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long focal length aerosol-assisted focused
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and Zhi Tao Chena

Mask-free direct printing can alleviate the high cost and high consumption involved in photo-lithography

for chip processing. Most of their technical routes are based on the traditional short focal length nozzles,

which is suffered from higher probability of nozzle retardation or clogging as well as the higher

mechanical burdens. While aerosol-assisted chemical vapor deposition (AACVD) has better deposition

adaptability but usually lack of focused printing. In this study, a system that combines of long focal

length ALS with AACVD, so called AAFCVD printing system has been developed. The single-point printing

capability and aerosol precursor adaptability were verified, and the relationship between the single spot

printing performance and the chemical reaction mechanisms were studied. Furthermore, a unique

carbon injection effect brought by ALS was discovered. Finally, the linear graphics printing performances

of the system were evaluated. This system is expected to become a new generation of high-

performance mask-free printing system for chip manufacturing.
1. Introduction

The traditional semiconductor manufacturing processes rely on
photo-lithography or electron beam lithography methods,1,2

resulting in high cost and high consumption of solvents. Mask-
free micro-nano direct printing technology is expected to
change this situation by minimizing cost and reducing waste.3,4

At present, the direct printing technology in micro-nano pro-
cessing technology is mostly driven by uid mechanics,
including the use of single-stage nozzles,5–7 sheath air
nozzles,8–10 ink-jet nozzles,11,12 etc. The rst generation single-
stage nozzle has a relatively simplied structure and the
lowest cost. But the types of printing mediums are limited, and
the focusing performance and versatility could not achieve the
most ideal state. The second generation introduces the sheath
airow around nozzle brings stronger work stability, making it
more controllable and exible. Ink-jet printing nozzles are mainly
operated for liquid working uids. Through the integration and
improvement of the above two generations of nozzles, with the
pressure, thermo-methods and electrospray supplement, ink-jet
printing achieved relatively stable and complex printing abilities.
Based on the mature development of ink-jet printing technology,
extraordinary progress has been made in the preparation of OLED
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panels.13–16 All of those nozzle technologies have been widely used
in the mask-free direct printing. However, the traditional nozzle
designs are inseparable from the short focal lengths for microm-
eters or millimeters,17–19 which may increase the chance of nozzle
retardation or clogging. The focal efficiency will collapse when the
distance from the substrate is extended to above 10 cm.20 Short
focal distance reects additional mechanical burdens for printing
complex micro-nano structures such as deep layers and thick
walls, thus limits the wider applications.

Aerosol-assisted chemical vapor deposition (AACVD) has
been widely used in the preparation of nanomaterials. Using the
AACVD, Piccirillo et al.,21 fabricated hydroxyapatite-embedded
TiO2 thin lms and Taylor et al.22 synthesized nano-structured
TiO2 coatings. AACVD exhibits good application value in the
preparation of inorganic optoelectronic materials and has
recently been extended to the deposition of organic perovskite
quantum dots. Such as Basak et al.23 prepared CH3NH3PbI3 and
Aamir et al.24 fabricated CsPbBr2I perovskite thin lms, etc.
AACVD inherits the characteristics of traditional CVD. On the
other hand, the traditional CVD generally directly reacts and
deposits in the reaction furnace chamber, while AACVD sepa-
rates part of the chemical reaction from the furnace to the
dedicated reaction chamber. The AACVD method introducing
pre-reaction is adaptable for the precursors in the form of gases,
solid particles or even liquid mist into active aerosols, supple-
mented by coating or nozzle spraying technologies to prepare
better deposited lm. These characteristics make it a wider
range of precursor adaptability. Regrettably, most of the current
AACVDs use masked coating or wide-area spraying for
RSC Adv., 2021, 11, 4425–4437 | 4425
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Table 1 The expected technical parameters of ALS

Lens cascades Focusable size Beam width Focal length
Divergence
angle

5 200–3000 nm 100–400 mm $100 mm #5 mrad
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deposition operation. There are few attempts to apply it to 2D/
3D direct focus printing of new semiconductor materials.

Robinson et al.25 rst predicted that in the laminar and non-
compressible air ow, small particles would aggregate aer
passing through the small holes, which directly led to the
invention of the aerodynamic lens (ADL). With the design of
single-stage aerodynamic focusing lens (SADL), an effective
method for controlling the focusing and positioning of the
particle beam by aerodynamic principles was obtained.26,27

Nevertheless, the SADL lacks adaptability and cannot effectively
focus on particle beams with a wide range of particle size. To
overcome these drawbacks, the aerodynamic lens stacks (ALS) has
been gradually developed. The ALS connects multiple series of
ADLs in a coaxial manner to further improve the performances not
only obtaining wider particle size compatibility but also higher
particle beam controllability.28–30 Although the ALS system has
sporadic applications in other elds, it is still mainly designed and
used as a sampler for aerosol mass spectrometers.31–33

In summary, short focal length restricts the traditional
mask-free printing systems; while for AACVD, there is a lack of
an effective focusing system to achieve printing deposition. In
view of the compatibility of aerosol precursors naturally
possessed by ALS and its long focal length, here we propose
a system that combines ALS focusing with AACVD, so called
AAFCVD printing system. In this study, the working device
assemblies of the system were designed and optimized by the
ANSYS Fluent™ sowaremethod. SEM and EDS were used to verify
the single-point printing capability and aerosol precursor adapt-
ability; the single particle analyse mass spectrometry (SPA-MS), the
laser particle tracing and the ATR FTIR, were used to study the
relationship between the single spot printing performance and the
chemical reaction mechanism involving KH570 and KH560 aero-
sols; XPS depth proling was used to study the interface contact in
the printing process; nally, the linear graphics printing perfor-
mances were evaluated. This system is expected to become a new
generation of high-performance mask-free printing system.

2. Experimental
2.1 Materials

Polystyrene standards (sulfate latex beads in 8% w/v) were
purchased from Thermo Fisher Co. LTD.; 3-glycidoxypropyl-
trimethoxysilane (KH560) and 3-methacryloxypropyltrimethox-
ysilane (KH570) were purchased from Nanjing Chengong
Silicon Co. LTD.; absolute ethanol (CH3CH2OH 99.5%) was
purchased from Energy Chemical Co. LTD.; soda glass (thick-
ness 1.1 mm) was purchased from Guluoglass Co. LTD.; the
ultra pure water was produced by Merck® Milli-Q™ Reference
system. All materials were directly used as received.

Targets of metals substrate: soda glass with 85 mm � 5 mm
� 1.1 mm, deposited with 10 nm chromium and 120 nm gold by
electron beam evaporation. Aerosol atomize: each 1.0 mL poly-
styrene sulfate latex with different size was dissolved in 50 mL
pure water to obtain the standard PS latex precursor solutions.
15 mg of KH560 or KH570 were dissolved in 50 mL of 25%, 50%
and 75% (v : v) ethanol water solutions to obtain 0.30 mg mL�1

precursor solutions. Solution was then put into aerosol
4426 | RSC Adv., 2021, 11, 4425–4437
atomizer (TSI Inc., Model 9302); an airow at 1.0 mL min�1 was
provided to the atomizer to generate aerosols.
2.2 Instruments designs

The ALS parameters as the aerosol mass spectrometer sampler
were extensively investigated. In the classical ALS designs,27,34–36 the
lens aperture sizes are between 0.52–8.00 mm, the focusable sizes
are between 3–10 000 nm, and the number of lens cascades are 3–
7. But few of themhave paid attention to the focal length. Based on
the most defocus range of about 100 mm in the traditional
printing nozzles and aerosol-assisted requirements as well as other
experimental needs, the expected ve ALS technical parameters
were summarized in the following Table 1.

The printing device was assembled as shown in Fig. 1A and
B. The system is divided into three parts, including the aerosol
generators, the aerodynamic focusing lens stacks (ALS) and the
vacuum support components. The aerosol generator is a commer-
cial aerosol atomizer (TSI Inc., Model 9302). The long focal length
optimized ALS and nozzle system was designed by the expected
technical parameters in Table 1. The ALS system was optimized by
the use of ANSYS Fluent™ Aerodynamics and Particle Trace
Soware simulations (the result shown in Fig. 1D). The manu-
factured ALS design is shown in Fig. 1C. The soware predicted
that this ALS system could arrive the statement within beamwidth
lower than 350 mm and divergence angle lower than 1.625 mrad.

It was initially determined that the longest focal length should
be greater than 200 mm, actually set it at 215 mm. Then the
vacuum chamber with the sample holder structure was designed
andmanufactured. Fig. 2A shows a set of sample holders (A and B)
set at the higher and lower positions respectively in the vacuum
chamber of the equipment, and the distances of holder (A and B)
from the ALS nozzle were 135 mm and 215 mm.

The principle of calculating the beam divergence angle is
shown in Fig. 2B. Spot (A and B) were deposited on holder (A
and B) respectively, and the diameters of spot (A and B) were
measured by optical imaging, and the divergence angle a was
calculated by the formula in the Fig. 2B.
2.3 Characterization methods

SEM images were taken by Phenom XL™ (Thermo Scientic,
Inc.), using SE or BSE modes at 10 kV accelerating voltage.
Before testing, about 3 nm thickness of platinumwas sputtered on
the targets by ion sputter (Quorum Q150V ES Plus). The EDS
observations were held by EDAX® (AMETEK Inc.) module
embedded in SEM. The SPA-MS were taken by SPAMS-0525™
(Guangzhou Hexin Instrument Co., Ltd.). Using 532 nm laser for
online particle size survey, and 266 nm laser at 1.5 mJ for particle
ionization. ATR FTIR spectrum were taken by Nicolet™ iS50 FTIR
spectrometer (Thermo Scientic, Inc.). The XPS detection was
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The scheme of ALS printing assembly (A), the experimental equipment (B), the design of long focal length ALS (C) and simulations of ALS
particle beam (D).
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View Article Online
taken by Nexsa™ System (Thermo Scientic Inc.), with CAE 150 eV
pass energy for grand scanning and 50 eV for precision scanning,
0.1 eV resolution, depth proling using a 4000 eV single beam Ar+

at 30� angle in 20 seconds etching procedure for each layer. Optical
observation was held by CX31 (Olympus Corp. LTD.) and
DM4000B (Leica Microsystems, Inc.) optical microscopes.
3. Results and discussion
3.1 Performance of the long focal length ALS focusing
deposition system

The polystyrene aerosol deposition experiment was used to
calculate the focused beam width and divergence angle of this
system.
Fig. 2 The design for target holders and vacuum chamber (A) and the c

© 2021 The Author(s). Published by the Royal Society of Chemistry
As shown in Fig. 3A, the spot (A and B) series are the depo-
sition patterns of PS latex micro-spheres with different particle
sizes on the sample holder (A and B), respectively. And the
distances between holder (A and B) from the ALS nozzle were
135 mm and 215 mm, respectively. Within 15 minutes of a ow
rate of 1.0 mL min�1, 230 nm to 3100 nm PS aerosols were
deposited on the two holders (A and B). The edge diameters of
each deposition pattern, and performs statistics and calcula-
tions according to the principle mentioned above are shown in
Fig. 3B.

Fig. 3B show that the focal beam width of the deposition
gradually decreases with the particle size increment. The focal
beam width at point A is lower than 300 mm and point B is
smaller than 450 mm, indicating that the ultra-long focal length
alculation method of beam size and divergence angle (B).

RSC Adv., 2021, 11, 4425–4437 | 4427
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Fig. 3 The optical images of the PS nanospheres deposition spots (A) and the calculated diameter as well as divergence angle data (B) in the ALS
deposition system.
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focused deposition system was successfully manufactured.
Furthermore, all focal divergence angles are narrower than 1.75
mrad, informing that the focused beam shows good collimation
within 200mm. It can be considered that the focal length of this
ALS focused deposition system is close to innity and is far
longer than the existing micro-nano processing direct printing
technology. It is proved that an ultra-long focal distance
depositing system was successfully fabricated.
3.2 The investigation on ALS deposition system applied to
the AAFCVD

3.2.1 The compatibility of ALS deposition system on
AAFCVD. In the following, the compatibility of the ALS printing
system for aerosol-assisted focused chemical vapor deposition
was evaluated. The silane coupling agents, KH570 and KH560,
were used as reaction precursors and deposited on gold
substrates. Then the ethanol concentration and chemical
reactions that affect the ALS system in chemical vapor deposi-
tion were carefully studied. The deposition substrates were set
at the holder (A) as close as 135 mm to the ALS nozzle.

Typically, 25%, 50% and 75% ethanol aqueous solution was
used as solvent to generate the aerosol. By observing the
macroscopic state of the deposition point, it can be seen the
liquid KH570 or KH560 can be converted into the solid state
deposition point. However, no peeling or dissolution was
observed in the deposition point under ultrasonic treatment in
4428 | RSC Adv., 2021, 11, 4425–4437
absolute ethanol environment for 30 minutes. This result
indicated that the deposition sites have undergone chemical
reaction of KH570 or KH560.

As the SEM images shown in Fig. 4A–C, the KH570 deposi-
tion points showed the trend from dispersion to aggregation
with the increment of ethanol concentration. And the size of
deposition points increases form the about 5 � 6 mm dispersed
appearance to about 100� 160 mm single concentrated spot. On
the contrary, it can be observed from SEM images shown in
Fig. 5A–C that the KH560 deposition points showed the trend from
being aggregation to dispersion and the declining size of deposi-
tion points with the increment of ethanol concentration. The size
of spray points decreases from 40 � 80 mm to only with several
hundred nanometers series of scattered small spots. Moreover, the
edge topography of KH570 deposition tends to be stacked and
polygonal while KH560 to be single layered and spherical.

The EDS surveys in Fig. 4D and 5D showed that the charac-
teristic peaks of carbon, oxygen and silicon, and the element
proportion is close to those of KH570 and KH560. It is
conrmed that the deposition points were from the original
precursors.

By adjusting the concentration of ethanol, we can easily
obtain the deposition point with a size of about 240 mm for
KH570 or about 80 mm for KH560 within 135 mm distance aer
nozzle. It is proved that ALS can indeed be conveniently used for
long-distance focused chemical reaction vapor deposition.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SEM images of the KH570 focused deposition spots with ethanol concentration (v/v): 25% (A), 50% (B) and 75% (C); and the EDS results (D).
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3.2.2 The inuence of chemical reaction on the focused
deposition. Chemical reactions may affect the aerosol state-
ments during the deposition process, thus may inuence the
deposition consequent. In order to investigate the inuence of
chemical reaction on the focused deposition, the single particle
aerosol mass spectrometry (SPA-MS) was used to track the
chemical reaction on the vapor deposition processes, and the
same ALS system was used as the aerosol sampler to the TOF
Fig. 5 SEM images of the KH560 focused deposition spots with ethanol c

© 2021 The Author(s). Published by the Royal Society of Chemistry
mass analyzer. As shown in Fig. 6, fragments at m/z 85.11
detected under negative ion mode and cation fragments at m/z
69.00 and 41.01 observed under positive ion mode were attrib-
uted to acrylic acid. Most importantly, a key cation fragment at
m/z 106.86 was found. It is believed that the fragment was the
carbon cation of trisilol aer dehydration and deacrylate groups
from the KH570 molecular. As shown in Fig. 7, experimental
data was only presented the response of cations. The
oncentration (v/v): 25% (A), 50% (B) and 75% (C); and the EDS results (D).

RSC Adv., 2021, 11, 4425–4437 | 4429
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decomposing process of KH560 was very different from KH570.
But there were also strong cation fragments indicating trisila-
nols (found at m/z 194.85) and disilanols (found at m/z 153.43).
These two types of cations proving the dealcoholation process
have taken in the focusing jet, meaning the similar large
numbers of silicon alcohol aerosol were generated. Interest-
ingly, some smaller decomposition cations had taken place, the
fragment at m/z 120.87 was the part condensed with methanol
or ethanol residue aer decomposition of glycidyl ether on the
KH560 molecular, and the m/z 42.97 was its secondary ioniza-
tion cation. Specically, atm/z 49.91 (+CH2Cl) cation was found,
indicating that the KH560 has a little impurities containing
chlorine according to the epoxy synthesis processes.

The mass spectrum data proved that both KH570 and KH560
have undergone chemical reaction inside the ALS. It can be seen
Fig. 6 Mass spectra and the mechanism of KH570 aerosol reaction.

4430 | RSC Adv., 2021, 11, 4425–4437
that both KH570 and KH560 have the hydrolysis reaction of methyl
siloxane to produce silanol. This implied that the silane hydrolysis
and siloxane polymerization reaction have been occurred. And the
ring-opening polymerization of epoxy groupwas found fromKH560.

ATR FTIR was used to further study the functional groups of
the deposition sites. The ATR IR spectrum on printed KH570 is
shown in Fig. 8A. The peaks at 2944 cm�1 and 2841 cm�1 are
due to the telescopic vibration –CH3 and –CH2–. The peaks at
1715 cm�1 and 1636 cm�1 are attribute to the C]O and C]C
stretching vibration of the a,b-unsaturated ester from the
acryloyl group in KH570; the peak at 1073 cm�1 is due to the
vibration of Si–O–Si, indicating the formation of polymerized
siloxane in KH570. The peak at around 770 cm�1 is attributed to
the vibration of Si–O–Au, indicating the chemical reaction take
place between KH570 and Au surface. The ATR IR spectrum on
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Mass spectra and the mechanism of KH560 aerosol reaction.
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printed KH560 is shown in Fig. 8B. The peak at around 3363 cm�1

was attributed to telescopic vibration of –OH in hydrogen bond
association. The peaks at 2941 cm�1 and 2840 cm�1 are due to the
telescopic vibration –CH– and –CH2–. The peak at 1189 cm�1 is
due to the telescopic vibration of C–O in the secondary hydroxyl
R2–CH–OH, which means the ring-open polymerization of epoxy
group in KH560 have been accomplished. The appearance of
Fig. 8 ATR FTIR spectra on the KH570 (A) and the KH560 (B) deposition

© 2021 The Author(s). Published by the Royal Society of Chemistry
1073 cm�1 and 775 cm�1 peak also indicated that the formation of
Si–O–Si polymer by chemical reaction of KH560 and the chemical
reaction take place between KH560 and Au surface. And the
appearance of the peak 907 cm�1 is due to the C–O–C vibration
from the remaining epoxy group in KH560.37,38

Although both KH570 and KH560 have undergone hydrolysis
and polymerization of silane, the difference between them is that
s.

RSC Adv., 2021, 11, 4425–4437 | 4431
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Fig. 9 The jet particles number-size distribution of KH570 and KH560: from 200 to 1000 nm (A), and below 200 nm (B).
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the ring-opening polymerization of epoxy group took place in KH560
and the acryloyl group of KH570 did not participate the reactions.

These two precursors have different reaction pathway differs
sol–gel polymerization reactions in ALS, resulting in the size-
change of the particles produced through the lens and the
difference between the focused depositions. To verify the above
results, the particle size and distribution were measured at the
same aerosol ow rate of 1.0 mL min�1 and 50% ethanol
concentration.

The principle of particle size analysis method is that two
532 nm continuous laser and the corresponding PMTs are set at
the vacuum chamber, near and far form the aerodynamic
focusing lens accelerating nozzle respectively as laser scattering
signal collection system. By measuring the time of ight when
laser scattering signals generated by aerosol particles ying
through the lens, compared to the standard curve calibrated by
polystyrene aerosol particles, the corresponding particle size
distribution can be obtained.

It can be seen from Fig. 9A that the FWHM are 247.4 for
KH570 and 274.6 for KH560, which means KH570 reects
a more compact distribution curve than KH560 from 200 to
Fig. 10 The simulation on pressure (A) and velocity (B) in an ADL, and the

4432 | RSC Adv., 2021, 11, 4425–4437
1000 nm. On the other hand, Fig. 9B shows the KH560 contains
relatively smaller particles below the size of 200 nm (the sum of
the number is 310 for KH570 and 11 802 for KH560). It can be
seen that KH560 has a smaller average particle size, a wider
particle size distribution with two peaks at around 350 nm and
below 200 nm, and a higher summery of particle number of
20 844. In contrast, KH570 has a larger average particle size,
a narrower particle size distribution with only one peak at
around 400 nm and a lower summary of particle number of
5718.

Comparing with the SEM images of the deposition points
shown in Fig. 4B and 5B, it can be found that the KH570
deposition points have smaller internal dispersion points but
larger focused beam widths, while the KH560 deposition points
have more coarse internal dispersion but smaller focused ones.
The KH560 contains more small particles of sol–gel than
KH570, and it has stronger chemical reactivity, resulting in
a higher degree of aggregated deposition. The different chem-
ical reactions affect the aggregation effects of sol–gel generation
to change the morphology of the deposition point. Stronger
reacting activity will help the better depositions.
polymerization mechanisms of KH570 (C) and KH560 (D) aerosol–gel.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 The scheme of XPS depth profile of KH570. From (A) to (C) are the contour pseudo-color maps of Au 4f, C 1s and O 1s binding energies;
from (D) to (F) are the water fall XPS spectra of Au 4f, C 1s and O 1s binding energies for each profiling layer; form (G) to (I) are the surface spectra
of Au 4f, C 1s and O 1s and their fitting curves.
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3.2.3 Effect of ethanol content on ALS focusing. With the
increment of ethanol content, the focused status of KH570
changes from bad to good, while KH560 shows the opposite result
(Fig. 4 and 5). This process should be inseparable from the role of
the solvent. In order to study the nature of this phenomenon, we
introduced the coupling relationship between the pressure distri-
bution and reaction of the aerodynamic focusing lens.

Fig. 10A and B shows the pressure and velocity distributions
of the airow entering the one-stage aerodynamic lens from le to
right. It can be seen that the airow pressure gradually decreases
from le to right along the axial direction. At the same time, near
the back of the lens, due to the boundary effect, the pressure
gradually decreases with increase of radial position.

Combining with the reaction rules of silane coupling agent
described in Fig. 10C and D, it is believed that the axial pressure
difference between the front and back of the lens triggers the
small molecule removal condensation reaction, that means
a strong demethanol hydrolysis reaction of siloxane both in
KH570 and KH560 would be triggered. The difference of radial
pressure causes the removed small molecules separation from
the resulting sol–gel as soon as possible, accelerating the silanol
© 2021 The Author(s). Published by the Royal Society of Chemistry
polymerization reaction. Greater pressure and velocity on the
central axis back of lens (Fig. 10B) may form a reaction process
that triggers the aerosol of silane coupling agent polymerized
into air sol–gel particles, resulting the focusing particle beam.
In addition, the central higher pressure would trigger the epoxy
ring-opening polymerization either, so the higher particle ow
density (summery of particle number of 20 844 in KH560 and
5718 in KH570) of KH560 was observed. KH570 is easier to focus
on the deposition point at 75% high ethanol content. It should
be attributed to the presence of more low-boiling point solvents
in the lens to easier gelation. On the other hand, solvents with
high water content are more suitable for the ring-opening
polymerization of polar epoxy groups. For KH560, the domi-
nant process epoxy polymerization that does not rely on the
separation of low-boiling molecular to form a gel, which means
25% ethanol could obtain a better KH560 focused deposition.

The ethanol mediates the different reaction paths of the
precursor in the special ALS vacuum environment, which also affects
the nal deposition effect. Low boiling point ethanol encourage the
dehydration reactions which conducive to aerosol focusing reaction
deposition based on dehydration reaction. Polar solvents are
conducive to the focused deposition of epoxy precursors.
RSC Adv., 2021, 11, 4425–4437 | 4433
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3.3 Exploration of injection effects

XPS and single-beam argon ion depth proling methods are
used to study the interface characteristics between the deposi-
tion point and the gold substrate interface with different
chemical reagents in AAFCVD. Fig. 11 and 12 represent the XPS
depth analysis data at the deposition points of KH570 and
KH560 by the action of 50% ethanol solvent, respectively.

Fig. 11A–C, 12A–C and 13A–C are the contour pseudo-color
maps of Au 4f, C 1s and O 1s binding energy lines at different
depths during XPS depth analysis. Fig. 11D–F, 12D–F and 13D–F
are the relative intensity stacking diagrams of Au 4f, C 1s and O 1s
binding energy lines at different depths during XPS depth analysis.
Fig. 11G–I and 12G–I are the Au 4f, C 1s and O 1s energy spectral
lines of the surface scan during XPS depth analysis, respectively.

Compared with the structure of the glass substrate in this
work, referring to Fig. 11A and 12A, the Au 4f binding energy
spectrum at 0–250 s represents the 120 nm of gold. While from
Fig. 11C and 12C, characteristic peak of O 1s in silicon dioxide
(glass) appears in the analysis time of 300–1000 s, where
represent the 1.1 mm thick of soda glass.
Fig. 12 The scheme of XPS depth profile of KH560. From (A) to (C) are th
from (D) to (F) are the water fall XPS spectra of Au 4f, C 1s and O 1s bindin
of Au 4f, C 1s and O 1s and their fitting curves.

4434 | RSC Adv., 2021, 11, 4425–4437
Fig. 11G–I show that the C 1s tting peak at 284.83 eV,
285.28 eV, 286.88 eV and 289.33 eV are the binding energy of the
C]C, C–C, C–O and C]O bonds, respectively. The O 1s tting
peak at 531.69 eV, 532.76 eV and 533.74 eV are the binding energy
of C–O, Si–O and C]O bonds.39 And the Si 2p tting peak at
102.56 eV is attributed to the organic Si element. Fig. 12G–I show
that the C 1s tting peak at 284.60 eV and 286.22 eV are the
binding energy of the C–C and C–O–C bonds, respectively. The O
1s tting peak at 532.04 eV and 532.58 eV are the binding energy of
C–O and Si–O bonds, respectively. The Si 2p tting peak at
102.06 eV is attributed to the organic Si element. The above results
show that the chemical atomic composition of deposition point is
very consistent with those of KH570 and KH560.

From the contour pseudo-color maps of Fig. 11A–C and 12A–
C that in the proling structure range (0–200 s) where the Au 4f
characteristic peak appears, there are C 1s characteristic peaks
group and runs through the entire structure of gold. While in
the shallow gold structure of the blank sample (0–10 s), the
characteristic peak of C 1s disappeared quickly (Fig. 13B). It is
conrmed that the carbon source in the working sample was
came from the depositions of polymerized KH570 or KH560,
and a signicant injection effect occurs through the entire
e contour pseudo-color maps of Au 4f, C 1s and O 1s binding energies;
g energies for each profiling layer; form (G) to (I) are the surface spectra

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 The scheme of XPS depth profile of gold substrate blank. From (A) to (C) are the contour pseudo-color maps of Au 4f, C 1s and O 1s
binding energies; from (D) to (F) are the combination of the XPS spectra of Au 4f, C 1s and O 1s binding energies for each profiling layer.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Ja

nu
ar

y 
20

21
. D

ow
nl

oa
de

d 
on

 3
/1

4/
20

26
 6

:5
5:

29
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
120 nm depth of the gold layer. The characteristic peaks of
organic matter O 1s shown in Fig. 11C and 12C disappear from
the polar surface until the appearance of the characteristic O 1s
of the glass SiO2, indicating that further chemical reactions
have occurred since the injection of KH570 and KH560 depo-
sitions. It should be due to the strong friction and shearing of
the organic compound with the dense metal layer in the high-
speed jet state, resulting in carbonization.

The intensity of C 1s in Fig. 11B and 12B have shown that the
injection of KH570 is lower than that of KH560. KH570 tends to
accumulate on the surface of gold, while KH560 tends to be
injected. The surface layer C]C binding energy shi on the
KH570 deposition point is very obvious. Compared with the
standard, it has increased by about 0.8 eV (284.83 eV for testing
data and 284.0 eV for standard), showing the relative chemical
contact. Correspondingly, this phenomenon is not observed at the
KH560 deposition point. Therefore, we speculated that the closer
interaction between the KH570 unsaturated hydrocarbon and the
Fig. 14 The optical images of linear print of KH570 (A) and linear print o

© 2021 The Author(s). Published by the Royal Society of Chemistry
gold surface causes the injection effect to be slowed down, while
the KH560 does not, and thus a stronger injection is obtained.

In summary, a rear and unique injection characteristic
compared to the traditional printing technologies by the introduc-
tion of ALS was discovered. It maybe due to the high speed particle
beam (normally 15–80 m s�1) by the ALS nozzle acceleration. Under
the system conditions of this work, the precursors that within closer
contact (KH570) to the substrate surface are more likely to be
enriched on the surface, on the contrary (KH560) they are more
likely to be injected. This feature has not been fully reported in the
previous articles, and it may construct a new type of single-step
channel forming and doping process, which may become an
important potential new method to realize complex devices.
3.4 Exploration of printing performance

The single-line printing experiment was used to test the
graphics printing performance of the system. In this part, we
have adjusted the ALS system precisely, and still used the
f KH560 (B).

RSC Adv., 2021, 11, 4425–4437 | 4435
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sample carrier with a distance as long as 135 mm from the
nozzle.

The experiment used KH570 and KH560 with the concen-
tration of 4.0 mg mL�1, a solvent of 50% (v : v) ethanol, an
aerosol ow rate at 1.0 mL min�1 and the speed of 300.0
mm min�1 for printing. The total of 44 mm length were printed
in this experiment, and it took about 146 minutes for each line.
No nozzle clogging or other abnormalities occurred. Optical
microscope was used to image the printed graphics. The results
are shown in Fig. 14. It is believed that we have successfully
carried out one-dimensional printing, showing the good appli-
cation prospect of this printing method.
4. Conclusions

In this work, a focal length of up to 215 mm, with divergence
angle of 1.75 mrad aerodynamic lens stacks (ALS) printing
system has been designed and evaluated. This system has
a wide aerosol particle adaptability from 200 nm to 1 mm scale.

Aerosol-assisted focused chemical vapor deposition
(AAFCVD) has been accomplished with this system. The SEM
and EDS methods prove that the system can generate the
optimal 80 mm deposition point at a distance of 135 mm from
the nozzle. Through SPA-MS, laser particle tracking and ATR
FTIR, the chemical reaction mechanism of precursors KH570
and KH560 in the system and the mediating role of solvent
ethanol have been claried: precursors with stronger sol–gel
reactivity like hydrolysis or ring-opening polymerization will
help the better depositions. Ethanol encourage the dehydration
reactions which conducive to the process based on dehydration
reaction. Polar solvents are conducive to the focused deposition
of epoxy precursors.

XPS depth proling has found an unique carbon injection
effect at the printing points trough the entire 120 nm gold
coating. It is believed due to the high speed particle beam
(normally 15–80 m s�1) by the ALS nozzle acceleration.

Linear printing with the precursors of KH570 and KH560
have been demonstrated, no nozzle clogging or other failure was
found during the operational period as long as 146 min for several
times. The results show that we have successfully designed a stable
and long focal length focusing printing system (AAFCVD system)
using ALS technology, which combines focusing and AACVD
compatibility and accessible graphics printing performance. This
system is expected to become a new generation of high-
performance mask-free printing system.
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7 N. Ćatić, L. Wells, K. Al Nahas, M. Smith, Q. Jing,
U. F. Keyser, J. Cama and S. Kar-Narayan, Appl. Mater.,
2020, 19, 100618.

8 B. A. Morgan, M. Manser, M. Jeyanathan, X. Zhou,
E. D. Cranston and M. R. Thompson, ACS Biomater. Sci.
Eng., 2020, 6(7), 4304–4313.

9 C. Yang, E. Zhou, S. Miyanishi, K. Hashimoto and K. Tajima,
ACS Appl. Mater. Interfaces, 2011, 3(10), 4053–4058.

10 S. Lu, J. Zheng, J. A. Cardenas, N. X. Williams, Y.-C. Lin and
A. D. Franklin, ACS Appl. Mater. Interfaces, 2020, 12(38),
43083–43089.

11 F. Loffredo, A. De Girolamo Del Mauro, G. Burrasca, V. La
Ferrara, L. Quercia, E. Massera, G. Di Francia and
D. DellaSala, Sens. Actuators, B, 2009, 143(1), 421–429.

12 R. Deng, Y. Wang, L. Yang and C. D. Bain, ACS Appl. Mater.
Interfaces, 2019, 11(43), 40652–40661.

13 S. I. Ahn, W. K. Kim, Si H. Ryu, K. J. Kim, S. E. Lee, S.-H. Kim,
J.-C. Park and K. C. Choi, Org. Electron., 2012, 13(6), 980–984.

14 C.-T. Tsai, S. R. Gottam, P.-C. Kao, D.-C. Perng and S.-Y. Chu,
Synth. Met., 2020, 269, 116537.

15 C. Amruth, B. Luszczynska, M. Z. Szymanski, J. Ulanski,
K. Albrecht and K. Yamamo, Org. Electron., 2019, 74, 218–
227.

16 X. Zheng, Y. Liu, Y. Zhu, F. Ma, F. Chen, Y. Yu, H. Hu and
F. Li, Opt. Mater., 2020, 101, 109755.

17 M. Shtein, P. Peumans, J. B. Benziger and S. R. Forrest, Adv.
Mater., 2004, 16(18), 1615–1620.

18 B. A. Williams, A. Mahajan, M. A. Smeaton, C. S. Holgate,
E. S. Aydil and L. F. Francis, ACS Appl. Mater. Interfaces,
2015, 7(21), 11526–11535.

19 K. S. Bhat, R. Ahmad, J.-Y. Yoo and Y.-B. Hahn, J. Colloid
Interface Sci., 2018, 512(15), 480–488.

20 A. Baldelli, J. Ou, W. Li and A. Amirfazli, Langmuir, 2020, 36,
11393–11410.

21 C. Piccirillo, C. J. Denis, R. C. Pullar, R. Binions, I. P. Parkin,
J. A. Darr and P. M. L. Castro, J. Photochem. Photobiol., A,
2017, 332(1), 45–53.
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra08447f


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Ja

nu
ar

y 
20

21
. D

ow
nl

oa
de

d 
on

 3
/1

4/
20

26
 6

:5
5:

29
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
22 M. Taylor, R. C. Pullar, I. P. Parkin and C. Piccirillo, J.
Photochem. Photobiol., A, 2020, 400, 112727.

23 S. Basak, M. Afzaal and H. M. Yates, Mater. Chem. Phys.,
2019, 223(1), 157–163.

24 M. Aamir, M. Sher, M. D. Khan, M. A. Malik, J. Akhtar and
N. Revaprasadu, Mater. Lett., 2017, 190, 244–247.

25 A. Robinson, Commun. Pure Appl. Math., 1956, 9(1), 69–84.
26 P. Liu, P. J. Ziemann, D. B. Kittelson and P. H. McMurry,

Aerosol Sci. Technol., 1995, 22(3), 293–313.
27 X. F. Zhang, K. A. Smith, D. R. Worsnop, J. Jimenez,

J. T. Jayne and C. E. Kolb, Aerosol Sci. Technol., 2002, 36(5),
617–631.

28 X. Wang and P. H. McMurry, Aerosol Sci. Technol., 2006, 40,
320–334.

29 K.-S. Lee, S.-W. Cho and D. Lee, J. Aerosol Sci., 2008, 39(4),
287–304.

30 J. Meinen, S. Khasminskaya, E. Rühl, W. Baumann and
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