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Titanium Dioxide Nanomaterial Ink Production Through
Laser Ablation Synthesis in Solution for Printed Electronics

Applications

Devyn Duryea,* Nicholas McKibben, Jacob Manzi, Taylor Brennan,
Harish Subbaraman, David Estrada, and Nirmala Kandadai*

Flexible and printed electronics have become increasingly popular as they make
possible the production of flexible, low-cost, multifunction devices that are
unachievable through traditional manufacturing methods. The printed films are
significantly impacted and thus limited by the existing ink production process.
Herein, an alternate technique of generating high-quality titanium dioxide (TiO,)
nanoparticle ink compatible with aerosol jet printing using laser ablation syn-
thesis in solution (LASIS) is showcased. Dynamic light scattering data and
transmission electron microscopy confirm the particle size distribution. UV-vis
measurements are performed, and the Beer—Lambert relationship is used to
determine the concentration of the generated ink. The inks generated at two
different repetition rates are compared: 200 kHz and 1 MHz. X-Ray diffraction
analysis of the aerosol jet printed thin film post-thermal sintering confirms the
grain size and phase purity of the printed thin films. This work demonstrates the
effectiveness of the LASIS technique in producing printable nanoparticle inks

fabrication utilizes direct printing of nano-
particle (NP) inks. These NP inks used for
fabrication are colloidal systems consisting
of extremely fine particles, with diameters
less than 200 nm, dispersed in a solvent
vehicle. Although many materials can be
formulated into NP inks and printed using
a state-of-the-art materials printer for FPE
applications, the quality of the printed
materials is closely coupled to the ink
synthesis process.

Some of the most widely used nanopar-
ticle synthesis methods include citrate
reduction,® block copolymer synthesis,®
mechanical milling,”’ and spark ablation.®!
Although effective, these methods have sig-
nificant drawbacks, such as using carrier

with little-to-no postprocessing.

1. Introduction

Flexible and printed electronics (FPE) are fabricated by deposit-
ing functional materials on flexible substrates using additive
manufacturing techniques to achieve novel performance features
in applications such as wearable electronics,” structural health
monitoring  systems,’”) and even self-healing devices.”!
Biocompatible and biodegradable FPE devices have also been
achieved using polymers that do not cause harm to the body
and break down over time.! A common technique for FPE

gases or solvents,””! using chemicals to cre-

ate a reaction,'® and managing mechanical

properties that prevent some ductile

materials from being milled."” These
methods often include toxic chemicals and chemical precursors,
consume large amounts of energy, and require high pressures
and temperatures.'"! Synthesis methods for transition metals,
in particular, most often include wet chemical synthesis,>!?
reduction of organic precursors,!** electrochemical synthesis,*
and metal vapor synthesis.!*>*¢!

Laser ablation synthesis in solution (LASiS) is a method for
creating NPs in a solvent.!'”*8) LASiS is feasible due to the capa-
bility of a laser to localize a large amount of energy into a small
volume.!"”) At the laser’s focal point, the high energy transforms
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the metal into a plasma state and ejects material from the rest of
the bulk target. This area where the plasma is being created is
often referenced in literature as a plasma plume.***" The bulk
sample is submerged in a solution, and as the plasma plume is
being created, it is actively cooled by the solution surrounding it.
This quenching changes the state of the plasma back into a solid
nanomaterial dispersed in solution.”” LASiS has the primary
advantage of being environmentally friendly as it uses no harsh
chemical reducers or precursors.’’**?4 Furthermore, LASiS can
be used to actively tune the desired particle loading of the NP
ink®! and embed dopant materials as it is being synthesized.!*®!
Aqueous NP inks created using only deionized (DI) water also
eliminate the need for solvent exchange before printing. Low
particle-loaded aqueous inks do not require binders or surfactants,
allowing the production of smooth and high-purity printed thin
films.””! Therefore, low particle-loaded aqueous inks are often
used to fabricate various optoelectronics such as transistors,?”?®
light-emitting diodes,” photodiodes,’”” and solar cells.*>*"

NPs generated by LASiS are used in a multitude of applications,
including catalysisi*¥ and biomedical applications.?*** Historically,
the application of LASiS for generating ink for FPE has been lim-
ited due to the low NP volume production and lack of control over
NP diameter.?>? In this work, we show that through careful
manipulation of optomechanical properties in the LASiS system,
we can generate a NP ink with a precise NP particle size distri-
bution that can be directly used for FPE manufacturing.

While FPE can be fabricated using multiple different printing
techniques, for our work, we selected aerosol jet printing (AJP)
due to its versatility in printing a wide range of ink viscosities
(1-1000 cP),**37-38! wide usage by the FPE community, and it
provides good spatial resolution (x10 um).***”! During AJP,
NP ink is aerosolized with an atomizer and printed using
aerodynamic focusing.?”***% AJP also offers other advantages,
such as deposition onto nonplanar surfaces,*” low material
waste,*"*?l and compatibility with a wide range of materi-
als.B7***  Recently, AJP has been demonstrated for
strain monitoring in soft structural materials,** fabrication of
surface acoustic wave thermometers,*®! thermoelectric energy
harvesters,*”) and wearable fold electrodes for biomonitoring,*®!
In our work, we used an ultrasonic atomizer as it is compatible
with extremely low-viscosity ink of 1-4cP and provides high
printing resolution.”?”**) The ultrasonic atomizer is also used
for plasma jet printing®*>% (PJP) and given the narrow distribu-
tion of nanoparticle diameters created by our technique, the ink
rheology can quickly be adapted to become advantageous for use
on other material jetting printers, such as inkjet printing and PJP.

NP production rate and concentration are critical to the final
print’s quality. In this work, we studied the production rate of
LASiS ink, phase composition, and particle size distribution to
demonstrate the successful production of titanium dioxide
(TiO,) NP ink using two different laser repetition rates:
200kHz and 1 MHz. Experimental factors such as total ablation
time and the velocity of the stage holding the sample were varied
to analyze the effect on NP production rate. We further demon-
strated successful AJP of NP inks while comparing postprocess-
ing steps necessary to print a uniform thin film. We observed
that while the NP ink produced utilizing a 200kHz laser
repetition rate is additive free and compatible with AJP without
postprocessing, the NP size distribution is larger than the ink
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generated with 1 MHz. Printing parameter optimization was
implemented to achieve excellent print quality and particle
uniformity. Printed films were thermally sintered and X-Ray dif-
fraction (XRD) was used to determine the phase purity of the
sintered thin film.

2. Results and Discussion

Utilizing a 7.5 cm focusing lens, a stage velocity of 2.6 mms™,

an average laser power of 3.0 W, and a bulk piece of titanium was
submerged in 10 mL of DI water and irradiated with a 1040 nm
Spirit-One femtosecond (fs) laser for 3 h to synthesize TiO, NPs.
Figure 1a shows a bright-field image of the “as-synthesized” TiO,
nanoparticles, obtained using a JOEL JEM-2100HR transmission
electron microscope (TEM). High-resolution TEM imaging was
performed to further characterize the particles (Figure 1b). Some
inherent defects were observed within larger particles, and the
interplanar spacing was measured to be 3.60 A, which agrees
with those reported in literature,®'? and is indicative of the
(101) crystal plane of anatase-phase TiO,. Additionally, NP diam-
eter distribution analysis was performed (Figure 1c), resulting in
an average diameter of 10.88 nm and a standard deviation of
10.39 nm.

The TiO, synthesis was performed again with a repetition rate
of 200 kHz, with all other experimental parameters the same.
Figure 1d shows a bright-field image of the “as-synthesized”
TiO, nanoparticles, obtained using the TEM. High-resolution
imaging was performed using a FEI Titan 80-200 TEM to
observe the interplanar distance of NPs in the sample
(Figure 1le). Defects were observed in the larger particles and
an interplanar spacing was measured to be 3.26 A. The NP diam-
eter distribution for the 200kHz repetition rate (Figure 1f)
showed an average diameter of 39.63 and 20.99 nm.

Selected-area electron diffraction (SAED) was performed on a
single TiO, NP created with a 1 MHz repetition rate (Figure 2a).
Analysis of the polycrystalline diffraction pattern indicates that
the NP is brookite phase TiO,, as it matches within 2% error
from the International Center for Diffraction Data (ICDD) world
standard of 66.66% oxide and 33.33% titanium atomic percent-
age TiO,. Additionally, SAED was performed on a TiO, NP cre-
ated using a 200kHz repetition rate (Figure 2b). The
polycrystalline diffraction pattern indicates anatase phase TiO,
as it matched within 5% error of the ICDD standard. The differ-
ence in the observed phase of the TiO, obtained from the elec-
tron diffraction calculations appears to indicate that multiple
crystalline phases of TiO, were generated.

Dynamic light scattering (DLS) measurements were pet-
formed on the ink as DLS is a reliable method of finding NP
hydrodynamic diameter while accounting for agglomeration
and aggregates in the solution.”*** Figure 3a shows the NP size
distribution for the 1 MHz repetition rate, with an average hydro-
dynamic diameter calculated to be 17.53 nm and a standard devi-
ation of 21.46 nm agreeing within 7 nm of the average diameter
calculated by TEM. The largest NP diameters were ~155nm.
However, the predominant number of particle sizes followed
a tight distribution from 12.25 to 13.55nm. The low average
NP size is promising for FPE applications as the characteristic

© 2024 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 1. TiO, NP characterization created with a 1 MHz repetition rate with a) a bright-field image of the TiO,, b) a high-resolution TEM image revealing
some structural disorder within a single TiO, nanoparticle, a measured interplanar spacing of 3.60 A, and c) a distribution of TEM NP diameter. TiO, NP
characterization created with a 200 kHz repetition rate with d) a bright-field image of the TiO, NPs, e) a high-resolution TEM image revealing the inter-
planar spacing of 3.26 A, and f) a distribution of TEM NP diameters.

Figure 2. SEAD pattern of the TiO, NPs confirming phase composition of NPs created at repetition rates of a) 1 MHz and b) 200 kHz.
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Figure 3. DLS distribution of hydrodynamic diameters of the TiO, NPs created by LASIS using a repetition rate of a) 1 MHz and b) 200 kHz. Insets show
pictures of respective NP inks demonstrating a color difference.
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sintering time of the titanium NPs is less with smaller NP
sizes.>!

Figure 3b shows the NP size distribution generated by laser
operation at a 200 kHz repetition rate, with an average hydrody-
namic diameter calculated to be 62.10 nm and a standard devia-
tion of 31.02 nm. The TiO, NPs generated at 200 kHz (inset of
Figure 3Db) appear blue in color, and the TiO, NPs generated
at 1MHz (inset of Figure 3a) appear darker blue or black.
This correlates with early researchers®® who have observed black
TiO, NPs and have shown through UV-vis that the optical
absorption properties of black TiO, NPs are enhanced for
visible light absorption in comparison to the more traditional
white TiO, NPs.

To determine the exact rate of nanoparticle production, we
placed the NP ink solution inside a rotary evaporator
(Rotavapor R-100). The sample was evaporated via a hot water
bath until it was reduced to a dry nanopowder. This nano-powder
was then weighed and reintroduced into DI water at controlled
and known concentrations (Figure 4a). UV-vis measurements
were performed using 388 nm light on different concentrations
of TiO, ink to extract the extinction coefficient of 43.67
(e* cm™") proportional to the slope of the absorbance versus

(a) (b)1= 388 nm

7.8125*10+
mg/mL

Increasing
Concentration

Absorbance (a.u)

www.aem-journal.com

concentration curve. The Beer-Lambert Law was used as the
governing equation for calculating the extinction coefficient of
the TiO, NPsP’!

A=ecl (1)

where A is the absorbance, ¢ is the extinction coefficient of the
material, ¢ is the molar concentration of the material, and I is the
path length.

The linear regression calculated from the Beer—Lambert rela-
tionship (Figure 4b) allowed concentration measurements for all
future samples, based solely on UV-vis spectroscopy. One might
notice the black color of the more concentrated TiO, samples in
Figure 4a.

Test results of NP concentration based on the total time
irradiated by the laser are shown in Figure 5a. The concentra-
tions in mgmL " of the resulting TiO, ink after ablation over
the time intervals ranging from 5 to 250 min are shown. Each
of the 6 repetitions of the test in Figure 5 was performed with
10 mL of DI water and laser parameters of 1 MHz frequency,
3.0 W average power, and utilizing a 10 cm focal length plano-
convex focusing lens. The speed of the motorized stage holding

10 -

o
©
T

o
o
T

o
Y
T

o
N
T

o
=)
T

0.000 0.005 0.010 0.015 0.020 0.025

Concentration (mg/mL)

Figure 4. a) Photograph and table of TiO, dilutions in DI water at known concentrations. b) Beer—Lambert calibration curve of the TiO; NP ink with the
extinction coefficient (43.67 cm™") proportional to the slope, as calculated by linear regression method from the absorbance versus concentration data.
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Figure 5. a) Plot of ink concentration versus time calculated by UV-vis spectroscopy. Data points are an average of three trials and error bars depict the
standard deviation. b) Plot of evaporation over time directly from the LASIS process measured by UV-vis spectroscopy.
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the sample was held constant at 2.5mm s~ for all iterations of
the tests shown in Figure 5.

Two competing phenomena occur during nanoparticle pro-
duction that directly affect the concentration. First, the accumu-
lation of particles over time raises the concentration of NPs in the
resulting solution. Second, the evaporation of the DI water in the
solution causes an increase in the concentration measurements.
As the laser hits the sample, it heats the surrounding solution
and therefore evaporates the water out of the solution. A change
in the focal length directly results from the evaporation of DI
water as the laser light traverses a shorter overall distance to
reach the target. To combat any significant change in the beam
focus, and therefore the ablation rate, the evaporation rate of the
LASIS process was measured (Figure 5b) over the same time
intervals as Figure 5a. An evaporation rate of 0.02mLmin~"
or 1.2mLh™". was observed. While producing a larger volume
of ink for AJP, loss of focus due to evaporation was accounted
for by adding ~0.5 mL of DI water for every 30 min of laser
ablation.

Next, we performed a test of the NP production rate by varying
the velocity of the linear stage (Figure 6a,b). Here we ensured the
volume of each sample was kept constant at 10 mL. The time
interval per ablation was 40 min while the stage velocity varied
from 0.5mms ' up to 7.5mms ', The test was performed

(a) B Trial1
0.7 ® Trial 2
A Trial 3
5 08f i
E
S~ 05
o
Z 04l
o [ ]
~ [ ]
3 03} - A
[T] [ ] ®
=
02- §
©
o A
& 01}
o.o 1 1 1 L L 1 1 1

0 1 2 3 4 5 6 7 8
Stage Velocity (mm/s)
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for 200kHz repetition rate (Figure 6a) and 1MHz
(Figure 6b). All other factors including the average laser power
were carefully kept consistent for each trial. The preliminary data
shows an outlier for the 7.5mms™ "' stage velocity (Figure 6a)
resulting in a concentration of 0.318 mg. Overall, for the
200kHz repetition rate, a positive relationship is observed
between the velocity of the linear stage and the NP production
rate with an average increase of 0.042 mg for every 1mms™"
increase in stage velocity. This is a &#3x increase in production
rate response to stage velocity compared to the 1 MHz repetition
rate (Figure 6b).

The TiO, NP ink for this thin film was created with parame-
ters of laser power at 3.0 W, 1 MHz frequency, and a stage
velocity of 2.6 mms™'. The AJP was used to deposit TiO, in a
serpentine pattern on a glass substrate using an Optomec
Aerosol Jet 200 system. Figure 7a,b shows a 2 X 5 mm rectangu-
lar thin film comprising two-layer TiO, printed with a platen
temperature of 50°C and a gas focusing ratio (GFR = sheath
gas flow/carrier gas flow) of 2.8. Visual inspection of the TiO,
print in Figure 7b shows a high concentration of nanoparticles
around the outside edge of the AJP printing path. The flow of
particles inside the microdroplet determines the distribution
of NPs as it dries. The forming of a ring of concentrated nano-
material around the outside edge is commonly referred to as a

(b) B Trial 1
0.7 ® Trial 2
A Trial 3
~ 06}
(=]
E
5 05|
Z
~ 0.4
]
'_
o 03F
] A A
g0z , ] ®
o ] ]
01}
o'o 1 1 1 L L 1 1 1

0 1 2 3 4 5 6 7 8
Stage Velocity (mm/s)

Figure 6. Linear stage velocity versus produced TiO, NPs (mg) in solution data found through UV-vis spectroscopy at a) 200 kHz repetition rate and

b) 1 MHz repetition rate.

(a) Coffee-ring effect

Figure 7. a) Microscope image of printed TiO, thin film. b) High-magnification image of the TiO, thin film. The AJP-printed films demonstrate a signifi-

cant coffee ring effect.
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“coffee ring” effect and is the result of capillary flow.”* % The
capillary flow induces internal currents in the droplet pushing
the NPs toward the point where air, the droplet, and the substrate
meet. Mixing water and diethylene glycol has been shown to
induce a Marangoni flow in an inkjet-printed microdroplet which
counteracts the capillary flow and produces a more uniform par-
ticle layer when thoroughly dried.®” Our work proposes the
induction of a Marangoni flow by mixing ethylene glycol (EG)
and isopropyl alcohol (IPA) into the DI water-TiO, solution.
NP dispersion testing was performed through drop casting
1 mL depositions of differing TiO, ink solutions onto a borosili-
cate glass slide. The different ink formulations were prepared by
first ultrasonically agitating the pure TiO, and DI water solution
for 20 min. The sonicated TiO, solution was then mixed with EG
and IPA with concentrations measured by percent volume.
The sample was immediately drop cast onto a hot plate surface
heated to 50°C. The platform was held at 50°C for about
30 min until each ink mixture dried completely.

Figure 8a—d shows iterations of adding EG and IPA in
differing concentrations. Figure 8a shows the dried TiO, ink
after curing. A dark ring-like deposit of nanoparticles is evident
around the droplet’s outside edge, signifying a high concentra-
tion of particles. Figure 8b,c, with the addition of EG, show a high
concentration of nanoparticles settling into the center of the
droplet with the 4:1 TiO,:EG volume ratio in Figure 8c, exhibit-
ing the most even dispersion of nanomaterial throughout the
droplet. Figure 8d, with the addition of EG and IPA, demon-
strated a comparatively dramatic level of spreading. This is
hypothesized to result from low surface tension in the droplet.
From these results, we chose 4:1 TiO,:EG to conduct further AJP
printing trials.

www.aem-jou rnal.com

Figure 9 shows the results of the 4:1 TiO,:EG solution AJP
with two layers. The thin film was printed into a 2 x 5 mm rect-
angle with a platen temperature of 50 °C, as well as a GFR of 3.9.
Visual inspection of the 4:1 TiO,:EG thin film printed on a glass
slide in Figure 9 demonstrates less of a coffee ring effect in direct
comparison to the TiO, absent of any alcohol. The measured AJP
track width was about 71.42 pym. It is also evident that ink pooling
occurs near the top edge of the thin film in the location where the
print head of the AJP spent the most time.

Next, we printed the ink generated with parameters of laser
power at 3.0 W, 200kHz frequency, and a stage velocity of
2.6mms™", after laser ablation for 24 h using the same AJP.
A 200 pm tip was used on the aerosol jet printer and the
TiO, ink was printed under ambient conditions with an ink
temperature of 25°C. A GFR of 2 was selected to maximize
the ink deposition rate,®? while still achieving reasonable
printed line resolution, and the platen was heated to 50°C
and higher to drive off excessive water before subsequent printer
passes. Four printed passes were utilized to build up the TiO,
structures with the total print time for the TiO, square being
~2h. Images of the printed TiO, square were captured using
a Zeiss Axio Imager M2 with an Axiocam 305 digital camera.
An EC Epiplan 10x /0.25 HD M27 objective was used to perform
brightfield (Figure 10a), dark-field (Figure 10b), and circular dif-
ferential interference contrast (C-DIC) (Figure 10c) imaging to
visualize the printed film, shown in Figure 10a—c.

The TiO, NP ink produced free of any additives or postpro-
cessing was aerosol jet printed as shown in Figure 11a. The cof-
fee ring effect observed in the 1 MHz repetition rate sample was
not observed in the 200 kHz print; therefore, no EG or any other
precursors needed to be added before printing into a thin film.

Figure 8. Drop-casted ink formulations: a) TiO; ink, b) 3:1 TiO,:EG, c) 4:1 TiO:EG, and d) 4:1:1 TiO,:EG:IPA by volume.

Figure 9. Microscope image of 4:1 TiO,:EG ink AJP two layers thick demonstrating less coffee ring effect compared to the TiO, film absent of EG with

a) 5x and b) 10x microscope objectives.
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Figure 10. Microscope image of TiO, 1 x 1 cm square printed on sapphire for XRD analysis with a) bright-field, b) dark-field, and c) C-DIC imaging.
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Figure 11. a) Picture of TiO; ink along with the square print and OSU print on sapphire. b) XRD analysis at sintering temperatures of 50, 250, 550, and

850°C.

The TiO, deposition rate was low, due to the ink’s low particle
loading (10 mg mL™"). However, the particle stability of the ink
was observed to be good as no sedimentation was observed from
the aqueous suspension throughout the printing session,
highlighting good compatibility with the ultrasonic atomization
of AJP and other printer modalities.[**** The particle stability
due to the small size of the LASiS TiO, nanoparticles also indi-
cates that higher loading TiO, inks may be stable as well for
future ink formulations, thereby improving the material deposi-
tion rate. Despite the high particle stability, instrumental drift
was still observed during the 4h print session.!®” Therefore,
the atomization current and print speed were dynamically
adjusted to control the ink deposition rate, decreasing the atomi-
zation current and increasing print speed from 2 to 4 mms™*
over time.

Sintering cycles were performed on the printed TiO, samples
in a tube furnace under open air at temperatures of T'= 50, 250,
550, and 850 °C, with a temperature ramp rate of 15 °C min™"
and a 30 min hold time at peak temperature for each iteration.
A Rigaku Miniflex X-Ray diffractometer was used to perform
measurements on the printed TiO, square before sintering
and in between heating cycles to assess the grain size and phase
of the thin film. A copper source was used to generate X-rays
(1.541 A), and the sample was measured in the scan range of
20 = 24°-48° with a step size of 0.02°. XRD spectra were aligned
using the sapphire peak at 41.6°, and the plots (Figure 11b) were
cropped to accentuate the 101 and 110 R peaks of TiO, related to
the anatase (observed in TEM) and rutile phases respectively.®®!
These characteristic peaks were not visible in the spectra for the
sintering conditions of 50 and 250 °C, denoting that the material
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is amorphous and not crystalline for these sintering tempera-
tures. Notably, a small degree of anatase character was observed
in the spectra at 38.2° prior to thermal treatment, which became
more visible after treatment at 250 °C. However, quantifying
exact values was difficult due to the noise and proximity of
the sapphire peak; therefore, the results were treated qualitatively
to support TEM observations. Once the sample was heated to
550 °C, broad peaks emerged, which sharpened at 850 °C, exhib-
iting the rutile and anatase phase of TiO,.

Scherrer equation was utilized to estimate the grain size of the
printed thin film, postprocessed at 550 and 850 °C.[*”!

kA
- pcosO @)

where 7 is the calculated grain size, k is a dimensionless
shape factor set to 0.89 for spherical particles, 4 is the wavelength
of the X-rays generated from the source, § represents the full
width at half maximum of the XRD peak, and 6 is the
Bragg angle. Based on the 101 peaks, 7(101)550°c = 17.77 nm and
T(1o1),850°c = 29.20nm. Based on the rutile peak, 7(110p)s50°c =
9.09nm and 7(139),850°c = 21.75 nm.

Figure 12a quantifies the total crystallinity of the TiO, thin
film exposed to various thermal sintering temperatures and nor-
malized against the final crystallinity when sintered at 850 °C.
Figure 12b shows the biphasic results for the thin film sintered
at 550 and 850 °C, further distinguishing the degree of crystallin-
ity by phase. The XRD crystallinity and phase results are
summarized in Figure 12¢, confirming ~75% rutile to ~25%
anatase phase in the final crystalline TiO, film.
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Figure 12. a) Scatter plot of the TiO, film’s total crystallinity normalized to the sample sintered at 850 °C. b) Bar chart depicting the biphasic results for the
TiO, thin film sintered at 550 and 850 °C. c) Table summarizing the crystallinity and phase data.

(a)

Figure 13. a) Microscope image of OSU on sapphire prior to sintering. b) Microscope image of OSU on sapphire postsintering at 850 °C for 30 min.

Additionally, a Keyence VHX 7000 microscope was used to
image the Oregon State University (OSU) print prior to sintering
(Figure 13a) and postsintering in (Figure 13b) to investigate cov-
erage and highlight the flexibility of design for AJP and the TiO,
nanoparticle ink. Along with the enhanced uniformity due to sin-
tering at 850 °C, a color change from light blue resembling the
TiO, ink to a white color signifying a crystalline thin film of TiO,
was observed.

3. Conclusion

In conclusion, we have reported a process of creating TiO, NP
inks directly through LASiS with a fs laser. Through optimization
of the ink production process, TiO, NP ink was successfully pro-
duced for 1 MHz and 200 kHz laser repetition rates, with a nar-
row NP diameter distribution and a viscosity compatible with an
aerosol jet printer. The results indicate that the LASiS method
described in this work can be used in the synthesis of NP inks
with a high degree of consistency in ink properties. UV-vis con-
centration data displayed an increased NP production rate as a
result of a decrease in repetition rate from 1 MHz to 200 kHz

Adv. Eng. Mater. 2024, 26, 2400721 2400721 (8 of 10)

(b)

while average laser power remained at 3.0 W. For NP ink pro-
duced at 1 MHz, the addition of ethylene glycol directly into
the solution was shown to be effective in improving printability
and minimizing the coffee-ring effect. The NP ink produced at a
200 kHz laser repetition rate eliminated the need for precursors
before printing into a uniform thin film. XRD revealed a primar-
ily rutile phase TiO, and fully crystalline TiO, thin films after
sintering at 850 °C. Our research has shown that the LASiS pro-
cess provides a feasible route toward the creation of versatile,
high-quality nanoparticle-based inks for use with flexible elec-
tronics applications.

4. Experimental Section

The experimental setup to generate TiO, nanoparticle ink is shown in
Figure 14. A2 mm-diameter beam from a Spirit-One, 400 fs, 1040 nm laser
at two different repetition rates of 200 kHz and 1 MHz was focused by a
7.5 cm focal length lens onto a bulk titanium sample (1.3 g) mounted onto
a linear stage. A half-waveplate and polarizer combination was used to
control the laser power precisely. The bulk sample was held in a borosili-
cate glass Petri dish filled with 10 mL of DI water. The laser beam was
tightly focused onto the surface of the titanium sample. DI water was
chosen as the liquid media to ensure the resulting solution’s purity.
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Figure 14. Laboratory setup for LASIS with a fs laser to produce nanomaterial ink. a) Image of fs pulses from a Spirit-One laser (red line) routed to the
sample by a series of mirrors and a half waveplate for power modulation. b) Diagram of laser path through the focusing lens onto the sample submerged

in DI water.

The velocity of the linear stage supporting the sample was controlled
by a Thorlabs actuator (Z825B) to move the area of contact between
the laser light and bulk titanium target during NP production. After abla-
tion, the bulk sample was removed, and the remaining colloidal TiO, NP
solution was used for characterization and printing on an Optomec
Aerosol Jet 200.
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