enabling the fabrication of high-density, solution-processed 
all-MO transistor arrays (48,400 transistors per square centimetre) and 
integrated logic gates with uniformity and precision. This technology 
presents a promising pathway for the cost-effective and high-throughput 
printing of high-density, complex, multilayered solution-processed 
MO electronics, delivering performance on par with vacuum-based 
counterparts.

Metal oxide (MO) thin films are a promising alternative to silicon for 
next-generation electronics1–3. Their high mobility, transparency, uni-
formity and flexibility enable applications in displays2, biosensors4, 
solar cells5 and logic circuits6. Unlike silicon electronics using 
capital-intensive vacuum-based technologies, the solution process-
ability of MO thin films offers great possibilities in high-throughput, 
low-cost and large-scale printing7. However, the challenge of printing 
high-quality MO lies in the requirement of prolonged high-temperature 
annealing at >400 °C, which is not suitable for efficient, continuous 

additive manufacturing7,8. This also hinders patterning MO into 
high-channel-count transistor arrays1.

To lower the processing temperature, various materials synthe-
sis and processing methods such as combustion synthesis, alkoxide 
precursors and photoactivation process were developed8–17. Despite 
important technical progress, grand challenges remain. For example, 
thermal annealing at >200 °C is still needed with long periods of multi-
ple processing steps, and no standardized method exists for producing 
high-quality, solution-processed MO thin films under room temperature 
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Here we report a new, universal printing technology, termed ‘plas-
monic printing’ (‘printing’ emphasizes the additive and constructive 
nature of this technique, associated with forming patterns by inks), 
to address all the long-standing challenges in printed MO thin-film 
electronics. It uses plasmon-induced local heating to serve as the 
MO-forming energy and enables the rapid patterning of high-quality 
MO thin films, including conductors, insulators and semiconductors, 

and ambient conditions3. Moreover, existing printing techniques cannot 
offer high-throughput, high-resolution processes for high-performance 
all-MO devices7,18,19. A recently developed promising method allows pro-
cessing Ga-based liquid metal into large-area, flexible conductive GaOx 
films under ambient conditions. While it can print various MO films, 
such as GaOx, alumina (AlOx) and indium oxide (InOx), this approach 
seems challenging, since Ga-based liquid metals lack key precursors20.
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Fig. 1 | Plasmonic printing of solution-processed MO thin-film electronics.  
a, Schematic illustration of the plasmonic printing process. Ultrafast, 
high-quality, localized MO conversion can be rapidly achieved under room 
temperature and ambient conditions, through the plasmon excitation of Ag 
NWs by a mixed fs laser beam to generate local heat for activating the formation 
of MO. After printing, excess Ag NWs can be physically wiped away, whereas the 
unconverted precursor can be etched away by 3% w/v OA. A printed transistor 
structure with a bottom gate and a top contact is illustrated in the bottom-
right corner. b, Schematic of the chemical bonds within the illuminated area 
and unilluminated area of the MO thin film. M, metal cation; O, oxygen; H, 
hydrogen; R, alkyl group. c, Photograph of a four-inch wafer-scale transparent 

MO array fabricated by the plasmonic printing process. Scale bar, 1 cm (inset). 
d,e, Comparison of the plasmonic printing approach (d) and a conventional 
fabrication method (e) of MO thin films. f, Radar comparison of the plasmonic 
printing process and three representative low-temperature solution processes 
for MO in terms of low-temperature processing, efficiency (time to achieve 
complete MO condensation), performance (conductivity, dielectric constant 
and mobility), printability (capability of pattern control of MO), universality 
(applicability across a wide range of MOs) and environment (processing 
atmosphere: the maximum value represents the ambient conditions). g,h, O1s 
XPS results of 40 °C-annealed and plasmonically printed ITO (M–O–M lattice, 
530.1 eV; M–OH metal hydroxide, 531.1 eV; M–OR bonds, 532.1 eV).
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at room temperature and ambient conditions (Fig. 1a–c). A mixed 
(800 nm + 400 nm) femtosecond (fs) laser beam serves as the writing 
source to illuminate silver nanowires (Ag NWs) for generating remark-
able plasmonic local heating. Combining plasmonic local heating 
and ultraviolet-induced photochemical reactions selectively con-
vert illuminated MO precursors into condensed thin films. Using a 
motorized stage ensures the uniform, precise printing of high-quality, 
solution-processed MO films. Compared with conventional and other 
low-temperature solution processes of MO, the plasmonic printing 
process offers three crucial advantages (Fig. 1d–f). First, it operates 
entirely at room temperature and ambient conditions, requiring no 
special gases or high-temperature treatment. Second, the MO pre-
cursor locally converts into high-quality films within ~0.3 s (Fig. 1g,h), 
substantially improving the fabrication efficiency compared with 
slow vacuum deposition or prolonged high-temperature annealing. 
Meanwhile, the resulting MO thin films exhibit electrical performance 
comparable with those produced by vacuum-based processes. Third, 
it supports three high-precision patterning flows. Taking advantage 
of this universal process, a uniform, high-density all-MO thin-film 
transistor (TFT) array (48,400 transistors per square centimetre) and 
various basic logic gates are demonstrated.

Overview of the plasmonic printing process
Extended Data Fig. 1a shows the plasmonic printing setup. A polar-
ized 800-nm fs laser beam is focused by a lens and converted into 
a mixed 800-nm + 400-nm fs laser beam by a β-BaB2O4 crystal. This 
mixed beam is then directed onto a sample positioned by a motorized 
three-axis stage. Before printing, MO precursor films are prepared by 
conventional sol–gel processes without high-temperature annealing 
(Methods). Subsequently, an ~700-nm-thick film of Ag NWs (Sup-
plementary Fig. 1) is spray coated on the MO precursor film as the 
plasmonic local heat source. As shown in Extended Data Fig. 1b, three 
different process flows enable MO conversion. Process flow 1 requires 
no patterning of either the precursor film or Ag NW film. Instead, the 
laser spot size and movement control the printed MO size and shape. 
Process flow 2 patterns the precursor film via photolithography in 
advance, yielding regular MO films with smooth edges. Conversely, 
process flow 3 controls Ag NW patterns to define the MO film shape. 
This process lays the groundwork for nanoscale MO printing using 
plasmonic nanostructures as heat sources. In all the process flows, 
the unconverted precursor is removed by 3% w/v oxalic acid (OA), 
and Ag residues are wiped off (Supplementary Fig. 2). Time-of-flight 
secondary ion mass spectrometry (TOF-SIMS) was used to confirm 
no Ag residues in an indium tin oxide (ITO) sample. Two-dimensional 
TOF-SIMS ion mappings (Supplementary Fig. 3) show undetectable 
Ag+ and strong In+ and Sn+ signals. The TOF-SIMS mass spectrum (Sup-
plementary Fig. 4) further confirms that no Ag residues are detected 
in the plasmonically printed ITO film within the detection limit of 
TOF-SIMS. For multilayer devices, the process flows can be iterated 
on previously printed MO films.

Morphology-driven plasmonic local heating
To achieve the on-demand thermal treatment of MO thin films, a pro-
gressive plasmonic printing scheme is proposed by exploiting the 
morphology evolution of Ag NWs driven by their local heating and 
collective temperature rise under fs laser illumination. Leveraging 
the plasmonic heating effect requires a pre-spray-coated network of 
Ag NWs as heating intermedia. Plasmon-induced tight near-field con-
finement forms hot spots at the intersections of Ag NWs (Extended 
Data Fig. 2), triggering morphology evolution. Supplementary Fig. 5 
shows the morphology changes in the plasmonic-heating-induced 
Ag nanostructures. At lower light intensities around the edge of the fs 
laser spot, long Ag NWs break into short ones. With near-field hot spots 
along these short Ag NWs (Extended Data Fig. 3), higher light intensi-
ties inside the laser spot melt them into small particles. The highest 

intensities at the centre cause small, dense Ag particles to merge into 
larger, sparser ones. In particular, excessive heat can damage the MO 
thin films or even the glass substrate (Supplementary Fig. 6a). There-
fore, an optimal light intensity is crucial21,22. The amount of Ag NWs 
also substantially influences its morphology evolution and the local 
heating effect (Supplementary Fig. 6b).

An infrared (IR) camera tracked the temporal temperature rise 
during plasmonic heating (Extended Data Fig. 1a and Supplementary 
Video 1). As shown in Fig. 2a and Supplementary Fig. 7, the local tem-
perature of an illuminated region rises rapidly from 25 °C to ~360 °C 
in 66 ms and then drops to ~314 °C over 10 s due to the plasmonic heat-
ing–environment cooling balance. To understand such intriguing 
two-step heating process, scanning electron microscopy (SEM) was 
used to examine the Ag nanostructures before and after 0.1 s, 1 s and 
10 s of laser irradiation (Fig. 2b–e). The Ag NW network melts into 
particles with varied sizes and densities during irradiation. Within 
0.1 s, some Ag NWs form dense particles, whereas others melt into 
irregular assemblies. These then tend to merge into larger, sparser 
particles. Simulations based on the SEM images show that the pristine 
Ag NWs have the highest light absorption efficiency and, therefore, 
the largest rate of local temperature rise (Fig. 2f–i). However, since 
the plasmonic hot spots form at NW intersections, not at the NW–MO 
precursor interface (Fig. 2f), heat breaks the Ag NWs but does not treat 
the underlying MO precursors immediately. When the Ag NWs melt 
into small, dense particles within 0.1 s, the light absorption efficiency 
and local heating effect drop substantially but remain effective due to 
the collective contribution of the illuminated particles. This heating 
drives adjacent small particles/assemblies to merge into larger, sparser 
particles after 0.1 s (Fig. 2d,e), reducing the heat generation efficiency 
as morphology evolution completes (Fig. 2h,i). By contrast, isolated Ag 
particles exhibit a much lower temperature rise, regardless of their size 
and shape (Fig. 2j). However, dense Ag particle arrays with appropriate 
size and particle density can achieve in theory a temperature rise of over 
2,000 K (Fig. 2k,l), providing instant yet sufficient thermal treatment 
for rapid MO precursor conversion.

Characterizations of plasmonically printed MO 
thin films
Generally, thin-film electronics rely on conductors, dielectrics and sem-
iconductors. Here plasmonic printing enables high-performance MO 
thin films and provides a universal strategy. Several representative MOs, 
including ITO, AlOx, indium–gallium–zinc oxide (IGZO), indium–zinc 
oxide (IZO) and InOx are prepared. X-ray photoelectron spectroscopy 
(XPS) was used to analyse metal–oxygen bonding in MOs before and 
after plasmonic printing (Fig. 1g,h, Extended Data Fig. 4 and Supple-
mentary Figs. 8–12). The O1s peaks at 530.1 eV, 531.2 eV and 532.3 eV 
correspond to M–O–M lattices, M–OH species and M–OR species, 
respectively8,10,11. The 40 °C-dried ITO precursor film contains dominant 
densities of M–OH species, indicating incomplete oxidation. After 
the plasmonic printing process, the M–O–M peak at 530.1 eV intensi-
fies, indicating successful conversion to dense ITO. Similar trends are 
observed for AlOx, IGZO, IZO and InOx (Extended Data Fig. 4), demon-
strating the method’s universality. No Ag peaks are observed in the XPS 
results of all the plasmonically printed MO films, further supporting 
the claim that Ag NWs can be completely removed at least to the detec-
tion limit of XPS. Grazing-incidence angle X-ray diffraction (GIAXRD) 
further evaluates the film crystallinity. Here ITO and InOx thin films 
processed by low-temperature annealing (150 °C), high-temperature 
annealing (400 °C) and plasmonic printing are compared (Extended 
Data Fig. 5). Both 400 °C annealing and plasmonic printing yield the 
desired polycrystalline films, but the latter shows sharper Bragg peaks, 
indicating higher crystallinity. By contrast, AlOx, IGZO and IZO films 
remain amorphous after printing, as expected1. Overall, the XPS and 
GIAXRD results confirm that the quality of MO films printed within 0.3 s 
is comparable with that of MO films under 400 °C annealing for 1 h.
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Plasmonically printed MO thin-film electronics
XPS and GIAXRD measurements show great quality of the plasmoni-
cally printed MO thin films. We next investigated the electrical per-
formance of these MO thin films across conductors, dielectrics and 
semiconductors. ITO, as the most common MO conductor, was first 
printed by optimizing the plasmonic printing parameters. We first 
examined the effect of ultraviolet-induced photochemical reactions (no 
Ag NWs)11,23,24 on the ITO films (Supplementary Notes 1 and 2, Extended 
Data Fig. 6, Supplementary Figs. 13 and 14 and Supplementary Table 1). 
We found that mixed 800 + 400-nm fs pulses halved the resistance of 
350 °C-annealed ITO, whereas 800 nm alone had no effect. This shows 

the effectiveness of the 400-nm laser-induced photochemical reac-
tions, which can enhance the quality and performance of MO thin films.

Next, plasmonic local heating was introduced by the laser excita-
tion of the Ag NW film. We used process flow 1 to print individual MO 
functional layers, enabling direct pattern control and large-area fab-
rication via periodic laser scanning. Figure 3a shows visible traces on 
the Ag NW film due to their morphology changes. Removing residual 
Ag nanostructures revealed a ‘CITYU’ ITO pattern, demonstrating 
excellent patterning control. We then optimized the scan parameters 
for high-quality ITO films, using conductivity as the primary indicator 
of film quality. Narrow and long ITO channels (1.5 mm × 40 µm × 12 nm) 
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Fig. 2 | Progressive plasmonic heating mechanism. a, Temporal temperature 
and IR photographs of Ag NWs under fs laser irradiation captured by a thermal 
imaging camera. b–e, SEM micrographs showing the morphology evolution 
of Ag NWs, from a pristine network structure before light illumination (b) to 
the hierarchical Ag particles after laser illumination for 0.1 s (c), 1 s (d) and 10 s 

(e). f–i, Simulated light absorption intensity (top) and corresponding heat 
generation (bottom) for the structures in b–e (f–i, respectively). j, Calculated 
local temperature rise for a single Ag particle with varied sizes and shapes.  
k,l, Estimated collective local temperature rise for an array of Ag particles with 
varied sizes, periods (k) and particle densities (l).
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were printed and their resistances were measured. Using rectangular 
prism modelling, we calculated the ITO conductivity (Supplementary 
Fig. 15). As noted, the photochemical reactions triggered by 400-nm 
light also enhance the quality of ITO after 350 °C annealing. With the 
same Ag NW-induced plasmonic local heating, we found that the con-
ductivity of ITO printed with the 400 + 800-nm laser is approximately 
two times that of ITO printed with a pure 800-nm laser (Supplementary 
Fig. 16). This demonstrates that 400-nm-light-induced photochemical 
reactions can further enhance the electrical properties of ITO. Fur-
ther optimization revealed that a 127 W mm–2 fs laser with a primary 
wavelength of 800 nm was optimal for the plasmonic printing of MO 
(Supplementary Notes 3 and 4, Extended Data Figs. 6 and 7 and Sup-
plementary Figs. 17–19).

We further optimized the scan parameters, namely, step length, 
dwell time and Ag NW thickness (Fig. 3b and Extended Data Fig. 6h,i). 
Conductivity drops sharply if the step size is <30 µm or the dwell time 
is >1 s. This results from morphological changes in the Ag NW during 
scanning (Fig. 2d,e and Supplementary Fig. 20). SEM images (Fig. 2d,e) 
show that Ag NWs transform into larger, irregular and continuous ellip-
soidal structures after 1 s of irradiation, reducing the plasmonic heat 
generation capability. Supplementary Fig. 20 shows the morpholo-
gies of Ag NWs after dwell times of 5 s and 20 s. Prolonged irradiation 
causes the Ag NWs around the edges of the light spot to transform into 
irregular ellipsoidal shapes due to thermal conduction. When the light 
spot passes over these structures, the efficiency of plasmonic heat 
generation drops, lowering the ITO quality. To verify this, we profiled 
the surface of ITO printed under varied dwell times. Figure 3c and 
Supplementary Fig. 21 show that longer dwell times severely affect the 
surface morphology: dwell times of >1 s create a periodic topography 
with peaks and valleys; for dwell times from 1 s to 10 s, surface variation 
increases, indicating non-uniformity in the conversion of ITO. Weaker 
plasmonic heat generation results in lower conversion efficiency and 
thicker films, whereas stronger heat generation leads to more efficient 
conversion and thinner films25. Such an uneven conversion lowers the 
ITO conductivity. Likewise, shorter scanning steps reduce the plas-
monic heat generation efficiency, also lowering the ITO conductivity. 
Consequently, we identified the optimal scanning parameters for ITO, 
achieving a maximum average conductivity of 1,763 S cm–1 (comparable 
with commercial ITO glass (5,000 S cm–1)), and used the parameters for 
other MOs. Periodic bidirectional scanning suffices for preparing MO 
areas without parameter adjustment. For example, printing a 1-mm2 
ITO film takes ~1.6 min. Moreover, conductivity values measured at 
different probe distances (Extended Data Fig. 6j) are nearly identical, 
showing high uniformity.

Next, AlOx as the MO dielectric was processed by plasmonic print-
ing. Figure 3d (inset) shows the dielectric testing of the AlOx:ITO/AlOx/
Cu sandwich with an electrode area of 0.1 × 1 mm2. Figure 3d–f shows 
the key dielectric properties: leakage current density (J–E), capaci-
tance–voltage (C–V) and capacitance–frequency (C–F) curves of AlOx 
films. Laser path spacing was optimized for uniform coverage (Sup-
plementary Note 4 and Supplementary Figs. 22 and 23). Dielectric 
properties can be improved by optimized strong light intensity with 
an ~9-V breakdown voltage, high capacitance (260 nF cm–2 at 10 kHz) 
and stable frequency stability (103–106 Hz). However, a further intensity 
increase showed no marked improvement in performance. Due to the 
low conversion temperature of AlOx, a light intensity of 8.6 W mm–2 suf-
fices. A higher intensity risks energy wastage and substrate damage. 
Therefore, the light intensity is set at 8.6 W mm–2. The measured thick-
ness (Supplementary Fig. 24) and capacitance gave a dielectric constant 
of 8.8 for plasmonically printed AlOx films. This value is comparable 
with vacuum-prepared AlOx films, which surpasses 350 °C-annealed 
films (dielectric constant of 7.2; Supplementary Fig. 25).

Finally, based on the optimized printing parameter (Supplemen-
tary Note 4 and Supplementary Figs. 26 and 27), we printed MO semi-
conductors, including IGZO, IZO and InOx for transistors. The insets in 

Fig. 3g–i show the transistor structures with ITO gate–glass substrate, 
associated with the AlOx dielectric (annealed at 350 °C, ~120 nm) and Al 
source–drain electrodes (40 nm). Figure 3g–i shows the transfer and 
output curves of the TFTs based on plasmonically printed MO semi-
conductors. Supplementary Table 2 summarizes the comprehensive 
device parameters for these devices. All the printed semiconducting 
MO films exhibit good TFT performance, especially IGZO, with a satu-
ration mobility (μsat) of 21.0 ± 3.2 cm2 V−1 s−1 and Ion/Ioff ≈ 104, surpassing 
350 °C-annealed devices (Supplementary Table 2 and Supplementary 
Fig. 28). In particular, in the plasmonically printed IZO- and InOx-based 
transistors, apparent negative-differential-resistance phenomena were 
observed under high gate voltage and bias. The underlying mechanisms 
are discussed in Supplementary Note 5.

Plasmonic printing offers a rapid and universal approach for the 
high-throughput fabrication of solution-processed MO conductors, 
dielectrics and semiconductors, with superior performance over ther-
mal annealing due to localized plasmonic heating (Supplementary 
Note 6). It is worth mentioning that different MO precursor solutions 
necessitate different conversion temperatures, determining the laser 
intensity. Other processing parameters remain constant across MO 
materials (Supplementary Note 7). Meanwhile, the plasmonically 
printed high-quality MO films exhibit excellent environmental and 
thermal stability (Supplementary Note 8 and Supplementary Fig. 29).

Figure 3j–l and Supplementary Fig. 30 compare the perfor-
mance of plasmonically printed MO devices with those from other 
low-temperature-solution- and vacuum-processed ones. Plasmoni-
cally printed MOs show obvious electrical performance advan-
tages. To the best of our knowledge, plasmonically printed ITO 
achieves the highest conductivity (1,763 S cm–1) among the reported 
low-temperature-solution-processed works reported so far10,13,26–34; 
the dielectric constant of plasmonically printed AlOx approaches ~9, 
which is also among the best8,29,35–48; and the μsat value of transistors 
based on plasmonically printed IGZO, IZO and InOx are also among the 
highest values, comparable with vacuum-processed devices8,11,29,49–59. 
In particular, all-MO devices are printed under ambient conditions 
with much faster conversion (<0.3 s) than that of other methods. The 
process also enables precise, uniform and large-area fabrication (Sup-
plementary Note 9 and Supplementary Figs. 31–33). These features are 
crucial for scalable, low-cost MO electronics.

Plasmonically printed transistor arrays and logic 
circuits
IGZO, with a low power consumption and fast response, is a promis-
ing alternative to Si and, thus, commercially used in high-density TFT 
arrays for displays3. However, vacuum processing limits the scalability 
with high cost. We employ the plasmonic printing process to fabricate 
fully solution-processed high-density MO TFT arrays under room tem-
perature and ambient conditions (Supplementary Fig. 34). Process 
flow 3 is first used to fabricate a 10 × 10 ITO gate array (0.5 × 0.5 mm2 
each; Supplementary Fig. 35). Ag NWs are patterned to confine the 
plasmonic heating regions60. The uncondensed MO precursor film 
is easily removed through ~10 s of immersion in a 3% w/v OA solution. 
This immersion does not affect the electrical properties of the printed 
condensed ITO (Supplementary Fig. 36). Moreover, process flow 3 
also enables smaller-scale arrays of ITO and AlOx (0.25 × 0.2 mm2). At 
reduced scales, the thermal conduction effects at the edges of the 
Ag NW patterns cause the non-uniformity of MO patterns (Supple-
mentary Fig. 37). These irregularities could degrade performance in 
high-density arrays. Still, process flow 3 offers greater possibilities for 
printing nanoscale TFTs by patterning nanostructures on the MO pre-
cursor film. These nanostructures can induce local plasmonic heating 
to convert MOs at the nanoscale. Process flow 2 uses photolithography 
to pattern MO precursors with smooth edges. This flow ensures high 
resolution and edge quality (Supplementary Notes 10 and 11 and Sup-
plementary Figs. 38 and 39). Additionally, our method yields better 
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uniformity and lower roughness than commercially used vacuum 
techniques (Supplementary Note 12 and Supplementary Fig. 40). As 
illustrated in Fig. 4a and Supplementary Figs. 41 and 42, an array of 
10 × 10 MO TFTs (ITO/AlOx/IGZO with width W = 150 μm and length 
L = 100 μm) is demonstrated with uniformly patterned features. To 
assess the reliability of the process, we evaluated the electrical per-
formance of the 10 × 10 plasmonically printed ITO gate electrodes, 

AlOx dielectric layers and final IGZO-based TFTs (Fig. 4b–h and Sup-
plementary Fig. 43). The results show that all these MOs exhibited 
great uniformity: ITO resistance, 11.8 ± 6.3 kΩ; AlOx dielectric constant, 
8.03 ± 0.8; IGZO μsat, 14.5 ± 5.4 cm2 V−1 s−1. These results confirm ~100% 
yield and uniform performance. This underscores the considerable 
potential of this technique for applications in the active-matrix tech-
nology.
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Fig. 3 | Plasmonically printed MO thin-film devices. a, Top: photograph of 
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illumination. Bottom: the same pattern is grafted onto the ITO precursor 
film through plasmonic printing to produce the printed ITO channel by laser 
scanning. b, Conductivity of the plasmonically printed ITO under different 
light-spot dwell times. Individual data points (n = 5 per group) are overlaid to 
show the data distribution. Each point represents an independent ITO channel. 
Bar height, mean; error bars, standard deviation. c, Optical surface profiles of 
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d–f, J–E (d), C–V (e) and C–F (f) characteristics of a plasmonically printed AlOx 

under different light illumination intensities. g–i, Transfer characteristics 
(Vds = 8 V) and output characteristics of transistors based on plasmonically 
printed IGZO (g), IZO (h) and InOx (i) channels, with their device configurations 
shown in the corresponding insets. j–l, Comparison of the conductivity of ITO 
(j), dielectric constant of AlOx (k) and saturation mobility of IGZO (l) between 
our plasmonically printed samples and previously reported vacuum-based low-
temperature-processed MO as a function of the processing temperature. Note 
that all the mobility values in l are derived from IGZO transistors with AlOx as the 
dielectric layer.
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Next, we demonstrate the high-density, fully solution-processed 
MO transistor array (Fig. 4i–k) with a super-high resolution of 48,400 
transistors per square centimetre at room temperature under ambi-
ent conditions. To the best of our knowledge, this density represents 
the highest level so far for a solution-processed MO transistor array. 
Each transistor has an ITO/AlOx/IGZO structure with a 30 μm × 10 μm 
channel. Figure 4l presents a representative transfer curve with μsat of 
12.6 cm2 V−1 s−1, Vth of 3.2 V and Ion/Ioff of ~104. An optical profilometer was 
used to examine the surface morphology and uniformity. As shown in 
Fig. 4m–p and Extended Data Fig. 8, the plasmonically printed units 
show uniform shape and thickness. The ITO surface is smooth, with 
root mean square (Rms) roughness of 0.88 ± 0.25 nm. These results 
confirm that Ag-NW-induced plasmonic heating enables uniform MO 
unit fabrication, crucial for high-density active-matrix applications.

Finally, plasmonic printing is used to fabricate all-MO-based logic 
circuits. Using process flow 2, we fabricate transistors as described 

and pattern them into typical n-type metal–oxide–semiconductor 
logic gates. Figure 5a shows the schematic and optical photograph 
of the inverter based on plasmonically printed MO transistors (load 
transistor W/L = 1.5, drive transistor W/L = 15). Figure 5b,c presents 
the representative voltage transfer curves (Vout–Vin) and voltage gain 
curves under supply voltages VDD ranging from 6 V to 12 V, indicating 
good swing behaviour of inverter and gain of 15 at a VDD of 12 V. Sup-
plementary Fig. 44 shows the inverter transient performance in the 
time domain. The input voltage is a square wave (1 kHz and 8 V) and 
VDD is 10 V. The inverters show good stability, fast switching, symmetric 
rise/fall edges and clear inversion. We also design and print logic NAND 
and NOR gates with the ideal logic function (Fig. 5d–g). The reliability 
of the plasmonic printing technique enables the design and printing 
of more complex circuits, such as a half-adder (Fig. 5h). Desired logic 
functions of the half-adder indicate that all the printed transistors 
function properly (Fig. 5i).
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Fig. 4 | Plasmonically printed all-MO transistor arrays. a, Microscope 
photograph of a plasmonically printed ITO gate/AlOx dielectric/IGZO 
semiconductor structure in a 10 × 10 array. b, Resistance values of the 
plasmonically printed 10 × 10 ITO gates, which were measured at the diagonal 
positions of each ITO square with a two-probe method. Resistance value is 
presented as mean ± standard deviation. c,d, C–F (c) and C–V (d) characteristics 
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representing a typical measurement curve. The capacitance value is presented 
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measurement curve. Saturation mobility is presented as mean ± standard 
deviation. f–h, Statistical distributions of resistance (f), dielectric constant (g) 
and mobility (h) of the 10 × 10 plasmonically printed all-MO transistor array.  
i, Photograph of the plasmonically printed high-density all-MO transistor array 
and enlarged microscopy photograph in j and k. l, Representative transfer curve 
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profile of the plasmonically printed high-density ITO gates. o,p, Height profile 
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mean ± standard deviation.
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Outlook
In this work, we have developed a new printing method for the 
high-throughput processing of high-performance MO thin films 
with super-high resolution, called plasmonic printing. It uses 
Ag-NW-induced plasmonic local heating, which affords comparable 
condensation/reaction energy of those based on thermal annealing at 
300–400 °C, enabling great performance for electronics. Moreover, 
plasmonic printing universally applies to conductors, dielectrics and 
semiconductors at room temperature in ambient air. Its high yield 
and uniformity enable the fabrication of high-density MO TFT arrays 
and complex logic circuits. This breakthrough paves the way for com-
mercializing low-cost solution-processed MO electronics, thereby 
fostering its extensive application in active-matrix pixilation, logic 
chip fields and many others.
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Methods
Precursor preparation
All the MO precursor materials and 2-methoxyethanol were purchased 
from Sigma-Aldrich. Metal salts were dissolved in 2-methoxyethanol to 
generate the desired concentration. Also, 60.2 mg ml–1 of In(NO3)3·xH2O 
solution was used for the InOx precursor. Furthermore, 150 mg ml–1 of 
Al(NO3)3·xH2O solution was used for the AlOx precursor. For the ITO 
precursor, 120.4 mg ml–1 of In(NO3)3·xH2O solution and 75.6 mg ml–1 
of SnCl2 solution were mixed in a ratio of 9:1. For the IGZO precur-
sor, 60.2 mg ml–1 of In(NO3)3·xH2O, 51.2 mg ml–1 of Ga(NO3)3·xH2O 
and 37.8 mg ml–1 of Zn(NO3)3·xH2O were mixed in a ratio of 3:1:1. For 
the IZO precursor, 60.2 mg ml–1 of In(NO3)3·xH2O and 37.8 mg ml–1 of 
Zn(NO3)3·xH2O were mixed in a ratio of 7:3. All the precursors were 
stirred at 25 °C overnight and filtered through 0.20-μm syringe filters 
before film fabrication.

Optical setup for plasmonic printing process
As shown in Extended Data Fig. 1a, the optical setup includes a fs laser 
source (Chameleon Ultra II, Coherent) with a pulse duration of 140 fs 
and a repetition rate of 80 MHz, a pair of linear polarizers (LPVIS, Thor-
labs) for intensity control, a convex lens (f = 25 mm) to focus the laser 
spot and a β-BaB2O4 crystal (thickness of 1 mm) in front of the focus 
for second-harmonic generation. The Ag NW-sprayed samples were 
mounted on a three-axis motorized stage for direct laser printing. The 
temperature data were recorded using an IR thermal camera (A325sc 
with Close-up 1x, FLIR). When extracting the temporal morphology, a 
mechanical shutter with a minimum open duration of ~100 ms is placed 
right after the β-BaB2O4 crystal for the required illumination time.

Plasmonic printing of MO thin films
Due to plasmonic heating generating extremely high localized tem-
peratures in a very short time, the thermal stability of the substrate 
becomes the most critical factor when selecting a substrate. In Sup-
plementary Note 13, Supplementary Figs. 45–47 and Supplementary 
Video 2, we compared various substrates for compatibility with the 
plasmonic printing process, and concluded that soda lime glass, with 
its excellent thermal stability and relatively poor thermal conductiv-
ity, is the best choice for this plasmonic printing process. Any sub-
sequent references to glass specifically refer to soda lime glass. The 
glass substrates (1.5 × 1.5 cm2, 0.7 mm thick) were first solvent cleaned 
and treated with energetic oxygen plasma for 5 min. For spin-coating 
fabrication, all the prepared precursors were spin coated at 2,000 rpm 
for 40 s in a chamber with the relative humidity controlled at 20% and 
dried at 40 °C for 6 h. Note that the drying process here is aimed at 
removing solvents of the wet precursor film, allowing it to air dry and 
become more solid for subsequent processing. To achieve a completely 
dried precursor film, lower dry temperatures require longer dura-
tions (40 °C for 6 h), whereas higher dry temperatures require shorter 
durations (150 °C for 5 min). However, the final device performance 
remains similar (Supplementary Fig. 48). If necessary, these processes 
were repeated to achieve the desired film thickness. Process flow 1 
(Extended Data Fig. 1b) was used for the printing of single, functional 
MO layers. The Ag NW solution (5 mg ml–1 in ethanol) was purchased 
from XFNANO and used as received. Different thicknesses of Ag NW 
films, which were measured as per the volume of the Ag NW solution 
sprayed per unit area (20–70 µl cm–2), were sprayed onto the precur-
sor film with a discharge speed of 40 ml per 30 s by an IWATA HP-CP 
spray gun (0.3 mm) at an air pressure of 15 psi. Next, the sample was 
secured onto a high-precision three-dimensional electrically con-
trolled stage, allowing control over the parameters of the laser spot 
scanning, including spot size, step size and spot dwell time. After 
laser scanning, the residual Ag nanostructures were wiped away with 
a dust-free cloth. For the printing and performance measurements 
of ITO, the laser spot was scanned along a long and narrow path on 
the Ag NW film, thereby printing an ITO conductive channel (1.5 mm 

long, 40 μm wide). Subsequently, with the assistance of a metal mask, 
60-nm-thick Cu electrodes were sputtered at both ends of the ITO 
channel, and the resistance of ITO was measured using a probe station 
and DAQ6510. As described in the main text, the optimized scanning 
parameters for ITO were as follows: step size of 50 μm, dwell time of 
0 s, Ag NW volume of 50 µl cm–2 and light intensity of 127.3 W mm–2. 
These parameters were applied to the preparation of other MOs, with 
only the light power density being adjusted based on the temperature 
required for the conversion of different precursors. For the printing and 
performance measurements of AlOx, commercial ITO glass was used 
instead of pure glass as the substrate, and the AlOx precursor film and 
the Ag NW film were prepared as previously described. Subsequently, 
laser scanning was performed periodically back and forth on the Ag 
NW film to scan out a square area of approximately 0.5 mm2. Follow-
ing this, Cu electrodes (0.1 × 1 mm2) were deposited within the region 
using a metal mask. Then, the J–E, C–V and C–F curves were measured 
using a Keysight B1500A semiconductor analyser. For the printing 
and performance measurements of InOx, IZO and IGZO, commercial 
ITO glass was used as the substrate followed by the fabrication of an 
~120-nm 350 °C-annealed AlOx film as the dielectric layer. Then, InOx, 
IZO and IGZO precursor films and the Ag NW film were prepared as 
previously described. Laser scanning was performed periodically back 
and forth on the Ag NW film to scan out a square area of approximately 
1 mm2. Following this, Al electrodes (W = 150 μm, L = 100 μm) were 
deposited within the region using a metal mask by an electron beam. 
Then, the transfer and output characteristic curves were measured 
using the Keysight B1500A semiconductor analyser. The μsat values 
in the saturation regime are calculated using the standard equation:

ID =
W
2LμsatC(VG − VT)

2,

where ID is the source–drain current; C is the capacitance per unit area 
of the dielectric layer; VT is the threshold voltage; VG is the gate voltage; 
and W and L are the channel width and length, respectively. The average 
quasi-static capacitance of the high-temperature-annealed AlOx films 
(49 nF cm–2 over 0.1–10 Hz; Supplementary Fig. 49 and Supplementary 
Note 14) was measured by Novocontrol Concept 80 under 0.5 V, which 
was used to calculate the saturation mobility for all the transistors 
based on individually plasmonically printed semiconductors. To better 
evaluate the intrinsic mobility of the semiconductor channel, we also 
calculated and thoroughly discussed the linear mobility of the transis-
tor (Supplementary Fig. 50 and Supplementary Note 14).

Plasmonic printing of MO TFT array and logic gates
The fabrication of the precursor film was the same as described above. 
As shown in Extended Data Fig. 1b, process flows 2 and 3 were used 
to fabricate the MO arrays. In process flow 2, photolithography was 
applied to pattern the precursor film. AZ 4620 (AZ Electronic Materials) 
was spin coated at 3,000 rpm for 40 s on the precursor film, annealed 
at 100 °C for 5 min and exposed to ultraviolet light through a designed 
photomask. After development in the AZ 400K developer (volume 
ratio of 1:4 with water), the substrate was immersed in 3% w/v OA for 
10 s to remove the exposed precursor film. Subsequent removal of the 
residual photoresist was carried out using acetone, resulting in the 
desired precursor array geometry. Next, a certain thickness of Ag NW 
film (50 µl cm–2) was sprayed onto the substrate. The laser spot was then 
programmed to scan only the areas with precursor arrays, followed by 
wiping off the residual Ag nanostructures. This process was repeated 
to fabricate multilayered MO functional layers. Finally, Ag electrodes 
were fabricated by electron beam and patterned by photolithography. 
The transfer curves of the 10 × 10 MO transistor array and high-density 
MO transistor were measured by the Keysight B1500A semiconductor 
analyser. The average quasi-static capacitance of the plasmonically AlOx 
films (64 nF cm–2 over 0.1–10 Hz; Supplementary Note 14) was used for 
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saturation mobility calculation of the transistor array. The resistance 
values of 100 ITO gates were measured at their diagonal positions using 
a two-probe method. The C–V and C–F characteristics of 100 AlOx films 
were measured by the Keysight B1500A semiconductor analyser after 
plasmonically printing AlOx arrays on ITO glass and then depositing 
the metal electrodes. Process flow 2 was also applied to fabricate the 
logic gates as described above. The logic function of the devices was 
tested by an oscilloscope. In process flow 3, after preparation of the 
precursor film, 50 µl cm–2 of the Ag NW film was sprayed onto the 
precursor film with the designed metal mask to form a patterned Ag 
NW film array (Supplementary Fig. 37). Subsequently, the laser spot 
was programmed to scan only the areas with Ag NWs. After wiping the 
residual Ag nanostructures, the substrate was immersed in 3% w/v OA 
for 10 s to remove the unconverted precursor film, leaving behind the 
converted MO. In the experiment of comparing the structural proper-
ties between plasmonically printed MO and commercial customized 
MO by using vacuum-based methods, the commercial ITO film was 
fabricated using a robust vacuum sputtering process, and the pattern-
ing of ITO was achieved via laser etching technology.

Film characterization
The TOF-SIMS results were measured using ION TOF-SIMS 5. The XPS 
results were measured using Thermo Fisher ESCALAB 250Xi. The 
vacuum level in the analysis chamber is maintained at 8 × 10−10 Pa, and 
the excitation source utilizes Al Kα radiation (hν = 1,486.6 eV). GIAXRD 
measurements were conducted by a Rigaku SmartLab device (9KW). 
All the MO samples used for the XPS and GIAXRD measurements were 
printed using optimal printing parameters. The surface morpholo-
gies were measured using top-view SEM (FEI Quanta 450 FESEM) and 
optical surface profiler.

Electric-field simulation
The electric-field distribution in two intersecting Ag NWs is simulated 
using finite-difference time-domain to build infinitely long nanowires. 
The incident light is a plane wave. To mimic the randomly oriented Ag 
NWs within the network, the incident polarization is set at 45° with 
respect to the axis of one NW, and the angle of intersection between 
the two NWs varies from 0° to 90°. No substrate is built in the simula-
tion model since the Ag NWs are mostly floating unless intersecting 
with other wires. For the short Ag NWs with side dumbbells, the size of 
the side dumbbells increases when reducing the length of the middle 
part, to maintain the total amount of Ag. In this case, a glass substrate 
is built in the model since these structures would not float. An air gap 
of 2 nm is set between the glass substrate and the structures to avoid 
singularities in the simulation.

Light absorption and heat generation simulation
To depict the morphology-driven heating processes, we performed 
multiphysics simulations (COMSOL) for four states of the Ag nano-
structures (before and after light illumination for 0.1 s, 1 s and 10 s). 
The simulated structures are built within a 2 μm × 2 μm area based 
on the SEM images. Two ‘electromagnetic waves, frequency domain’ 
modules are applied to obtain the volumetric light absorption inten-
sity of the structures. The first step only consists of air and glass for 
calculating the reflection of an incident transverse-electric wave by the 
substrate, which is then utilized, in the second step, as a background 
field for simulating the scattering field and power loss density of the 
Ag nanostructures on the substrate. The incident light intensity is set 
as 636 W m–2. The refractive index of Ag is obtained from ref. 61, and 
the refractive index of glass is set as 1.45. Afterwards, the ‘heat transfer 

in solids and fluids’ module is applied to obtain the temperature distri-
bution by inputting the volumetric heat source obtained above. The 
environmental air speed and ambient temperature are set as 0.1 m s–1 
and 293.15 K, respectively.

Data availability
All data needed to evaluate the conclusions in this study are present 
in the Article and its Supplementary Information. Source data are 
provided with this paper.
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Extended Data Fig. 1 | Overview of the plasmonic printing process.  
a, Schematic illustration of the optical setup for the plasmonic printing.  
b, Three plasmonic printing process flows. ‘M-OH’ represents the unconverted 

precursor film of MO, while ‘M-O’ represents the converted MO. The remaining 
Ag nanostructures in each flow are physically wiped off, and the remaining 
precursor film is removed by soaking in 3% w/v OA.
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Extended Data Fig. 2 | Electric field simulation for two intersecting Ag NWs. a, Structure, coordinate, and incident light built in the simulation. b, c, Electric field 
distribution profiles in the x-z and x-y planes for structures with varied angle of intersection.
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Extended Data Fig. 3 | Electric field simulation for Ag NWs with side dumbbells. a, Structure, coordinate, and incident light built in the simulation. b, Electric field 
distribution profiles in the x-y plane for structures with varied length and side-dumbbell radius.
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Extended Data Fig. 4 | O(1 s) XPS results of plasmonically printed MOs. O(1 s) XPS results of plasmonically printed a, InOx, b, IGZO, c, AlOx, d, IZO.
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Extended Data Fig. 5 | GIAXRD results for 150 °C annealed, 400 °C annealed and plasmonically printed MOs. GIAXRD results for 150 °C annealed, 400 °C 
annealed and plasmonically printed a, ITO, b, AlOx, c, IGZO, d, InOx e, IZO.
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Extended Data Fig. 6 | Scanning parameter optimization of the plasmonic 
printing process. Resistance (R) of an ITO film after laser irradiation (at 800 nm 
and 400 + 800 nm) under different light intensities for a, 1 min, b, 5 min.  
c, R/Ro ratios extracted from a and b, with Ro denoting the resistance of the ITO 
film before laser irradiation. Individual data points (n = 5 per group) are overlaid 
to show data distribution. Each point represents an independent ITO channel. Bar 
height, mean; error bars, standard deviation. d, Absorption spectra of Ag NW thin 
films at different thicknesses (controlled by the volume of Ag NW solution).  
e, Conductivity of a plasmonically printed ITO at varied fs laser wavelength.  
f, Output power of the fs laser at different wavelengths. g, Microscope 

photographs and measured conductivity of plasmonically printed ITO 
channels using different light intensities. The beam-scanning step length in this 
experiment is 10 μm. h, Conductivity of the plasmonically printed ITO channels 
using different beam-scanning step lengths. i, Conductivity of the plasmonically 
printed ITO channels of different thicknesses (controlled by the volume of Ag 
NW solution) using different light intensities. Data in e, h, i, are measured from 
5 independent ITO channels per group. Bar height, mean; point, mean; error 
bars, standard deviation. (n = 5). j, Conductivity of the plasmonically printed ITO 
channels measured at varied test distance.
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Extended Data Fig. 7 | Comparison on heating process and printed ITO 
performance between fs and CW lasers. a, b, Temporal temperature evolution 
during the plasmonic printing process respectively by fs laser and CW laser 
with varied power intensity, with the data collected right before and after laser 
illumination shown in c, d. e, Temperature distribution of the printed area after 
0.1 s illumination by fs laser (left) and CW laser (right) with varied power intensity. 

f, Schematics of the plasmonic printing optical setup using fs and CW lasers. 
The two laser beams are focused to the same size at the sample surface for direct 
comparison. g, Resistance of printed solution-processed ITO films under fs and 
CW lasers with varied light intensity. Data are measured from 5 independent ITO 
channels per group. Point, mean; error bars, standard deviation.
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Extended Data Fig. 8 | Surface morphology of plasmonically printed high-
density device arrays. a, Microscope photographs of a plasmonically printed 
high-density AlOx array, with its optical surface profile shown in b and extracted 

height profile in d. c and e show the optical surface profile and height profile of a 
single unit in the array. f-j, Similar results as a-e for a plasmonically printed high-
density IGZO array.
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