
Article https://doi.org/10.1038/s41467-025-64596-4

Ligand-exchange-assisted printing of
colloidal nanocrystals to enable all-printed
sub-micron optoelectronics

Zhixuan Zhao1, Ran An 1, Yu Liu2, Byung Ku Jung3, Jun Hyuk Ahn3, Ni Yang2,
Guodan Wei 4, Wallace C. H. Choy 1,5, Lain-Jong Li 2, Soong Ju Oh 3,
Ji Tae Kim 2,6 & Tianshuo Zhao 1,5

Additive manufacturing enables customised device fabrication for emerging
sensing technologies. However, printable (opto)electronic devices with
sophisticated architectures, including all-printed photodiodes, face challenges
in multi-material and multi-layer printing at micro- and nanoscales with low
processing temperatures. Herein, we establish a nano-resolution printing
method based on electrohydrodynamic printing (EHDP) to deposit inks from
the colloidal nanocrystal (NC) library, followed by in situ room-temperature
ligand exchange to functionalise the NC solids. This general approach enables
layer-by-layer printing with wide selections of NC inks, ligand reagents, sub-
strates, anddevice architectures. Chemical-treatment-induced contraction and
densification grants printed Ag NC structures electrical conductivity and an
achievable feature size and filling ratio of 70 nm and 75%, respectively, con-
structing wide-gamut structural colour gratings. By exploiting Ag, Au, PbS, and
ZnONCs and compact ligands, we demonstrate all-printedmulti-layer infrared
photodiodeswith sub-10-µmpixel sizes. The nano-printing assembly of hetero-
NCs promises the facile integration of multi-functional micro-nano devices.

Ubiquitous sensing and computing are becoming realistic with the
rapid advancement of Internet of Things (IoT) networks, wearable
technologies, autonomous machines, and AR/VR devices. Central to
these technologies are integrated microelectronic sensors and detec-
tors, whose size, form factor, and device characteristics must adapt to
application-specific requirements1,2. For instance, different types of
infrared (IR) photodetectors with tailored characteristics are needed
for distinct applications, such as motion sensing in auto-driving vehi-
cles, environmental monitoring via IoT technologies, and biomarker
detection in wearable healthcare devices. Therefore, on-demand
manufacturing offers a scalable and cost-effective solution, allowing
the assembly of multi-material components with engineered

properties to realise diverse device functionalities. Additive manu-
facturing, also known as 3D printing, is one promising approach to
fabricating customised device structures at multiscale with desirable
ink materials3,4. Although stereolithography and two-photon poly-
merisation-based 3D printing have achieved sub-micron resolution
and geometrical complexity, the inks are still limited to metal(oxide)s
and polymeric materials, and the final products typically serve mach-
inal and optical applications5,6. Fully printed microelectronics have
been limited in structural and functional diversity. The printing reso-
lution, uniformity, and precision control ofmaterial properties can still
be improved7,8. For efficient IR photodetection, patterning and func-
tionalising of semiconductor inks with various/tunable bandgaps has
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been rarely reported9. Printing the whole multi-layer device stacks like
metal contacts/transport layers/photo-absorbing layers (PN or PIN
junctions)/transport layers/metal contacts is also not yet achieved10.

To address these major challenges, it is necessary to cohesively
establish a widely tunable ink system and a versatile printing-sintering
mechanism. Colloidal nanocrystals (NCs) serve as ideal ink materials
for printed electronics, as their successful device integration has been
demonstrated in integrated/flexible circuits, photodetectors, and
photovoltaics using cost-effective solution processing methods11,12.
NCs comprise nanocrystalline cores encapsulated by ligand shells,
showing a broad range of designable material properties. The semi-
conductive family of NCs is also known as quantum dots (QDs) and
prized for size-dependent optoelectronic properties13. To facilitate
carrier transport inNC-based electronic devices, ligand-exchange (L-E)
is typically performed to replace or remove the insulating long-chain
organic ligands on the NC surface by compact ligands and enable
electronic coupling of NC arrays12. Selective ligand reagents further
modify carrier mobility and lifetime, doping type and concentration,
and energy level positions of NC ensembles to construct complex
device architectures through layer-by-layer coatingofNCs14. Themulti-
layer deposition strategy is also reported to fill and smooth micron-
size voids and cracks caused by organic ligand volume loss during the
solid-state L-E process.

Recently, 3D-printedNCandnanoparticle structures have entered
nanoscale resolution through various external field-assisted assembly
methods. For instance, the flow field and predefined electric field
direct charged metal particles to construct 3D nanostructures15,16.
Laser-induced hydrogel polymerisation and sintering mechanically
assemble metal nanoparticles to achieve a linewidth as low as 20 nm17.
Two-photon-inducednear-field optical forces enhance rapidprecursor
decomposition, assembly, and sintering of metal atoms to enable 100-
nmmetal andmetal oxide structures18. Photosensitive ligand linkageof
NCs upon two-photon initiation drives local self-assembly, enlarging
the pool of printing-patternable inorganic NC inks19. However, these
examples still rely on particular NC types and/or ligand matrices,
facing difficulties fulfilling the full range of tunable physical properties
offered by metal, semiconductor, and dielectric NCs for solid-state
device construction.

Electrohydrodynamic printing (EHDP) supports a variety of ink
materials from metal to semiconductor and metal oxide nano-
particles, and ultrahigh printing resolution to nanoscale beyond the
limitation of nozzle diameters20. However, the remaining organic
ligands and stabilisers in the as-printed structures, e.g., from Au and
Ag inks21–23, require to be removed by annealing above 150 °C. This
post-processing can deteriorate some semiconductive NCs, espe-
cially unstable IR-absorbing PbS and HgTe NCs, and flexible sub-
strates of low thermal resistance during multi-material printing.
Combined with low-temperature post-printing chemical treatment,
EHDP has also been reported to deposit semiconductive NCs (or
QDs) as sensitisers on graphene for enhancing infrared (IR)
photodetection24,25. However, to achievemore scalable all-printed NC
optoelectronic devices, mechanistic studies are still lacking in fine-
tuning the NC-surface ligand interplay during EHDP and enabling
multi-layer printing.

Herein, we report an L-E-assisted EHDP strategy to assemble sub-
micron NC structures followed by onsite room-temperature chemical
modification and functionalisation, enabling layer-by-layer printing of
NC microelectronic devices. The generality of this method is show-
cased by two model NC systems, namely Ag NCs and PbS NCs, in
combinationwith a series of ligand reagents.Upon the L-Eprocesswith
compact ligands, the printed NC patterns undergo contraction and
densification, reducing the printed linewidth to as low as 70 nm for Ag
NCs on Si substrates and improving electrical conductivity across the
NC array. We explore EHDP parameters to assemble continuous nano-
lines of Ag NCs and fabricate wide-gamut structure colour gratings,

sub-micron electrode arrays, and split-ring metasurfaces on both Si/
SiO2 and polymer substrates. These nano-lines are further densely
packed to form high-filling-ratio and crack-free micron-size films. By
analysing the localised IR spectra andmorphology evolution, we study
the dynamic interaction between NCs and ligands during the EHDP
process to facilitate L-E-induced grain growth of printed Ag NC films.
The resulting Ag NC micron-size films achieve a high DC conductivity
of 1:99× 107 S=m with the NH4SCN ligand treatment. Finally, PbS NC
micron-size films are printedwith iodide and thiol group L-E treatment
and show optoelectronic properties comparable to those of the spin-
coated ones. We integrate these semiconductor NCs and n- and
p-doping L-E treatment through multi-layer and multi-ink printing,
successfully showing all-printed PbS NC/ZnO NC IR photodiodes at a
sub-10-µm pixel size. They operate at lower dark currents and faster
photoresponse than the printed PbS NC photoconductors under
1480 nm illumination.

Results
Mechanisms of L-E assisted nano-printing of NC assemblies
Colloidal NCs are typically synthesised with long organic capping
ligands, forming stable inks for EHDP processes. As shown in Fig. 1a,
various NC core materials, including metals, semiconductors (also
known as QDs), and metal oxides, are prepared with oleic acid (OA) or
oleylamine (OLAM) surface ligands and well dispersed in non-polar
solvents like dodecane (see “Methods”). They are deposited by EHDP
following previously reported nanoscale dynamics20, where the elec-
tric force generated by pulsed voltages is sufficient to overcome the
surface tension and viscous forceof the ink and eject droplets fromthe
meniscus at the nozzle tip. As illustrated in Fig. S1, bymoving the stage
of the home-built EHD printer along one direction, we print the NCs
into lines on the substrate (Fig. 1b). These printed lines, as basic ele-
ments, can be further arranged and combined to create on-demand
patterns and thinfilmswith arbitrary shapes byprogramming the stage
trajectories.

These as-printed NC structures, however, are electrically insulat-
ing due to the separation of individual NCs by bulky organic ligands
(Fig. 1a). Therefore, we introduce compact ligand reagents, such as
ethanedithiol (EDT), NH4SCN, tetrabutylammonium iodide (TBAI), and
PbI2 dissolved in polar solvents to displace the long organic molecules
(Fig. 1e). Akin to the solid-state ligand exchange (L-E) treatment used in
large-area NC thin films, solutions containing compact ligands are
applied to cover the entire printed structures for 30–120 s followed by
excessive rinsing steps (Fig. 1c). As a result of the L-E process, the
interparticle distance is greatly shortened by removing or replacing
the long ligands with the compact ligands. These chemical reactions
are thermodynamically favourable and thus do not require elevated
temperatures. Due to the large volume loss and change of NC surface
energy during the post-printing L-E process, NCs are driven to rear-
range and even partially fuse in the printed ensembles, leading to an
observable structural change as well as physical propertymodification
(Fig. 1d). We choose Ag NC inks and the NH4SCN L-E treatment as
model systems to further investigate themechanismof the L-E-assisted
EHDP method.

We verify the effectiveness of using a 1mg/ml concentration for
the NH4SCN L-E treatment on EHD-printed Ag NCs by the nano-FTIR
technique (Fig. S2)26,27. We print an OA-capped Ag NC layer to partially
cover a printed and NH4SCN-exchanged Ag NC layer, such that their
morphologies and IR spectra can be compared side-by-side. The col-
our contrast in the scanning electronmicroscopy (SEM) image reflects
the difference in conductivity and z-height of the two areas of printed
Ag NC films (Fig. 1f), whereas the nano-FTIR image indicates their
drastically different intensities of IR absorption at 2900 cm−1 wave-
number (Fig. 1g). In Fig. 1h, the FTIR absorption collected locally from
the as-printed AgNC film and the L-E treated AgNC film shows that the
C-H stretch for organic ligand signatures thoroughly disappears after
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the NH4SCN treatment. Therefore, the L-E reaction is complete using
1mg/mL NH4SCN solutions, leading to inversion of the NC surface
chemistry from non-polar to polar. Such orthogonal surface polarity
minimises the redissolution during successive deposition of NC layers,
ensuring sharp edges of theAgNC layer printed on top of theNH4SCN-
treated Ag NC layer (Fig. 1f, g). This layer-by-layer printing with alter-
native NC deposition and L-E treatment grows the film thickness in
buildingmulti-layer stacks (Fig. 1d). It is noted that spotswithhigh FTIR
absorption still exist on the ligand-exchanged Ag NC layer, which
coincide with the voids formed due to the L-E (Fig. S2) that expose the

self-assembled monolayer coated on the Si substrate underneath the
Ag NC film.

Under the L-E condition of 1mg/mL NH4SCN or TBAI solution and
60 s treatment time, we observe the volume shrink and linewidth
reduction of printed NC lines. For example, the width of printed AgNC
lines is reduced from 651 ±49nm to 274±31 nm after the NH4SCN L-E,
while the as-printed PbS NC lines shrink from 754±65nm to
544± 34nm after the TBAI ligand exchange (Fig. 1i–k). The difference
in length between OA and NH4SCN or TBAI ligands accounts for
approximately 1 nm reduction of the interparticle distance, equivalent
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absorption spectra taken in the as-printed (left) and L-E-treated (right) regions of
(g). i SEM images of a representative Ag NC line as printed (left) and after the
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the NH4SCN or EDT L-E process. Scale bar: 15μm.
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to 20% of the particle diameter. More significant shrinking of the
printed Ag NCmicrostructures is attributed to further densification of
Ag NCs through NC sintering and local grain growth during the L-E
treatment, a process known as chemical sintering ofmetalNCs28,29. The
L-E-induced NC fusion can lead to micron-size cracks and voids in
large-area NC thin films, requiring multi-layer NC deposition to fill
empty space and achieve high conductivity30. Nonetheless, uniform
contraction and densification and micron-long continuity can be
achieved in the printed NC lines after the L-E treatment when the
printing morphologies are optimised. The discussion related to the

morphology evolution of printed NC lines and films induced by the L-E
treatment is detailed in Fig. 2. To enhance the adhesion of printed NCs
on the substrates and avoid delamination after the L-E treatment, we
adopt the strategy from spin-coated NC devices to pre-grow a self-
assembled monolayer of (3-Mercaptopropyl)trimethoxysilane (MPTS)
on the substrates for the rest of the study (see ‘Methods’).

Therefore, this L-E-assisted EHDP approach enables room-
temperature printing assembly of NCs into dense sub-micron solids
of electronically coupled NCs. The printed lines and films of Ag NCs
andPbSNCs achieveoptoelectronic properties comparable to thoseof
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with various pulse voltages V and SEM images (right) after the NH4SCN L-E treat-
ment. Scale bars: 1μm (left) and 2μm (right). h The filling ratio (FR) of Ag NC films
printed at various V before (pink) and after (purple) the NH4SCN L-E treatment.
(Error bars represent n = 15 independent measurements. The triangular symbol
represents the average value of the sample, and the line in the middle of the box
represents the median of the sample. The upper and lower box boundaries
represent the upper and lower quartiles. The upper and lower error bars represent
the maximum and minimum values from the measured samples).

Article https://doi.org/10.1038/s41467-025-64596-4

Nature Communications |         (2025) 16:9173 4

www.nature.com/naturecommunications


spin-coated counterparts, whosemechanisms and optimisation will be
discussed in length in the following sections. Besides Ag and PbS NCs,
the L-E-assisted nano-printing is generally applicable to other NC inks,
including semiconductive CdSe NCs and InSb NCs, and dielectric ZnO
NCs, showcased with the NH4SCN and EDT L-E to realise various pat-
tern designs at sub-micron resolution, promoting multi-material
printing capabilities (Figs. 1l and S3).

Forming continuous lines with connected NCs is essential to
ensure electrical andoptoelectronic properties in 1D and 2D functional
structures. Using Ag NC inks with NH4SCN L-E as a model system, we
investigate the effect of printing parameters, namely the stage speed v
and pulse voltage V, on determining the printed line morphologies
with a fixed nozzle outer diameter of 2 µm. Semiconductive Si with thin
native SiO2 layers is used as the substrate to avoid leveraging the auto-
focusing effect observed on highly conductive metal substrates and
the repulsion effect caused by charged particles printed on insulating
substrates, both of which alter the morphology of printed lines. We
also include the impact of printing parameters for depositing Ag NCs
on insulating SiO2 substrates in Fig. S4, offering guidelines for printing
NC-based electronic and optoelectronic devices.

We print a series of line arrays with the same Ag NC ink to study
the influence of v and V on the amount of Ag NC deposition per unit
printing length by SEM and EDX characterisation (Fig. S5 and Supple-
mentary Text 2). According to the amount of deposited Ag NCs per
unit length, we observe three modes of morphology transformation
upon removal of all organic ligands and NC fusion by the NH4SCN L-E
treatment on printed Ag NCs. As shown in the top row of Fig. 2a, when
the v is low, and the V is high, printed Ag NC lines are thick and wide.
L-E of these structures causes a significant volume shrink to form
nanopores inside and on the surface. In contrast, too fast v and too low
V result in insufficient Ag NC deposition to compensate for voids
generated by the L-E process, leading to crack formation in the NC film
(Fig. 2a, bottom). Therefore, optimal printing parameters exist when
AgNC lines becomedensified along the direction perpendicular to the
printing direction, i.e., along the width of the lines, after L-E without
leaving behind pores or cracks. The SEM images in Figs. 2a and-
S6 and S7 show that the finest linewidth of 70 nm can be reached for
continuous Ag NC lines by the L-E-assist nano-printing on semi-
conductive Si substrates (see ‘Methods’). Also, the quartic fractal Hil-
bert curve of 50× 50μm2 in size (Fig. 2b) and other fractal order curves
of 150 × 150μm2 in size (Fig. S9) have been printed to demonstrate the
continuity and integrity of L-E-treated Ag NC lines. The curve patterns
are one-off printed with a uniform linewidth of 550nm and a thickness
of less than 100 nm over straight paths and 90° turns.

To further understand the correlation between printed line width
and height before and after L-E, we select and analyse Ag NC lines
printed at 350V with different v. As depicted in Fig. 2c, the linewidth
decreases with the increase of v, as the number of ink droplets as well
as the deposited amount of Ag NCs per unit length decreases. The L-E
treatment further shrinks the linewidth, as consistently shown in SEM
images, but the relative dimension change varies with v. When v is over
6.0μm/s, the linewidth of as-printed Ag NCs is less sensitive to the
speed change, and the decrease caused by L-E is smaller due to the
insufficient amount of Ag NCs to migrate and fuse, corresponding to
the third mode in Fig. 2a. Similarly, the line height also decreases as v
increases (Fig. 2d). The reduction in line height after L-E is less than 10%
for structures printed slower than 2.5μm/s. The height difference
increases and becomes approximately constant as v exceeds 4.0μm/s,
indicating the transition of deformation modes described in Fig. 2a.

Since the line width and height can bemodified differently by L-E,
it is necessary to statistically investigate the aspect ratio (line height/
width, H/W) after L-E relative to that before L-E, namely relative aspect
ratio (RH=W ). RH=W = 1 represents the Ag NC line is shrunk iso-
topically in width and height, while RH=W < 1 (or RH=W > 1) means the
height (or width) is reducedmore than the width (or height). Based on

the analysis of Fig. 2c, d, RH/W is a function of both v and V. We only
plot the points where the RH/W is greater than 0.8 to highlight the
transition point (Fig. 2e). The transition point of RH=W � 1 shifts first
to lower and then to higher v as V rises from 250 V to 600V, indicating
alterations in the EHDP mode (Supplementary Text 3). This RH/W
analysis provides a detailed reference for parameter selection to guide
topography-specific printing fabrication.

Printing gapless arrays of lines to form crack-free thin films is the
next critical step for building optoelectronic devices. We print NCs
while moving the stage forwards and backwards with a spacing
between two parallel lines (Fig. S10a). As-printed NC lines are non-
conductive with limited dielectric constants, disrupting the sur-
rounding electric field distribution to impede further printing of sub-
sequent lines. Therefore, the spacing between neighbouring printed
lines and the width of printed lines should be designed cohesively to
minimise interline interferencebut achieve high packing density of the
line arrays and, hence, highfilling ratios (FRs) of theprintedAgNCfilm.
The printing parameters for NC films need to be adjusted accordingly
from those for NC lines.

Since organic ligands are removed after the L-E process, the FR of
printed films is the area taken by bare NCs over the total printing area.
With the same interline spacing, the FR is again governed by v and V.
Additionally, multiple NC layers can be printed along slightly offset
traces within the same area to enhance the packing density (Fig. S10b).
We define an effective speed ve = v/lN, where lN represents the number
of printed layers to be correlated with the total amount of NCs
deposited per unit time. By analysing the relative area of Ag to the total
printing area in SEM images, we calculate FRs of NH4SCN-treated Ag
NC films printed in the jetting mode (Fig. S11a). It shows a linear
decrease from 75± 5% to 20± 1% as ve increases from 2.5 to 10.5 µm/s
(Fig. S11b). If every deposited NC layer contributes equally to the FR,
the relative FR is expected to have an inversely proportional relation to
ve (Fig. S11b). However, the measured FR is higher than the calculated
relative FR, especially at intermediate ve. This deviation suggests that
the first Ag NC layer, although printed with high v, is sufficiently dense
to sustain a high FR, such that fewer additional layers are needed or
higher ve is allowed to obtain the same high FR.

The pulse voltage V is also critical for the morphology and FR of
printed Ag NC films. With a constant ve of 5.0μm/s, when V is close to
the threshold voltage to trigger ejection, the as-printed film contains a
substantial portion of voids and becomesmicroporous after L-E (Fig. 2f,
g, top).With such a lowV, thewidth of printed lines is narrower than the
spacing of 400nm between them, leaving unfilled space. Meanwhile,
the volume shrink created by organic ligand removal and Ag NC sin-
tering cannot be compensated due to limited overall Ag NC content.
The resulting cross-linked AgNCnetwork is highly porouswith a low FR
of less than 10%. Increasing V from 250V to 650V smooths the printed
Ag NC film with fewer pores, owing to broader linewidth and higher Ag
NC content per printed area (Fig. 2f, g, middle). However, when V is so
high that excessive AgNCs are printed per unit length, we observewavy
surface structures from the printed Ag NC film after L-E, where 5-μm
wide cracks are formed longitudinally along the printing direction
(Fig. 2f, g, bottom). This phenomenon is consistent with spin-coated
thick NC films reported previously31. The quantitative relationship
between V and FR is investigated with ve and interline spacing fixed at
5.0μm/s and 400nm, respectively. As shown in Fig. 2h, the FR of as-
printedAgNCfilm increaseswithV and reaches unity beyondV = 550V.
However, after the NH4SCN L-E treatment, the FR increases mono-
tonicallywhenV changes from250V to650V, but starts to dropwhenV
is larger than 650V, consistentwith the description in Fig. 2f. Our goal is
to print thin films with high uniformity and FRs butminimum thickness
that are desirable for multi-layer printing to avoid stair-step effects22. In
addition,we systematically investigate ve and other printing parameters
for different ligand reagents to improve the uniformity and reduce
cracks of printed PbS thin films (Fig. S12).
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Room-temperature chemical sintering of EHDP Ag NCs
L-E treatments with compact ligands cause chemical sintering and
grain growth of NCs, leading to high conductivity in spin-coated Ag
NC films12. Applying the chemical treatment on nano-printed NC
structures, we find the L-E-induced grain size evolution is more
sensitive to the ink concentration used in the EHDP process.
Five different ink concentrations, including 2.0mg/ml, 3.0mg/ml,
3.5mg/ml, 4.0mg/ml, and 8.0mg/ml, are used to print Ag NC films of
50×30μm2. They experience the identical NH4SCN L-E post-treat-
ment, but the averaged grain size extracted from SEM images
decreases from 73.3 ± 20.9 nm to 25.9 ± 4.0 nm when the NC ink
concentration increases from 2.0mg/ml to 8.0mg/ml (Fig. 3c, d).

The variation in grain sizes originates from different thermodynamic
driving forces and kinetic rates of chemical fusion and grain growth
of NCs, which are shown to be modulated by NC-ligand bonds and
particle sizes before L-E29.

Compared to polymer matrix encapsulated metal NCs and nano-
particles in previous EHDP studies20,32, the organic ligand coordination
on the NC surface is in a dynamic balance and less stable33. To inves-
tigate the effect of the EHDPprocess onNC surface ligands,we employ
nano-FTIR to probe the remaining organic ligands on printed Ag NC
films. As the ink concentration becomes higher, increasingly small C-H
signals are detected from as-printed Ag NC films (Fig. 3e). With an ink
concentration of 4.0mg/ml, near-zero IR absorption of the C-H
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Fig. 3 | Effects of Ag NC ink concentration on L-E-induced post-printing grain
growth. a Illustrationof ligand detachment from theNC surface occurring near the
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fingerprint is spotted at larger aggregation sites formed in as-printed
Ag NC films. The IR absorption intensity becomes undetectable from
the entire surface of Ag NC films when printed with an 8.0mg/ml ink.
These observations suggest that the EHDP process causes detachment
of organic ligands at high NC concentrations. As illustrated in Fig. 3a, a
portionof the organic ligands could leave theNC surfacewhenNCs are
squeezed closer together in highly concentrated NC inks33, leading to
irreversible NC agglomeration. This process is even facilitated by sol-
vent evaporation and high electric field strength to concentrate NCs
locally at the nozzle tip. The ligand detachment could also occur
during sessile droplet evaporation, as the stripped or loosely bonded
organic ligands move in opposite directions as the aggregated NCs
along the electric field lines34.

Based on our previous studies, the L-E of organic ligands by com-
pact ligands reduces interparticle distance and exposes high-energy
surfaces, driving the fusion of NCs29. Upon L-E with NH4SCN, surface Ag
atoms can diffuse across Ag NCs to grow larger grains without the OA
shell hindrance. However, the grain size is limited to ~100nm, consistent
with our observation (Fig. 2c) and a recent study35. Smaller NCdiameters
favour the fusion and grain growth process36. Here, we describe the L-E-
induced chemical sintering process using the Allen-Cahn equation used
for particle coalescence modelling37, where the specific surface area
(SSA, surface area/volume) determines the diffusion coefficient of Ag
atoms and available free energy released by the L-E process. The SSA of
agglomerated particles (~200nm) found in printed NCs from con-
centrated inks is reduced by about 50 times that of original Ag NCs
(~4 nm). Consistently, the numerical simulation of this model shows
particles with small diameters coalescedmore readily than particles with
3 times larger diameters after the same L-E reaction time to yield higher
packing density (Fig. 3b and Supplementary Text 4). Correlating the IR
and calculation results, we conclude that substantial portions of organic
ligands are lost during EHDP of high-concentration NC inks, forming
bigger aggregations of Ag NCs upon printing, which provide limited
driving forces for the following L-E-induced chemical sintering process.

The DC conductivity of Ag NC pads is measured by the four-point
probe (4PP)method (see ‘Methods’). Since the grain size increases as the
ink concentration decreases, the highest conductivity is achieved when
the ink concentration reaches 3.0mg/mL (Fig. 3f). By treating the prin-
ted AgNC film with NH4SCN solutions at room temperature, we convert
an insulating film to one with the conductivity of 1:78× 107 S=m, which
can be further improved to 1:99× 107 S=m by briefly dipping the film in
a NaBF4 aqueous solution to reduce surface oxidation of Ag NCs30. The
conductivity of printed Ag NC film (1 × 1μm2) is comparable to that of
large-area spin-coated Ag NC films with the same ligand and chemical
treatment30. We also print single Ag NC lines across two Au electrodes
with a 5-µmgap on the insulating SiO2 substrate. After the sameNH4SCN
L-E treatment, the linewidth varies between ~120nm to ~50nm (Fig. S8),
showing a conductivity of 7:5 × 104 S=m. This two-probe measurement
is limited by the contact resistance between printed Ag NC lines and the
Au electrode, and the non-uniform linewidth is due to the disrupted
electric field near the Au electrode. However, the accurate electrical
conductivity of the finest Ag NC lines with 4PP requires more advanced
nano-fabrication and printing parameter optimisation, which are
beyond the scope of this paper. Figure 3g separately compares the
conductivity vs. feature sizes and vs. post-processing temperature
achieved in this work with other printed Ag NC inks in the literature,
benchmarking the low-temperature chemical sintering approach for
nanoscale device applications.

Nano-optics and sub-micron electrodes based on nano-printed
Ag NC lines
We exploit the nanoscale resolution and high conductivity of printed
Ag NC lines to construct grating-based structural colours (SCs). The
grating structurediffracts the incidentwhite light intomonochromatic
lights at specific angles and phases to generate various SCs (Fig. 4a),

promising in flexible display, strain sensing, and anticounterfeiting
applications38,39. We use L-E-assisted nano-printing to fabricate Ag NC
line arrays with NH4SCN L-E on ITO/glass substrates to form grating
patterns. The linewidth and pitch size of the printed Ag NC gratings
can be accurately controlled by combining the printing parameter
optimisation and the L-E-induced shrinking effect studied above. The
resulting AgNCgratings are precisely defined and satellite-freewith an
interline spacing ranging from 1900nm to 600 nm at a 100 nm inter-
val, generating high-purity SCs. The SEM images show printed Ag NC
line gratings with 320 nm linewidth and pitches of 2220 nm, 1720 nm,
and 1320 nm, respectively, to achieve RGB SCs (Fig. 4b). More SCs can
be formulated by combining different pitches within one grating
structure, depending on the ratio of basic RGBSCgratings, as shown in
Fig. 4c. For example, white colour is observed when three primary SC
gratings are printed at equal fractions. Compared with the meniscus-
guided printed polymeric SCs in a recent report39, our results obtain a
wider colour gamut (Fig. 4d), attributing to smaller linewidth andmore
tunable line spacings. They are also compatible with high printing
speeds of 25μm/s.

Besides line gratings, we print Ag NCs for complex linear patterns
with extended functionalities. Figure 4e, g demonstrates Ag NC elec-
trode arrays with sub-micron feature sizes, suitable for single-cell
monitoring and biomolecule sensing. Figure 4f, h shows metasurfaces
consisting of subwavelength split-ring resonators simulated to reso-
nate in the long-wavelength IR (LWIR) region (Fig. S13). We succes-
sively print these structures, including the line gratings and
microelectrode arrays, on polydimethylsiloxane (PDMS) thin films to
show the compatibility of this room-temperature additive manu-
facturing method with flexible substrates (Supplementary Movie 1).

All-printed multi-layer PbS NC IR photodetectors
IR-absorbing PbS NCs have been developed as building blocks to
construct photodetectors (PDs) from the bottom up40. Although PbS
NC IR PDs have been progressively improved by developing chemical
modifications for NCs and stacking different functional layers, the
pixelation of these spin-coated devices is still underexplored, espe-
cially below 100-µm pixel sizes10. Therefore, we utilise the L-E-assisted
nano-printing to form sub-10 micron PbS NC patterns and PD devices
at room temperature (see ‘Methods’). To verify the optoelectronic
properties of printed PbS NCs, we first compare the photoresponse of
printed vs. spin-coated PbS NC films. PbS NCs with the 1st exitonic
absorption peak at 1500nm (1500nm PbS NCs) are printed across
evaporated Au electrode pairs with a 5-µm gap (Fig. 5a). The L-E
treatment is performed with either EDT, TBAI, or PbI2 solutions on
printed PbS NC films, whose photocurrent spectra closely resembles
those of the spin-coated PbS NC films underwent the same solid-state
L-E (Fig. 5b). We note a slight red shift and broadening of the photo-
current peak for printed PbS NC films, indicating even improved
electronic coupling and photocarrier delocalisation across printed NC
arrays. The printed and spin-coated PbS NC photoconductors exhibit
similar steady and transient photoresponse under 1480 nm illumina-
tion, as shown in Fig. S14.

The two-terminal PbS NC photoconductors are printed on
degenerately doped Si with 300 nm SiO2, which can also be operated
as field-effect transistors (FETs) by adding a third gate voltage across
the p++-Si and one of the two electrodes (Fig. 5a). We measure the
transfer characteristics of TBAI-treated printed PbS NC FETs (Fig. 5c).
In the dark, it shows predominant p-type behaviour, due to air expo-
sure of PbS NCs during the device handling and measurement41,42.
Under illumination by a 1480nm monochromic light, the on and off
currents increase while the their on/off current ratio decreases. The
higher photocurrent at VG =0 to 40 V is consistent with higher hole
concentration due to photogeneration in the PbS NC channel layer.
PbS NC films can also be printed on pre-printed Ag NC electrodes to
form all-printed PbS NC photoconductors and their arrays (Fig. S15).
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Then, we further prove the feasibility of printing multi-layer PbS
NCs by stacking a film of PbS NCs with a 950-nm absorption peak
(950nm PbS NCs) on top of a 1500nm PbS NC film to construct a
bilayer photoconductor. Both NC films are treated by TBAI immedi-
ately following the printing step. The photocurrent spectra show the
contribution from both NC layers even though the Au electrodes are
only in contactwith the bottomNCfilm (Fig. 5e). This is consistentwith
the funnel effect previously reported in spin-coated PbS NC films,
where the photocarriers generated in the wider-bandgap and smaller-
sizedNCs canmigrate through the gradedband alignment to reach the
bottom metal contact43. Although the overall photocurrent is domi-
nant by that of the 950nm PbS NC layer when illuminated by 945-nm
light as shown in Fig. 5e, the transient photoresponseof the stackedNC
photoconductors is more alike that of the single-component 1500nm

PbSNCphotoconductors (Fig. 5f), consistentwith the carrier transport
mechanism that is dominated by the bottom layer in this bottom-
contact geometry. These characteristics indicate that the optoelec-
tronic property of the bottom PbS NC film is not altered after printing
the top PbS NC layers.

Encouraged by the above results, we further explore the printing
of multi-layer and multi-material PbS NC IR PDs. Instead of single-
layer PbS NC photoconductors, we utilise the distinct doping effect
of EDT (more p-type) and TBAI (more n-type) L-E on PbS NC films to
build bilayer photoconductive devices and facilitate photocarrier
charge separation at the NC film interface40,44. Besides, Au and Ag
with higher and lower work functions can be more favourable metal
contacts to reduce carrier injection barriers with the EDT-treated and
TBAI-treated side, respectively. Therefore, we print Ag and Au NC
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films to form bottom electrode pairs, both assisted by the NH4SCN
L-E treatment. On the Ag electrode, TBAI-treated PbS NC layers are
printed, topped by EDT-treated PbS NC layers printed to connect
with the Au NC electrode (Fig. 5g, i). The overlapping area of the two
PbS NC layers defines the semiconductor junction with a sharp
interface (Fig. S16). The final device printed with 1500 nm PbS NCs
shows rectifying behaviour in the dark with a dark current as low as

3:3× 10�11 A (Fig. 5h). In contrast, the same PbS NC stack printed on
symmetric Au electrode pairs exhibits linear I-V characteristics
(Fig. S17), whose electron injection and extraction are hindered by
the PbS NC-TBAI/Au NC interface. The formation of solid junctions
and depletion regions in the printed bilayer photoconductor also
shortens the response time from about 300ms of the single-layer
devices to less than 60ms (Fig. 5l).
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However, the bilayer structure with asymmetric metal contacts
still cannot guarantee obvious open-circuit voltage under light illu-
mination even with shorter excitation wavelengths (Fig. 5h). The
device operation is dominant by the photoconductor mode over the
photovoltaic mode of photodiodes. Therefore, we finally introduce
ZnO NCs as the n-type electron transport layer and achieve all-printed
NC photodiodes. Instead of vertically stacking active layers with at
least one transparent top or bottom electrode in the typical photo-
diode structure, we fabricate the NC photodiodes through printing
and overlapping multiple layers laterally across the two bottom metal
electrodes. As shown in Fig. 5j, a pair of Au and Ag NC pads are printed
with a gap and treated by SCN− L-E. Then, layers of PbS NC-EDT/PbS
NC-TBAI/ZnO NC-SCN are sequentially printed followed by respective
L-E treatments, where the ZnO NC layer is deposited on top of the PbS
NC layers and separate the PbS NC layers from the Ag NC electrode. As
a result, the complete conduction pathway is through Au NC-SCN/PbS
NC-EDT/PbSNC-TBAI/ZnONC-SCN/AgNC-SCN,which contains charge
transport directions both horizontally within each layer and perpen-
dicularly across junction interfaces between layers. We demonstrate
such all-printed devices with pixel sizes of the photoactive area of
30× 15μm2 and 9×9μm2 to be comparablewith the state-of-the-art IR
imager resolution (Figs. S18 and 19). With 1500nm PbS NCs, the all-
printed NC photodiode shows rectifying IV characteristics with a low
dark current of 2:1 × 10�12 A. Under 1480nm light illumination, the
device achieves an open-circuit voltage of 0.2 V and an EQE of 56.1% at
�4V (Table S2 and Fig. 5k). The relatively high EQE is also attributed to
the direct illumination on PbS NC layers without the absorption loss in
transparent top electrodes45. The built-in electric field formed in the
photodiode device facilitates charge separation and leads to further
reduction in the response time to less than 20ms (Fig. 5l), which is
beyond the time resolution of our instrument.

We develop a general method to pattern and chemically modify
NC structures through layer-by-layer printing. Compared to conven-
tional inkjet printing and high-temperature post-sintering, ourmethod
takes advantage of the nano-resolution EHDP and room-temperature
L-E processes to diversify the variety of NC ink properties, substrate
compatibility, and printed microelectronics functionality. From the
model study on Ag NCs, we systematically investigate each printing
parameter and establish the L-E-assisted sintering mechanism. The
dynamicNC-ligand coordination during printing is found to determine
the driving force for the chemical fusion of NCs. We further verify the
semiconductor properties of printed PbSNCs and assemble all-printed
multi-layer photodiode devices with photoresponse to ~1500-nm-
wavelength irradiation. The diode performance is enhanced by asym-
metric metal electrodes, whose fabrication is more facile and flexible
by printing different metal NCs than by metallisation after repetitive
lithographic processes. While 3D integration and hybrid electronics
are proposing solutions to realising sensing, communication, com-
puting, and more in a single device22,46, this chemical-assisted nano-

printing method offers versatile and practical approaches to addres-
sing the key challenge of hetero-material and hetero-device integra-
tion on both rigid and flexible substrates.

Methods
Ink, nozzle, and substrate preparation
The chemicals and synthesis recipes of colloidal NCs are described in
the Supplementary Information. The Ag NC ink is prepared by disper-
sing Ag NCs in dodecane (Supplementary Text 1) with concentrations
varied from 2.0mg/ml to 8.0mg/ml. The Ag NC ink is sonicated for
5min at 25 °C before loading into the nozzle. The Au, 1500nm PbS,
950nmPbS,CdSe, andZnONC inks areprepared in the sameway as the
Ag NC ink with a concentration of 6.0mg/ml, 3.0mg/ml, 4.0mg/ml,
4.0mg/ml, and 20.0mg/ml, respectively.

The capillary nozzleswith 2–4μmouter diameters aremade using
the Micropipette Puller (Sutter P-97) by setting the heating tempera-
ture and pulling speeds.

The rigid substrates, including SiO2, Si, Au-coated Si/SiO2, and
ITO-coated glass, are ultrasonically cleaned in isopropyl alcohol for
5min. The cleaned substrates are further treated in an oxygen plasma
at 100Wand 0.5mbar for 1min or 20 s if the substrate is coated by Au.
Then, the substrates are soaked in (3-mercaptopropyl)trimethox-
ysilane (MPTS)/toluene solution (5 vol%) for 6 h and ultrasonically
cleaned in ethanol for 5min after rinsed by toluene. This pre-process
has been demonstrated to improve the adhesion force between NCs
patterns and substrates. The Au electrodes consisting of 10 nm Cr and
50 nm Au are thermally evaporated through shadow masks on the Si
substrate with a 300nm SiO2 layer. For flexible substrates, the PDMS
film with a thickness of 50μm is fixed onto the surface of Au-coated Si
wafers and peeled off after EHDP.

Ligand-exchange (L-E) treatment
The ligand reagent NH4SCN powders are dissolved in methanol to
form a solution with 1mg/ml concentration. As soon as the EHDP
process is finished, 80 μL of the NH4SCN solution is applied to cover
the printed patterns with a micropipette. After 60 s, the residual
ligands are washed away from the printed area with pristine metha-
nol. The L-E process of TBAI, PbI2, and EDT is similar to that of
NH4SCN, where the concentration of the TBAI methanolic solution is
1mg/ml, the EDT solution is 0.005% vol% diluted with acetonitrile
(ACN), and the concentration of the PbI2 solution is 2mg/ml in N,N-
dimethylformamide (DMF).

Characterisations
The SEM images and EDX characterisation are taken with a Hitachi
S4800 field emission SEM equipped with two secondary electron
detectors. The nano-FTIR spectra are collected by Bruker Anasys
nanoIR3, and the data are processed with Analysis Studio Bruker
software. The AFM measurements are performed by the Bruker

Fig. 5 | Printed NC IRmicro-PDs based onmulti-material andmulti-layer nano-
printing. a Schematics of printed PbS NC IR photoconductors. Scale bars: 5μm.
b Normalised photocurrent of printed (solid) and spin-coated (dashed) PbS NC
photoconductors with EDT (yellow), TBAI (purple), and PbI2 (grey) L-E treatments.
c ID-VG curves of printed PbS NC photo-transistors with TBAI L-E in the linear
(VD = �2V ) and saturation (VD = �30V) regimes in the dark (black) and excited
by 1480 nm light of 2.5mW/cm2 (red). The solid and dashed lines differentiate
forward and backward scans, respectively. d Schematics (Scale bars: 5μm) and
ephotocurrent of the 950nm/1500nm stacked (dark yellow), 950nm (yellow), and
1500nm(red) PbSNCphotoconductorswith TBAI L-E. fThe transient photocurrent
of single-component 950nm (yellow) and 1500nm (red) and stacked (dark yellow)
PbS NC photoconductors under an applied voltage of 5 V and chopped 1480-nm
light illumination at 1 Hz frequency. All currents are normalised to their respective
highest photocurrent values. g Schematics of printed rectifying PbS NC IR photo-
conductors. Scale bars: 5μm. h I-V characteristics of printed rectifying PbS NC IR

photoconductors with 1500 nm PbS NCs in the dark (black) and under 1060 nm
(yellow) and 1480 nm (red) illumination. iOptical microscopy images taken during
the fabrication of the bilayer PbS NC IR photoconductors with asymmetric metal
NC contacts. Scale bars: 10 μm. (Similar results are repeated independently for
n = 10). j Schematics of the device architecture for all-printed PbS NC/ZnO NC IR
photodiodes, containing sequentially printed layers of Au NC-SCN/PbS NC-EDT/
PbS NC-TBAI/ZnO NC-SCN/Ag NC-SCN with respective L-E treatments. k I-V char-
acteristics of all-printed 1500nm PbS NC/ZnO NC IR photodiodes in the dark
(black) and under 1480 nm illumination (red). l Transient photocurrents of differ-
ent devices basedon 1500nmPbSNCsunder 1Hzon/off illuminationwith 1480-nm
light (2.5mW/cm2) and an applied voltage of −2 V: EDT-treated PbS NC photo-
conductors (yellow), TBAI-treated PbS NC photoconductors (purple), PbS NC-
TBAI/PbS NC-EDT rectifying photoconductors (orange), and all-printed PbS NC/
ZnO NC heterojunction photodiodes (brown). All currents are normalised to their
respective highest photocurrent values.

Article https://doi.org/10.1038/s41467-025-64596-4

Nature Communications |         (2025) 16:9173 10

www.nature.com/naturecommunications


Dimension Icon AFM instrument in tapping mode. The second-order
flatten and the plane fit processing of the data are carried out with
NanoScope Analysis, Bruker. The full width and height at the quarter
maximumof theAFMprofile are extracted as the linewidth andheight.

Filling-ratio (FR) calculation
The top-view SEM images of printed Ag NC films are processed by
ImageJ to enhance the contrast. Then, a self-developed Python code is
used to calculate the percentage of pixels containing Ag as the FR. The
FRof each sample takes the average value calculated from tendifferent
areas of that sample.

Electrical measurement of Ag NC films
Four-point probe conductivity is measured using four Au electrodes
defined by direct laser writing (Picomaster 200) and thermal eva-
poration to form a 2×2 array with 5μm gaps between them. Ag NC
films (20μm×20μm)areprintedonto the centre of the four-electrode
pair to ensure adequate contact area between the sample and elec-
trodes. The sample is tested after the L-E process with 1mg/ml
NH4SCN solution for 60 s, andmeasured again after further reduction
by 25mM NaBH4 aqueous solution for 90 s. The four-point probe
conductivity measurement is carried out with a probe station (CHPU-
IST ZH-4) and sourcemeter (Keysight B2902B). The sheet resistanceRS

is calculated according to the Van der Pauw equation47:

e�πR12, 34=Rs + e�πR23, 41=Rs = 1 ð1Þ

where the R12, 34 is calculated by V 34=I12, in which V34 is the voltage
drop between Au electrodes 3 and 4 when the current I12 is applied
between Au electrodes 1 and 2. The samenomenclature format applies
for R23,41.

Field-effect transistor (FET) devices are characterised using a
standard three-terminal setup. Two probes are in contact with source
and drain electrodes interfaced with the NC channel layer, and a third
probe is applied on the degenerately p-doped Si common gate for the
gate bias. A probe station (CHPUIST ZH-4) and sourcemeter (Keysight
B2902B) are employed for FET measurements.

Structure colour (SC) characterisation
The printed SCs are imaged by a self-built apparatus composed of a
collimated white LED light source (XH-PTI025-5V, Xinheng high-tech),
a colour camera (Blackfly U3, FLIR), and a 2X infinity-corrected
objective lens (FL = 100.0mm,NA =0.055,Mitutoyo). The light source
is fixed at a 45-degree incident angle to the printed SCs, and the
objective lens is located in the normal direction above the sample to
receive the diffracted light.

Photoresponse measurement of printed PbS NC devices
The photocurrent of printed PbS devices is measured with an IR probe
station (DSR600, Zolix Instruments) under −5V to 5 V bias with scan-
ningwavelengths or a single wavelength excitation. Themonochromic
excitation wavelength used for PbS NC photodetectors includes
1060 nm (1.7mW/cm2) and 1480 nm (2.5mW/cm2). Transient photo-
response is collected by chopping the illumination light sourcewith an
optical shutter at 1 Hz and monitoring the current with a semi-
conductor parameter analyser (Keysight B1500A). The external quan-
tum efficiency (EQE) is calculated using the equation below:

EQEðλÞ= Iph � hc
q � Popt � λ

ð2Þ

where Iph is the photocurrent, h is Planck’s constant (6:626× 10�34 Js),
c is the light speed, q is the elementary charge (1:602× 10�19 C), Popt is
the incident optical power, and λ is the wavelength of the
incident light.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Thedata that support thefindings of this study arepresent in thepaper
and/or in the Supplementary Information. Additional data related to
the paper are available from the corresponding author upon
request. Source data are provided with this paper.
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