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Abstract: Direct laser-writing techniques have attracted attention for their use in two- and
three-dimensional printing technologies. In this article, we report on a micropatterning process
that uses femtosecond laser reductive sintering of mixed CuO/NiO nanoparticles. The writing speed,
laser fluence, and incident total energy were varied to investigate the influence of heat accumulation
on the micropatterns formed by these materials. Heat accumulation and the thermal history of
the laser irradiation process significantly affected the material composition and the thermoelectric
properties of the fabricated micropatterns. Short laser irradiation durations and high laser fluences
decrease the amount of metal oxide in the micropatterns. Selective fabrication of p-type and n-type
thermoelectric micropatterns was demonstrated to be possible with control of the reduction and
reoxidization reactions through the control of writing speed and total irradiation energy.

Keywords: direct writing; femtosecond laser; reductive sintering; thermoelectric film; Cu-Ni alloy;
micropatterns; printing

1. Introduction

Direct laser-writing techniques have attracted attention in printing technologies. For example,
three-dimensional (3D) printing, which is known as additive manufacturing, has been used in the
fabrication of 3D bulk metal structures. In the process, raw metal powders are sintered and melted
with heat from a laser in an inert atmosphere such as a vacuum or an inert gas. To date, structures
made of many metals and alloys, such as Cu, Fe-Ni, and Ti-6Al-4V, have been achieved by selectively
sintering and melting powders of the materials [1-4]. However, it is difficult to scale these processes
for producing metal microstructures because fine metal powders oxidize too easily.

To fabricate 2D and 3D metal microstructures, metals and alloys can be printed from metal
nanoparticle (NP) inks and metal oxide NP solutions. For example, metal NP inks with Au,
Ag, or Cu NPs mixed with dispersants have been selectively sintered using lasers in ambient
atmosphere [5-7]. Neodymium-doped yttrium aluminum garnet (Nd/YAG) lasers operating with the
wavelength of 532 nm are particularly effective for Cu sintering because Cu exhibits higher absorbance
for this wavelength than it does for infrared light. Flexible displays composed of such metal electrodes
have been fabricated using the printing techniques.

Metal oxide NP solutions with NPs of CuO, Cu,0, and NiO, a reducing agent, and a dispersant,
have been used for laser reductive sintering [8-11]. A CuO NP solution composed of CuO NPs, ethylene
glycol (EG) as the reductant, and polyvinylpyrrolidone (PVP) as the dispersant, was reduced and
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sintered using continuous-wave and nanosecond lasers at a wavelength of 1070 nm [8]. The advantage
of the process is that the CuO NP solution considerably absorbs the laser light since the band gap of
CuOis 1.2 eV (wavelength 1033 nm). Two-dimensional Cu micropatterns have been formed on glass
substrates and polyimide films using reductive sintering [8]. In another work, Cu,O NP solutions
were prepared by mixing of CuyO NPs, 2-propanol, and PVP. When a laser beam is focused onto the
Cu;y0 NP solutions, formic acid is generated by the thermal reaction of 2-propanol and PVP. Then,
the formic acid reduces the CuyO to Cu [9]. Ni micropatterns have also been fabricated by laser
reductive sintering of NiO NPs [10,11]. In this process, solutions of NiO NPs and toluene are reduced
by irradiation with a 514.5-nm continuous wave laser to fabricate 2D and Ni patterns.

We have also developed a process for femtosecond laser reductive sintering of metal oxide
NPs [12-14]. Femtosecond laser pulses are effective for controlling the reduction and reoxidization
of the micropatterns. For example, Cu-rich and CuyO-rich micropatterns can be formed selectively
by controlling laser irradiation conditions such as the writing speed [12]. We have used this process
to fabricate Cu/CuyO composite micro-thermistors. Furthermore, NP solutions with the mixtures of
NiO/Cr and CuO/NiO have enabled us to form Cu-Ni alloys and Ni/Cr-O composite micropatterns,
respectively [13,14]. Ni/Cr-O microgears were successfully fabricated, and they could be moved by
controlling an external magnetic field. Cu-Ni and CuyO/NiO micropatterns exhibit n-type and p-type
thermoelectric properties, respectively [14]. In addition, we applied the selective micropatterning
process to demonstrate the performance of thermocouples. The selective fabrication of Cu-Ni and
CupO/NiO micropatterns is possible by controlling the laser-writing speed to be as high as 1-20 mm/s,
which can lead to problems in the fabrication process. The effects of heat accumulation on the reduction
and reoxidization reactions are complex because the balance of the reduction and reoxidization
reactions is determined by the chemical potentials and activation energies of the metals (Cu, Ni) and
O. Micropatterns are typically formed by raster scanning of a focused laser beam. Therefore, such high
writing speeds are not ideal since the scale of the micropatterns is limited by the significant effects to
the material around the edges of the laser-irradiated area.

This article reports our investigation of the effects of heat accumulation on micropatterns
formed through femtosecond laser reductive sintering of CuO/NiO mixed NPs. The details of the
patterning properties were evaluated at writing speeds including below 1 mm/s. The crystal structures
and metal oxide composites of the fabricated micropatterns were subsequently examined. Then,
the Seebeck coefficients of the micropatterns were calculated. Finally, we fabricated thermocouples to
demonstrate the process’s effectiveness for precisely fabricating fine micropatterns with controllable
thermoelectric properties.

2. Materials and Methods

CuO/NiO NP solution was prepared by mixing CuO NPs (Sigma Aldrich, St. Louis, MO, USA,
diameter < 50 nm), NiO NPs (Sigma Aldrich, St. Louis, MO, USA, diameter < 50 nm), PVP (Sigma
Aldrich, St. Louis, MO, USA, M,,~10,000), and EG (Sigma Aldrich, St. Louis, MO, USA) using
ultrasonic agitation. The concentrations of CuO NPs, NiO NPs, PVP, and EG were 36.9 wt %, 23.1 wt %,
13 wt %, and 27 wt %, respectively. Then, the CuO/NiO NP solution was spin-coated on 1-mm-thick
glass substrates. The thickness of the coated film was ~10 um. Direct writing was subsequently
performed in air using a femtosecond laser-writing system (Photonic Professional GT, Nanoscribe
GmbH, Eggenstein-Leopoldshafen, Germany). Femtosecond laser pulses operating at a wavelength
of 780 nm, repetition rate of 80 MHz, and pulse duration of 120 fs were focused onto the surface of
the films using an objective lens with numerical aperture of 0.75. The focused beam diameter was
~1.3 um. The laser polarization was linear. Micropatterns were formed by scanning the focused laser
pulses using an x-y mechanical stage. The writing speed was varied in the range of 100-5000 pm/s.
The micropatterns were written by raster scanning of the laser focal spot at a pitch of 10 pm, which
was determined by considering the minimum line width of ~10 um. Finally, residual non-irradiated
NPs were removed by rinsing the substrates in EG and ethanol.
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The morphology of the micropatterns was observed using a scanning electron microscope (SEM,
Hitachi High Technologies, Tokyo, Japan, TM3030Plus). These observations were performed in the
SEM'’s low vacuum mode without coating of the electrical thin films to reduce their electrical charge.
The crystal structures of the fabricated micropatterns were examined using an imaging plate X-ray
diffraction (XRD) apparatus (Rigaku, Tokyo, Japan, Rint Rapid-S diffractometer) with a collimated
beam diameter of 0.3 mm. The incident angle was fixed to 20°. The oxide materials included in
the micropatterns, such as CuO, Cu,O, and NiO, were evaluated via Raman spectrometry using a
532-nm laser.

The Seebeck coefficient S of each micropattern was estimated by measuring both the temperature
difference AT between the fabricated micropatterns and the voltage V generated by that temperature
difference. Infrared thermography (Nippon Avionics, Tokyo, Japan, Thermo Shot F30) was used to
assess the temperature difference. The voltage generated was measured with a multimeter (Keysight
Technology, Santa Rosa, CA, USA, Truevolt series 34465A). The Seebeck coefficient S was defined
as V/AT.

3. Results

In preliminary tests, the crystal structures of the fabricated micropatterns were clarified with
XRD analysis. The oxide compositions of the micropatterns were also measured using Raman
spectroscopy. Then, we measured the micropattern responses with various writing conditions such as
the writing speed, incident total energy, and laser fluence to evaluate effects of heat accumulation on
the fabricated micropatterns.

3.1. Micropatterns at Various Writing Speed

First, the morphologies of the fabricated micropatterns were observed using SEM images.
Figure la—e show the surface morphologies of the micropatterns fabricated at a laser fluence of
0.059 J/cm? and writing speeds of 100, 500, 1000, 3000, and 5000 um/s, respectively. Lines from
the laser scanning appeared in the form of grooves at the low writing speeds of 100-1000 pm/s.
The surfaces were partially melted at these low writing. We consider that irradiating laser pulses
with a high repetition rate induced the heat accumulation that ablated the material at low writing
speeds However, micropatterns with somewhat uniform surfaces were formed at the writing speed of
5000 um/s. In this case, the raw NPs seem to have been sintered instead of melted.
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Figure 1. SEM images of micropatterns fabricated at writing speeds of (a) 100 um/s, (b) 500 um/s,
(c) 1000 um/s, (d) 3000 pm/s, and (e) 5000 pm/s, respectively.
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Figure 2 shows XRD spectra recorded from the micropatterns. Metal or metal oxide composite
micropatterns were obtained, depending on the writing speed. With the fast writing speed of
5000 um/s, XRD intensity peaks corresponding to the oxides were weak. On the other hand, intense
XRD peaks corresponding to Cu,O and NiO appeared with low writing speeds of 100-3000 um/s.
CuO was clearly generated only at the writing speed of 100 um/s. The broad spectra were observed
between the peaks of Cu and Ni in Figure 2a. In addition, the peak shift was also observed at 43°—44°
in the micropatterns written at 5000 um/s in Figure 2b. These results suggest the possibility of the
generation of Cu-Ni alloy or metal oxides.
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v e Ni Y NiO v
° Writing speed
2777 % . °v I pm/s
E X ‘C“‘ // \
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20 NI A - S | 500 pms
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2-theta (deg.) 2-theta (deg.)
(a) (b)
Figure 2. (a) X-ray diffraction (XRD) spectra of micropatterns, (b) enlargement of these spectra from

43-44 degrees.

The separations of the diffraction peaks for NiO and Cu at ~43.3° are difficult to distinguish.
To examine the composition ratio of the metal and metal oxide in the micropatterns, Raman spectra of
the fabricated micropatterns were evaluated, and the evaluation results are shown in Figure 3. No peak
appeared with the writing speed of 5000 um/s, suggesting that metal oxides were not included in the
micropatterns. However, obvious peaks corresponding to NiO appeared at the writing speeds of 500
and 1000 pm/s. By considering the XRD and Raman spectra of the micropatterns together, we found
that the XRD peak shift at 43°-44° in the micropatterns written at 5000 pm/s indicates the generation
of Cu-Ni alloy because the Raman spectra show that the micropatterns did not include metal oxides.

oCu v CuO < Cu,O

®Ni VY NiO
Writing speed

T | 5000 pmis

3000 pm/s

1000 pm/s

Intensity (arb. units)

S 500 pm/s

v
w 100 pm/s

1300 900 500 100
Raman shift (cm™)

Figure 3. Raman shifts of the fabricated micropatterns.
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The Seebeck coefficients of the micropatterns are listed in Table 1. p-type micropatterns were
obtained with the low writing speeds of 100-500 um/s. This result is consistent with XRD and Raman
spectra results that indicate the generation of CuyO and NiO, which is a p-type material. n-type
micropatterns were obtained at the fast writing speed of 5000 pm/s. XRD and Raman spectra results
indicate the generation of low amounts of metal oxides such as Cuy;O, CuO, and NiO, and high
amounts of Cu-Ni alloy in the n-type thermoelectric material. The n-type thermoelectric properties
generated with the writing speed of 5000 um/s are owing to the presence of Cu-Ni alloys.

Table 1. Seebeck coefficients of micropatterns printed at various writing speeds.

Writing Speed (um/s) Seebeck Coefficient (WV/K) Thermoelectric Type

100 2.7 x 102 p-type
500 9.7 x 10? p-type
1000 0 -
3000 0 -
5000 -29 n-type

3.2. Micropatterns Formed with Various Laser Fluences

Next, the effects of the laser fluence on the micropatterns were investigated while the total incident
energy kept constant. The writing speed was decided depending on the laser fluence to maintain
constant total incident energy across these trials. Table 2 lists the laser irradiation conditions.

Table 2. Laser irradiation conditions at constant total irradiation energy.

Laser Fluence (J/cm?)  Writing Speed (um/s)

0.012 1000
0.024 2000
0.035 3000
0.047 4000
0.059 5000

Figure 4a—d show SEM images of the surface morphology of the micropatterns fabricated with
laser fluence 0.024-0.059 J/cm?. The laser fluence of 0.012 J/cm? did not form any micropatterns
because they were washed from the substrate during the rinsing step that removed non-irradiated NPs.
Compared to the different incident total energies in Figure 1, all the micropatterns have similar surfaces.
They seem to have been formed by the sintering of the NPs without any obvious melting. This result
indicates that the total incident energy determined the surface morphology of the micropatterns.

To evaluate the proportions of metals and metal oxides included in the micropatterns, the intensity
ratios of the XRD spectra I(Cu(111)/CuQOq11)) for generating Cu, I(CuzO(111)/CuOyy11)) for generating
Cuz0, I(Cu11)/Cu20Oqyyy) for evaluating the degree of CuO reduction, and I(Ni(111)/NiO(111))
for generating Ni, were calculated. Figure 5a—d show the intensity ratios for each micropattern.
The generation of both Cu and Cu,O increased with increasing laser fluence, as shown in Figure 4a,b.
In addition, Cu generation increased with increasing laser fluence. These results indicate that high
laser fluence is important to reduce the CuO/NiO NPs entirely. High and low laser fluence levels are
effective for generation of Cu and CuyO, respectively.

However, Ni generation in the micropatterns at the laser fluence of 0.059 J/cm? was less than that
achieved with the fluence of 0.047 ] /cm?. This difference suggests that the Ni was reoxidized at the
laser fluence of 0.059 ] /cm? because Ni is oxidized more easily than Cu. Therefore, the high generation
of Cu may be induced by the contributing of Ni acting as a reductant.

The Seebeck coefficients of the micropatterns are listed in Table 3. All the micropatterns exhibited
n-type thermoelectric properties. The largest negative value was obtained at the laser fluence of
0.059 J/cm?, that is consistent with the small amount of generation of the p-type oxides such as Cu,O
and NiO.
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Figure 4. SEM images of the fabricated micropatterns at laser fluences of (a) 0.059 ]/ cm?, (b) 0.047 J/cm?
um/s, (¢) 0.035 J/cm?2, and (d) 0.024 J/cm?2.
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Figure 5. Intensity ratios of (a) I(Cu)/I(CuO), (b) I(CuyO)/I(CuO), (¢) I(Cu)/I(CuyO), and

(d) I(Ni)/I(NiO).

Table 3. Seebeck coefficients of the micropatterns at constant total irradiation energy and various

writing speeds.

Laser Fluence (J/cm?) Writing Speed (um/s)  Seebeck Coefficient (WW/K) Thermoelectric Type
0.012 1000 No pattern No pattern
0.024 2000 -1 n-type
0.035 3000 —18 n-type
0.047 4000 -19 n-type
0.059 5000 -29 n-type
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3.3. Effect of Heat Accumulation on Micropatterning

To evaluate the effect of heat accumulation on the micropatterning, single- and double-exposed
micropatterns were fabricated. The laser fluences were chosen as 0.059 J/cm? for single exposure and
0.030 ] /cm? for double exposure. The writing speed was fixed at 500 m/s. In the double exposure,
firstly the micropattern was written by raster scanning. Then, the second scanning was performed on
the first exposed area. The duration between the end of the first exposure and the start of the second
exposure was several few seconds, which was expected to be enough to cool the heated materials at
the first exposure. Figure 6a,b show SEM images of the surface morphology of these micropatterns.
Deep grooves appeared with single writing at high laser fluence. These results indicate that the high
laser fluence caused rapid heating and ablation where the laser was irradiated the material. XRD
spectra of the micropatterns are shown in Figure 6c. The generation of metal oxide was higher with
double exposure at 0.030 ] /cm? than that with single writing at 0.059 J/cm?2. Compared to the case
of double exposure with a low laser fluence, the maximum temperature is high in the case of single
writing with a high laser fluence. Therefore, the reduction and sintering of the metal oxide NPs seems
to be caused in short duration, preventing the reoxidation of the reduced metal NPs.

0Cu v CuO ¢ Cu,O

v O®Ni VY NiO
O
(@) ¢ Single writing at 0.059 J/cm?
wn
ﬁ v (shown in Figure 2) v
= M o o
=1y, /\® A J\/L
N2
(c) b Double exposure at 0.030 J/cm?
2
]
= oV
b J/L
( ) X \V4 v
50 pm 35 40 45 50 55 60 65

2-theta (deg.)

Figure 6. SEM images of the surfaces of micropatterns fabricated with (a) single exposure at 0.059 ] /cm?
and (b) double exposure at 0.030 J/ cm?; (¢) XRD spectra of the micropatterns.

The Seebeck coefficient of the micropatterns was also estimated. With double exposure at
0.030 J/cm?, the Seebeck coefficient of the micropatterns was 57.9 uV /K, which was smaller than that
observed with single writing at 0.059 ] /cm?. These results are listed in Table 3. This small Seebeck
coefficient was induced by the generation of CuO because the temperature gradient that contributes to
the thermoelectric voltage is decreased by the CuO. Therefore, the open-circuit voltage, through which
we estimate the Seebeck coefficient, also decreased.

3.4. Test Fabrication of a Thermocouple

We tested the above findings by fabricating a thermocouple, which comprised p-type and
n-type thermoelectric elements. These elements were fabricated selectively by controlling the laser
irradiation conditions. The p-type element was formed at a writing speed of 500 um/s and a laser
fluence of 0.059 J/cm?. The Seebeck coefficient of these p-type the micropatterns was expected to be
9.7 x 10? uV/K, as shown in Table 1. The n-type element was formed at a writing speed of 4000 um/s
and the laser fluence of 0.047 ] /cm?. The Seebeck coefficient of these n-type micropatterns was expected
to be —19 uV/K, as listed in Table 3. All the elements were patterned with raster scanning of the
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laser focal point. The raster pitch was 10 um, as discussed in the previous section. Figure 7a shows a
photograph of the thermocouple. No damage to the micropatterns was apparent. The open-circuit
voltage of the thermocouple was measured while a temperature difference between the sensing part
and electrical contacts was generated. Figure 7b plots the relationship between the open-circuit voltage
and the temperature difference. The voltage increased nearly linearly as the temperature difference
increase. The difference from perfect linearity is possibly caused by the temperature dependence
of Seebeck coefficient. A voltage of 51.2 mV was generated at the temperature difference of 89 K,
which was smaller than the value of 88 mV estimated using the Seebeck coefficients of each element.
The difference may be caused by the thermal history’s effect on the micropatterns while the connected
region of p- and n-type thermoelectric elements in the sensing tip was being fabricated at the two
different laser-writing conditions.

Sensing part 60
/

50 °

40 |

30

10 |

Open-circuit voltage (mV)

0 I TS T T ST Y TS T S Y Y

0 20 40 60 80 100
AT (K)

(b)

Figure 7. (a) Photograph of a sample thermocouple fabricated by selective micropatterning,
(b) relationship between the open-circuit voltage and the temperature difference between sensing hot
and cold.

4. Discussion

We investigated effects of heat accumulation on the fabrication of micropatterns using
femtosecond laser reductive sintering of the CuO/NiO NPs. Even though the total incident energy for
micropatterning was constant, variations in the laser fluence and writing speed affect the content of
Cu, Nj, their alloys, and oxides. In the reductive sintering of CuO/NiO NPs, first, EG is dehydrated at
433-473 K and acetaldehyde is subsequently generated [15]. Then, acetaldehyde reduces NPs mixed
with CuO and NiO into Cu and Ni NPs under sufficient energy from laser irradiation [8]. After that,
Cu and Ni NPs form the Cu-Ni alloy [16]. When an excess of laser energy is applied to the mixed
CuO/NiO NPs, the reduced Cu and Ni become reoxidized. Temperatures above 673 K lead Cu to
form CuO [8,17]. In this case, composite metal oxide micropatterns are formed. If insufficient laser
energy is applied to the mixed CuO/NiO NPs, some of the original CuO and NiO material is included
in the micropatterns.

Even if the incident total energy was constant, the laser fluence affected the generation of the
composite materials in our tests. The maximum temperature achieved decreased with decreasing laser
fluence. The heating duration also increased with slower writing speeds. As a result, the fabricated
micropatterns were easily reoxidized, as shown in Figure 5.

When the laser-writing speed and the incident total energy were constant, the use of single or
double exposure affected the composites in the micropatterns. The proportion of metal oxides was
higher with double exposure than that with single writing as shown in Figure 6. The maximum
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temperature achieved with the single writing at high laser fluence was higher than that with double
exposure at low laser fluence. In addition, the total laser irradiation duration with the single writing
was shorter than that at with the double exposure. These factors limit the diffusion of oxygen in the air
to the micropatterns with the single-writing process.

Finally, the test fabrication of a thermocouple suggests the importance of the micropattern’s
thermal history. When the two micropatterns were selectively formed using two different laser
irradiation conditions, each micropattern was differently thermally affected by the laser irradiation
near the boundary of the two micropatterns. The composition and thermoelectric properties of the
micropatterns may be controlled precisely by considering the thermal effects in the area surrounding
the region of laser irradiation.

In this article, we experimentally and qualitatively investigated the patterning properties.
However, the quantitative discussion is important. In the future, we will consider the phase transition
using computational simulation of the temperatures.

5. Conclusions

We investigated the properties of micropatterns fabricated by the femtosecond laser reductive
sintering of CuO/NiO mixed NPs. We found that heat accumulation during the laser irradiation
process and the thermal history of the material significantly affected the composition and thermoelectric
properties of the micropatterns fabricated by reductive sintering. Our tests show that selective
fabrication of p-type and n-type thermoelectric micropatterns is possible with laser sintering of metal
oxide NPs.
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