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Photopolymerization-based additive printing of functional inorganics has drawn great attention in recent years and one important
challenge is the photoresin loading with diverse inorganics. Here, we introduce a Maillard reaction-derived laser lithography
strategy for an unprecedented direct printing of diverse inorganic compounds. The sugar-assisted laser lithography (SLL) is
powerful to carry choice metal ions and versatile for the generation of patterned inorganic materials comprising metal oxides,
metal sulfides, and metal nitrides, characterized by ferroelectric, magnetic, semiconductivity, superconductivity, or other
properties. The material architecture is flexibly manipulated by the laser intensity, power, printing speed, precursor solution, and
computer-aided design to satisfy the practical requirements. This work demonstrates a new possibility for the further devel-

opment of laser lithography in the directly printing of feature-rich inorganic materials and devices.
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1 Introduction

The photolithography of functional inorganic thin films is the
basis of the information technique industry that fabricates
chips and integrated circuits. Conventional planar photo-
lithography can pattern inorganic thin films through sub-
tractive procedures, which involve film deposition,
photoresin coating, exposition, development, wet or dry
etching, and resist stripping. In recent years, the development
of photopolymerization-based additive printing of inorganics
has drawn great attention [1-4]. In this new method, in-
organic precursors are loaded in the photoresin and designed
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2D or 3D geometries of inorganics are produced by photo-
shaping and post treatment processes. Compared with con-
ventional subtractive photolithography, the additive printing
route is much simplified and more adapted to customized
applications of micromachines [1], photonics [2], electronics
[3], and chemistry and biology [4]. However, one of the most
important challenges is to develop photoresins that are able
to carry various functional inorganics. Important contribu-
tions have shown how to integrate inorganics and precursors
of inorganics into photoresins and how to perform additive
printing. The precursors can be classified into three families
that include metal salts, metal-organics, and nanoparticles.
Metal salts such as HAuCl, and AgNO; were directly mixed
with the photoresin [5,6] and the metal ions were reduced in
situ to metal nanoparticles by two-photon lithography during
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the resist shaping process, but only a hybrid nanoparticles-
polymer matrix was printed due to the low loading ratio.
Metal-organic precursors such as nickel acrylate [7], tita-
nium acrylate [8], and organosilicon compounds have been
mixed with the photoresin and printed into designed struc-
tures [9,10], producing pure phase geometries of metals or
ceramics by the pyrolysis process that decomposes the
polymer. However, the category of photoresin-compatible
metal-organics is still limited and only a few types of in-
organics could be printed through this route. Nanoparticles
of lead zirconate titanate [3], silica [11], hydroxyapatite [12],
zirconia [13], and alumina [14] have been physically blended
with the photoresin or chemically bonded with photo-active
monomers for additive printing, but the nanoparticle size
must be highly uniform and the nanoparticle aggregation and
light scattering effects tend to reduce the printing accuracy
and uniformity. Furthermore, new strategies have been
constantly reported for delivering and printing inorganics,
such as metal-silk composites by the lithography of silk-
centered bio-resists [15], or direct lithography of colloidal
nanocrystals by a photoresin-free method [16], or metal
oxides based on an aqueous metal-ion-containing photoresin
[17].

The direct laser-writing technology is favorable for nano/
microscale additive manufacturing due to its high resolution
and facility for printing designed 2D or 3D structures. The
additive printing of nano/microstructured inorganics by laser
lithography of the above-discussed photosensitive precursors
has been studied intensively [3,5—17]. Besides the laser-
driven photochemical reaction strategy, another prominent
method that is based on the laser sintering of nanoparticle
inks has been utilized to print diverse inorganics. Metal na-
noparticle inks of gold [18-20], silver [21,22], copper
[23,24], and nickel [25-27] have been utilized to print 2D
microstructured inorganics and functional devices, including
flexible sensors [19], transparent and conductive metal grid
electrods [21], wearable sensors [22], transparent heaters
[25], and temperature sensors [26]. Nevertheless, the re-
ported routes are still mainly based on specific photoactive
preceramic polymers and on nanoparticles that are obtained
via complex synthetic processes. Researches have been fo-
cused on the resolution limit, mechanical strength, con-
ductivity or other basic properties of the printed inorganics.
Innovative strategies are still desired for printing more di-
verse inorganics to enrich printable material sources and
endow the additive manufactured inorganics with improved
physical, electrical, optical, chemical, and other important
properties.

Herein, we develop a sugar-assisted laser lithography
(SLL) method that exhibits promising compatibility for
carrying diverse metal ions and printing various functional
inorganics. The SLL is based on an aqueous solution of
maltose and polyethyleneimine (PEI) and the precursor
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curing mechanism is different from that of the conventional
photolithography. It is inspired by the Maillard reaction,
which is one of the most important reactions in food chem-
istry, where a copolymerization of reducing sugars and
amino acids occurs [28—30]. The known reaction mechanism
at the initial stage involves the condensation of the sugar
carbonyl function of the open-chain form with the amino
groups of the amino acid [31,32]. In this work, we replace the
amino acid with polyethyleneimine (PEI), which is not only
rich in amino groups but also a powerful chelating agent for
metal ions in aqueous solutions [33,34]. It is found that the
sugar and PEI rapidly copolymerize and yield a water-in-
soluble film upon heating to a threshold temperature. The
SLL route is performed by applying a near-infrared (NIR)
laser to scan and harden the aqueous precursor and form
designed digital micro-patterns on the substrate. Most im-
portantly, using the desired metal ions coordinated to PEI
and the SLL processing method, diverse inorganics including
metal oxides, metal sulfides, and metal nitrides have been
printed on the substrate. The as-patterned inorganic materials
were evaluated by functional tests for semiconductivity, su-
perconductivity, magnetic and ferroelectric properties.

2 Methods

For printing ZnO, the precursor was prepared by dissolving
2.5 g of zinc nitrate hexahydrate and 2 g polyethyleneimine
in 20 mL of water. After stirring for 1 h, the solution was
diluted to 200 mL, subjected to an ultrafiltration process and
concentrated to 20 mL. In the ultrafiltration process, an
amino ultrafiltration unit and a PM10 ultrafiltration mem-
brane were used. 12 g of maltose was finally added to the
solution to form the precursor for performing the SLL pro-
cedure. The precursor was spin-coated on substrates at
8,000 r/min for 30 s. The SLL was performed by utilizing a
commercial MOPA optical fiber pulsed laser (YDFLO-20-
M1, JPT Electronics). The system had the following speci-
fications: laser peak emission wavelength 1,064+15 nm,
maximum pulse energy 0.8 mJ, pulse duration adjustable
range 2-350 ns, pulse repetition rate adjustable range 1—
4,000 kHz, collimated output beam diameter 7 mm, a beam
expander 2x (BE-1064-D28:42.4-2X, Carman Haas), a filed
lens (SL-1064-175-254, Carman Haas), and a laser scanning
galvanometer system. The average output power P is ad-
justable from 0 to 20 W. For performing SLL in this work,
the laser pulse duration 7 was set to 40 ns, the pulse repetition
rate R was set to 38 kHz, and the laser intensity / was ad-
justed from 0 to 0.82 TW/cm®, where I is calculated by the
laser parameters [35]. After being scanned by the laser sys-
tem, the precursor thin film was rinsed with deionized water
for 10 s to remove the uncured part, and then the printed
patterns on substrate were obtained. Then, the samples were
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annealed in air at 400 °C for 60 min and at 600 °C for
30 min, and thus the printed ZnO thin film pattern was ob-
tained for characterization. Other information about the
materials, the characterization, and the preparation of the Ni,
Sn, Cu, Mo, Ga, Nb, Ba, Ti, and Fe solutions is included in
the Supporting Information online, as well as for printing
thin films of NiO, SnO, GaN, TiN, MoS,, CZTS, NbN,
BaTiO; and Ni-Zn ferrite.

3 Results and discussion

The thermally induced copolymerization of PEI with the
maltose disaccharide is the basis of SLL. As the precursor
thin film is spin-coated on a quartz substrate and heated up at
room temperature (Figure 1a), the colorless solid precursor
thin film turned brown after 90 °C and was still water re-
soluble, but subsequently did not redissolve in water, by
heating above 120 °C. Monitoring by ultraviolet (UV)-visi-
ble spectroscopy (Figure 1b) shows a protruding absorption
band centered at ~320 nm after reaching 90 °C, which then
vanishes underneath a growing broad absorption band in the
300-450 nm region after being heated above 120 °C. The
corresponding thermogravimetric analyses (TGA, Figure 1c)
show that the precursor gradually loses weight from room
temperature to 180 °C with a distinct derivative thermo-
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gravimetric peak centered at 120 °C. X-ray photoemission
spectroscopy (XPS, Figure 1d) reveals a remarkable varia-
tion for the N1s band of PEI as a result of the thin film
curing. The N atoms of pure PEI mainly exist as secondary
amines R,NH (398.8 eV), while approximately 72% of them
are transformed to tertiary amines R;N (400.0 eV) after the
copolymerization [36]. This indicates that most of the sec-
ondary amines were dehydrated in the reaction with maltose,
forming tertiary amines (Figure le). Based on the above
analyses and the well-known reaction mechanism of the
Maillard reaction [37], it can be concluded that the precursor
solubility alteration is based on the dehydration and cross-
linking of PEI with maltose and that the precursor curing
threshold temperature is ~120 °C.

The SLL is performed by applying a laser (1,064 nm) di-
rect writing system to scan and harden the spin-coated pre-
cursor thin film on the substrate (Figure 2a). It should be
noted that the NIR absorption of the precursor thin film is
rather weak (Figure S1, Supporting Information online). The
SLL needs to be performed on substrates that absorb the NIR
laser energy and that are able to transfer it well to the pre-
cursor thin film. Although the Si substrate is almost trans-
parent to ordinary NIR radiation, it has been proven that an
intense NIR laser light can be absorbed by Si substrates,
generating enough thermal energy [38—40]. In this work,
SLL has been successfully accomplished on standard sub-
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Thermal induced copolymerization of PEI with maltose. (a) Water solubility variation of spin-coated precursor thin film under thermal treatment;

(b) absorption spectra of the precursor heated at different temperatures; (c) thermal gravimetric analysis of the precursor; (d) N 1s XPS spectra of PEI and the
crosslinked polymer (the red curve refers to the fitting of the raw data; and the green and blue curves correspond to the peak values of R,NH and R;N,
respectively); (e) crosslinking between maltose and PEI (color online).
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Figure 2 Sugar-assisted laser lithography and the relevant technical features. (a) Illustration of the SSL process; (b) height profile of the patterns printed
with different laser output power; (c) height profiles of the patterns printed with different scanning speeds; (d—f) IR images of the laser-induced thermal field
on substrates. The laser scanning direction is from top to bottom of the image; (g) picture of a 1 cm X 1 cm substrate printed with grid patterns; (h)
microscopic image of the printed pattern in (g) at a printing speed of 1,500 mm/s (scale bar = 50 pm); (i-n) CAD printing of various thin film patterns (scale

bar = 100 pm) (color online).

strate materials such as Si, SiO,/Si, and Ge (Figure S2). The
NIR laser direct writing system has a constant beam size of
10 um, and the influence of the laser working parameters on
the printing quality and the size of the printed features was
investigated. We found that the printed feature size is tunable
by adjusting the laser output power or the laser scan speed, as
shown in Figure 2b, c. The feature size increased from 10 to
50 um when the laser intensity was increased from 0.18 to
0.22 TW/em® at a scanning speed of 5 mm/s. On the other
hand, at a constant laser intensity of 0.20 TW/cmz, the fea-
ture size decreased from 40 to 10 um as the scanning speed
was increased from 1 to 25 mm/s. The tuning of the printed
feature size was revealed by IR imaging of the laser scanning
on a Si substrate (Figure 2d—f). It is observed that the laser
output power and the scan speed determine the size of the hot
spot on the substrate, which corresponds to the precursor
curing zone and determines the printing feature size (Figure
S3). As there is a curing threshold temperature, as discussed
in Figure 1, the hot spot needs to exceed the curing threshold
temperature to induce the precursor curing (Figure S3).
Therefore, the laser working parameters (laser output power
and scanning speed) need to be finely adjusted within a well-
defined functional zone to conduct the SLL (Figure S4). To
probe the SLL working limitation, a maximum printing
speed of 1,500 mm/s has been demonstrated in this work. A
1 cm x 1 cm substrate (Figure 2g) could be printed with a
grid period of 50 pm (Figure 2h) within 5 s. Besides, with the
assistance of computer-aided design (CAD), the precursor
thin film could be printed with designed digital patterns
(Figure 2i—n) and the layer-by-layer structures could also be

fabricated through repeating the spin coating and SLL pro-
cess (Figure S5).

Printing functional inorganics was realized by first co-
ordinating metal ions to the precursor PEI, followed by the
SLL process (Figure 3a). Herein, printed ZnO thin film
patterns on Si substrates are used as an example for illus-
tration. Zinc nitrate (Zn(NOj;),) was used as the Zn source to
bind with PEI. Designed patterns of the precursor carrying
Zn ions could be still printed on the substrate, indicating that
the Zn ions do not impede the precursor crosslinking (Figure
3b—d). The corresponding energy-dispersive X-ray spectro-
scopy (EDX) mapping reveals that the Zn ions are uniformly
dispersed within the precursor thin film patterns (Figure
S6a). Subsequent ZnO growth was performed through sin-
tering the as-printed samples in air at 500 °C, where the Zn
ions were transformed into ZnO while the crosslinked
polymer was pyrolyzed away. The transmission electron
microscopy (TEM) image of the initial thin film reveals the
disorder and amorphous state of the precursor (Figure 3e).
Crystalline lattices emerged in the sample after being an-
nealed at 400 °C (Figure 3f), implicating the incipient for-
mation of ZnO nanocrystals. The blurred selected area
electron diffraction (SAED) rings also confirm the partially
crystalline nature of the phase. After being annealed at
600 °C, highly crystalline ZnO was formed with bright and
sharp SAED rings (Figure 3g and Figure S6b). Following the
high-temperature treatment, the height of the resultant pat-
tern decreased from 200 to 20 nm (Figure 3h, i) due to the
loss of the polymer. The X-ray diffraction (XRD) spectra
reveal that the patterned ZnO is polycrystalline, corre-
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Figure 3 SLL printing of a ZnO thin film. (a) Illustration of the SLL process for printing of inorganics. (b) Microscope image of the printed precursor
arrays. The inset is the corresponding optical image of the 1 cm x 1 cm sample. (¢, d) Microscope images of a printed micro-butterfly and a rectangle array.
(e—g) TEM images of the patterned ZnO during the annealing process. The insets are the corresponding SAED patterns: (e) before being annealed, (f)
annealed at 450 °C, (g) annealed at 600 °C. (h) Height profile of the printed precursor thin film patterns loaded with Zn ions. The inset is the corresponding
microscopy image of the printed patterns. (i) Height profile of the printed ZnO patterns after annealing at 600 °C. The inset is the corresponding microscopy
image of the printed patterns. (j) XRD spectrum of the printed ZnO (color online).

sponding to a pure zincite phase with hexagonal structure
(Figure 3j), which agrees with the ZnO thin films previously
synthesized through a solution process [41]. The pure zincite
phase is confirmed by the corresponding XPS result (Figure
S6c¢), where all of the apparent peaks can be assigned to zinc
and oxygen, and no evident signals from carbon or nitrogen
are observed, confirming the complete removal of the
polymer matrix through the sintering process at 600 °C.
Other inorganic materials have also been printed to further
demonstrate the SLL capability. Metal oxide semiconductors
(Figure 4a, b) such as n-type SnO, and p-type NiO were
obtained through coordination of molecular Sn and Ni pre-
cursors, respectively, to PEI followed by printing and sin-
tering and the measured optical band gaps of 3.5 and ~3.3 eV
are consistent with bulk materials [42]. The XRD results

confirm that the printed oxide film patterns consist of pure
and crystallized SnO, and NiO phases, respectively (Figure
S7a, b). Printed GaN and TiN patterns (Figure 4c, d) were
fabricated through the annealing of the Ga and Ti co-
ordinating SLL precursor thin film patterns under an NH;
atmosphere. The photoluminescence (PL) peak at 395 nm
and the XRD spectrum (Figure S7c) confirm the phase
quality of GaN [43]. The XPS and XRD results for TiN are in
accordance with the reported data as well (Figure S7d) [44].
Printing of the transition metal sulfide MoS, was accom-
plished by the annealing of the Mo coordinating SLLpre-
cursor thin film patterns under an Sg/H,/Ar atmosphere
(Figure 4e). The Raman frequencies at 383 cm’' (Elzg) and
405 cm”! (A,y) demonstrate that the printed MoS, is multi-
layered [45]. More complicated quaternary semiconductor
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Figure 4 Examples of laser-printed semiconductors. (al) Sn SLL precursor solution; (a2) SEM image of patterned SnO,; (a3) UV-Vis spectrum (blue) of
SnO, and its corresponding band gap (red). (b1) Ni SLL precursor solution; (b2) SEM image of patterned NiO; (b3) UV-Vis spectrum (blue) of NiO and its
corresponding band gap (red). (c1) Ga SLL precursor solution; (c2) SEM image of patterned GaN; (c3) PL spectrum of GaN. (d1) Ti SLL precursor solution;
(d2) SEM image of patterned TiN; (d3) XPS analysis of the Ti 2p core level. (el) Mo SLL precursor solution; (e2) SEM image of patterned MoS,;
(e3) Raman spectrum of the obtained MoS,. (f1) Mixture of SLL precursor of Cu, Zn, and Sn; (f2) SEM image of patterned CZTS; (f3) Raman spectrum of

the obtained CZTS. Scale bars = 200 pum in all panels (color online).

copper zinc tin sulfide (CZTS) could also be printed by the
incorporation of Cu’’, Zn™', and Sn* together into the pre-
cursor solution (Figure 4f). The nature and crystallinity of
the phase were confirmed by the Raman peaks at 285 and
332 cm ' and by the XRD spectrum (Figure S7e) [46,47].
The quality of the SLL-printed materials was evaluated by

the fabrication of functional inorganics as parts of super-
conductor, magnetic, ferroelectric, and P/N junction devices.
Circuitous NbN microwires were printed on a Si substrate
(Figure 5a). The cross-section TEM image of the microwire
shows that the printed NbN is dense and uniform with a
thickness of ~7.1 nm (Figure 5b). The high-resolution TEM
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Figure 5 Laser-printed NbN superconductor microwires and ZnO/NiO transistor. (a) SEM image of the printed circuitous NbN microwire on Si substrate
(scale bar = 50 um); (b) cross-section TEM image of the printed NbN (scale bar = 10 nm); (c) HRTEM of the NbN (scale bar = 5 nm); (d) temperature
dependent resistivity of the NbN film; (¢) XRD spectra of the printed Ni-Zn ferrite (inset shows the optical image of the printed pattern); (f) magnetization of
the printed Ni-Zn ferrite; (g) XRD spectrum of the printed BaTiO; (inset shows the optical image of the printed pattern); (h) polarizing phase and strain
amplitude hysteresis loop of the printed BaTiO; from PFM test; (i) 3D image of the ZnO-NiO heterojunction; (j) cross-section SEM image of the ZnO-NiO
heterojunction (scale bar = 50 nm); (k) /-V characteristic of the ZnO-NiO heterojunction (color online).

(HRTEM) image clearly reveals the NbN (111), (101), and
(200) lattice planes, indicating that the printed NbN is highly
crystallized and with a polycrystalline morphology (Figure
5¢). The temperature-dependent resistivity of the printed
NbN was tested (Figure 5d). The NbN resistivity decreased
to 0 Ohm at 6.5 K, which corresponds to a superconducting
transition temperature (7,). The T, is comparable to the cri-
tical temperature of the NbN grown by physical deposition
methods [48]. A printed Ni-Zn ferrite magnetic material and
a BaTiO; ferroelectric material were fabricated on Si sub-
strates. The XRD patterns proved that these printed materials
are pure phases (Figure S5e—g). Both the magnetization
(Figure 5f) and the piezo-response force microscopy (Figure
Sh, Figure S8) responses are comparable with those of the
bulk materials [49,50]. In addition to the simple patterning of
thin films, we also performed layer-by-layer printing, which
allows the additive construction of multiple components
forming heterostructures and electronic devices. Figure 5i
shows a printed transistor of p-type NiO and n-type ZnO
through a layer-by-layer fabrication. The cross-section
scanning electron microscopy (SEM) image shows that both
NiO and ZnO layers are dense and uniform (Figure 5j) and
that the interface between the two layers is seamless. The
printed heterojunction shows the typical current-voltage (/-
V) characteristic of a diode that is conductive at positive bias

and rectifying (high resistance) at negative bias voltage
(Figure 5k).

The latest reports on the laser additive manufacturing of
inorganics have achieved high resolutions for 3D nanos-
tructures. Sakirzanovas et al. [51] utilized photoactive pre-
ceramic polymers as precursor, achieving a new resolution
record below 60 nm in the laser printing of Si/ZrO, 3D na-
nostructures. Vyatskikh et al. [8] applied a preceramic TiO,
resist as precursor to fabricate high-refractive-index TiO, 3D
architectures with 300-600 nm beam dimensions. Gonzalez-
Hernandez et al. [52] applied ultrafast laser direct-write
(LDW) nanolithography for printing inorganic free-form
micro-optics. However, a high flexibility allowing printing
of a greater variety of inorganics and enriching their func-
tional properties had not yet been achieved. This work de-
monstrates the SLL printing of a variety of inorganics with
ferroelectric, magnetic, semiconductivity, and super-
conductivity properties, opening up more opportunities for
expanding the applications of laser additive manufacturing.
Although the best resolution achieved in this work, which is
limited by our commercial NIR laser direct writing equip-
ment, was not less than 10 pm, it should be possible to fur-
ther reduce the feature size to the submicrometer range by
optimizing the laser beam, increasing the objective lens nu-
merical aperture, performing immersion exposure, or other



Dai et al.

methods. For example, Ko et al. [53,54] have achieved a
380 nm metal wire by direct writing through the application
of a 780 nm wavelength femtosecond laser. Vyatskikh et al.
[7] have reported a 100-nm resolution utilizing a two-photo
lithography laser printing system. Besides laser direct writ-
ing, the resolution may also be improved by the use of
emerging nanotechnologies such as dip and polymer pen
lithography [55] or e-beam [56].

4 Conclusions

A brand new laser lithography strategy for carrying and
printing inorganics has been developed on the basis of the
Maillard reaction. Unlike the conventional photo-
polymerizations based on photochemical reactions of poly-
(vinyl cinnamates), diazido-cyclized rubbers, diazo-
naphthoquinone compounds, polyester derivatives, or photo
acid generators of iodonium salts and sulfonium salts, the
SLL method utilizes the green chemicals maltose and PEI,
which are non-toxic, organic-solvent-free, environmentally
friendly, and inexpensive. Most importantly, the SLL pre-
cursor is highly suitable for delivering diverse metal ions and
allows printing of numerous inorganic materials comprising
metals, metal oxides, metal sulfides and metal nitrides that
feature ferroelectric, magnetic, semiconductivity, super-
conductivity or other properties. These printed functional
materials and electronic devices show quality and physical
properties comparable to those of solution-processed bulk
materials. In addition, the SLL precursor is uniform, stable,
supports metal ion mixtures, and allows printing of poly-
metallic compounds. A maximum laser scanning speed of
1,500 mm/s has been demonstrated and the microstructures
can be easily scaled up to the centimetre range, providing a
firm basis for applications. This new lithography manu-
facturing method opens up a new avenue for printing func-
tional inorganic materials and devices, and expedites
potential applications of structure dependent electronic, op-
tical, chemical, and biological systems.
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