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Abstract. We have demonstrated the fabrication of two types of thermal flow sensors with
Cu-rich and Cu,O-rich microheaters using femtosecond laser-induced reduction of CuO
nanoparticles. The microheaters in the shape of microbridge structures were formed to
thermally isolate from the substrates by four layer-by-layer laminations of two-dimensional
micropatterns. First, we evaluated the patterning properties such as dispensing coating
conditions and degree of reduction for the selective fabrication of three-dimensional Cu-
rich and CuyO-rich microstructures. Then, a hot-film flow sensor with a Cu-rich
microheater and a calorimetric flow sensor with a Cu,O-rich microheater were fabricated
using their respective appropriate laser irradiation conditions. The hot-film sensor with the
Cu-rich microbridge single heater enabled us to measure the flow rate in a wide range of
0-450 cc min~'. Although a large temperature dependence of the Cu,O-rich microbridge
heaters caused a large error for the hot-film flow sensors with single heaters, they showed
higher heat-resistance and generated heat with a lower drive power. The temperature
coefficient of resistance of the Cu,O-rich microstructures had a semiconductor-like large
absolute value and was less than —4.6 x 1073°C™!. The higher temperature sensitivity of the
CuyO-rich microstructures was useful for thermal detection. Based on these advantages, a
calorimetric flow sensor composed of the Cu,O-rich microbridge single heater and two
CuyO-rich thermal detectors was proposed and fabricated. The calorimetric flow sensor was
driven by a circuit for measuring the temperature difference. The Cu,O-rich flow sensor
could detect bi-directional flow with a small output error.
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1. Introduction
Three-dimensional (3D) micromachined sensors composed of thermally-isolated heaters
and/or thermal detectors have been developed for enhanced performance. These sensors measure

properties such as flow, gas and acceleration by calibrating the changes in the sensors’ resistance
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[1-3]. For example, microbridge heaters in flow sensors are efficiently heated by a low thermal
energy transfer to their substrates, resulting in a highly sensitive and responsive measurement of
the flow rate achieved using the heater driven by a constant temperature circuit [4]. This type of
sensors can detect a wide range of flow values because of their dynamical measurements and are
usually called hot-film flow sensors. To detect flow directions, two heaters must be installed in
these sensors [5]. Furthermore, using the temperature dependence of the resistance, thermally-
isolated detectors also measure the temperature with a high sensitivity and responsivity.
Calorimetric flow sensors combining a heater and two thermal detectors at upstream and
downstream can correctly detect the flow rate because errors are cancelled using the heater driven
by a circuit for the measurement of the temperature difference using the detectors [6,7]. When
forward flow is applied to a calorimetric flow sensor, the temperature of the detector located
downstream increases, whereas that of the detector located upstream decreases, and vice versa.
Thus, calorimetric flow sensors can detect bi-directional flow.

Microheaters are generally formed using metals and semiconductors that are Joule heated by
applying the current. In metal microheaters, finer and longer metal patterns such as whorled and
raster patterns are formed in order to control their resistance. Semiconductor microheaters can be
simpler and smaller than metal microheaters by using them to connect metal electrodes because the
resistivity of the semiconductor heater is larger than that of the metal electrodes. Therefore, the
semiconductor microheater with large resistance can be efficiently Joule heated by applying an
electrical current without elongation of the microheater patterns to increase the resistance.
Moreover, semiconductor heaters show a high temperature stability because of their lower current
density and lower self-diffusion constants [8]. Therefore, semiconductor microheaters enable the
creation of miniaturised thermal-type sensors with lower power consumption.

The microbridge structures in the thermal flow sensors are usually fabricated using
conventional 3D microelectromechanical systems (MEMS) technology. However, 3D MEMS
technology involves multiple processes such as sputtering, lift-off, and etching. Although some
researchers have improved the sensitivities of the thermal flow sensors by combining a metal and
a semiconductor [9,10], their fabrication process is more complicated. Thus, as mentioned above,
the complexity of the fabrication processes in MEMS, especially the MEMS containing 3D
microstructures and various materials, is a long-standing problem.

In contrast, direct-writing technologies have attracted attention as a maskless process that
can fabricate complex two-dimensional (2D) and 3D structures using a variety of materials without
complicated multi-step processes such as lithography and vacuum deposition methods. For example,
in selective laser sintering (SLS) [11,12] and electron-beam melting (EBM) [13,14], 3D bulk metal



structures are created by sintering raw metal powders to form 2D patterns and the layer-by-layer
lamination of these patterns. Unfortunately, the application of these methods to the fabrication of
3D microstructures is difficult because it is necessary to use downsized raw metal powders that are
easily oxidized during their preparation and setting processes. Meanwhile, inkjet printing has been
shown to be suitable for metal micropatterning in printed electronics [15,16]. Although 3D metal
microfabrication using this method has been reported [17,18], the materials used for this technique
have been restricted to noble metal nanoparticle inks containing precious metals such as Au and
Ag, leading to a relatively high fabrication cost.

To overcome these problems, a direct laser-induced reduction of metal oxide (CuO, Cu,O
and NiO) nanoparticles (NPs) has been reported [19,20-22]. In this method, a metal oxide NP
solution including metal oxide NPs, a reducing agent, and poly(vinyl pyrrolidone) (PVP), is
irradiated by a continuous wave (CW) or nanosecond lasers. 2D Cu and Ni micropatterns are
successfully formed by laser-induced reduction, agglomeration, and sintering of oxide NPs.
Furthermore, in contrast to the inert atmosphere required for the SLS and EBM techniques, this
process can be conducted in air under ambient pressure. The direct-writing process of Cu
micropatterns in air by irradiating Cu salt with a CW laser has also been studied by many
researchers [23—25]. These methods have been applied to flexible devices such as pressure switches,
which were produced by attaching Cu micropatterns on polydimethylsiloxane substrates [23]. We
have also previously reported Cu micropatterning using femtosecond laser-induced reduction of
the CuO NP solution. Cu-rich and Cu,O-rich micropatterns exhibiting metal-like and
semiconductor-like temperature coefficient of resistance (TCR) values, respectively, have thus far
been selectively produced from the same material of CuO NPs by controlling the femtosecond laser
scanning speed and pulse energy [26]. Cu is commonly used for electric wiring because of its high
conductivity compared with that of Cu.O. For local Joule heating, the resistance of the microheater
must be higher than that of the electrodes. Therefore, the length of Cu,O microheaters connected
with Cu electrodes can be shortened because of their higher resistivity compared with that of the
metal electrodes, as previously explained. Moreover, Cu,O has been studied for application in gas,
humidity and temperature sensors because of its large absolute TCR value [27,28]. Based on these
studies, Cu2O-rich sensor components have been fabricated using selective fabrication of Cu-rich
and Cu,O-rich micropatterns, and microtemperature detectors composed of Cu-rich electrodes [29].
In addition, we have demonstrated 3D microfabrication using a combined process of the dispensing
coating and the femtosecond laser-induced reduction of CuO NPs [30]. A microbridge heater with

four layers was fabricated using Cu-rich micropatterning.



In this study, using femtosecond laser-induced reduction of CuO NPs, we demonstrate the
fabrication of two types of thermal flow sensors, namely hot-film and calorimetric flow sensors.
First, the conditions of dispensing coating were investigated to obtain the optimal dispensing
pressure and pitch. Then, the atomic compositions of the Cu-rich and Cu,O-rich patterns were
investigated. Using these fabrication conditions, a hot-film flow sensor with a Cu-rich microbridge
single heater and a calorimetric flow sensor with Cu.O-rich microheaters and two detectors were

fabricated and evaluated.

2. Experimental methods

2.1. Procedures for fabrication of Cu-based microbridge structures

The fabrication process of the Cu-based microbridge structures is as follows. First, the prepared
CuO NP solution was dispensing-coated onto a glass substrate (figure. 1(a)). Second, the coated
CuO NP solution was irradiated by focused femtosecond laser pulses to form the Cu electrodes
(figure. 1(b)). Then, these dispensing coating and laser patterning steps were conducted alternately
until the final patterns composed of the electrodes and microbridge heaters were fabricated (figure.
1(c)). Next, the non-reduced CuO NP solution was removed with ethanol to obtain the microbridge
structure (figure. 1(d)). Finally, the Cu-based microbridge structure was conformally coated with
parylene to protect it from oxidation and deformation (figure. 1(e)). The thickness of the parylene

coating was approximately 2 pm.
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Figure 1. Schematic of the fabrication process for microbridge structures. (a) Dispensing
coating CuO NP solution, (b) laser irradiation, (c) dispensing coating CuO NP solution and

laser irradiation, repeatedly, (d) removing non-irradiated area and (e) parylene coating.

2.2. Preparation of CuO NP solution

To obtain a uniform solution, ultrasonic waves were used for mixing the materials. First, PVP (Mw
~ 55000, Sigma-Aldrich) was dissolved into 2-propanol (Wako Pure Chemicals) until the solution
became thoroughly transparent. Next, CuO NPs (<50 nm particle size, Sigma-Aldrich) were
dispersed into the solution. The concentrations of CuO NPs, 2-propanol, and PVP were 42.1, 41.1
and 16.8 wt%, respectively.

2.3. Dispensing coating and laser scanning system
A dispenser (ML-808GX, Musashi Engineering, Inc.) was used for coating the prepared CuO NP
solution with the pressure and inner nozzle diameter of 20—100 kPa and 0.33 mm, respectively. The
distance between the substrate or previous layer and the nozzle was fixed to be less than 100 pm.
A femtosecond fibre laser (FemtoFiber pro, Toptica Photonics Co., Ltd) with the pulse
duration of 120 fs, repetition frequency of 80 MHz and wavelength of 780 nm was used for direct-
patterning. The laser beam was condensed to approximately the spot diameter of 1.2 um by an
objective lens with the numerical aperture of 0.80. The pulse energy of the laser was 0.57 nJ.
XYZ-mechanical stages were used for both dispensing coating and laser irradiation steps.
The coating area and laser irradiating area were separately arranged. This setup enabled us to
repeatedly carry out the coating of the CuO NP solution and laser patterning without removing the

substrate at each step.

2.4. Evaluation methods

The crystal structures of the Cu-based microstructures were examined using an X-ray micro-
diffractometer (Rigaku RINT RAPID-S) by Cu-Ka radiation with the X-ray collimator diameter of
0.3 mm. The atomic composition was investigated using scanning electron microscope-energy
dispersive X-ray spectrometry (SEM-EDS, Hitachi and Bruker). The thickness of the coated CuO
NP solution was measured by white-light interferometry (Canon Zygo). A four-terminal method
(Mitsubishi Chemical Analytech Loresta GP) was used to investigate the resistivity of the
micropatterns. A power source provided the voltage to a microbridge heater through a connection
with silver pastes and enameled wires. The temperature of the microbridge heater was evaluated by

infrared thermography (Nippon Avionics Thermo shot F30).



Figure 2 shows the illustration of the measurement setup for the flow sensor. Air was
delivered from a compressed gas cylinder in a step state using a three port solenoid valve. The flow
rate was calibrated using a commercially available flow sensor (CKD Rapiflow® FSM2). The flow

rate was controlled by its regulating valve.
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Figure 2. Measurement setup for the thermal flow sensor. The thermal flow sensor was

inserted in a tube and calibrated using a commercially available flow sensor.
3. Results and discussion

3.1. Dispensing coating for CuO NP solution

Figure 3 shows the dependence of the thickness and line width of a single line of the CuO NP
solution drawn by the dispenser on the dispensing pressure. Both the thickness and line width of
the dispensed CuO NP solution increased with increasing pressure. We chose to use 20 kPa,
corresponding to the thickness of approximately 12 um. This value was suitable for conveying the
thermal energy to the bottom by laser irradiation. The CuO NP solution was coated by raster
scanning with the pitch of 350 um. According to the results presented in Figure 3, this pitch was
sufficiently small to fill the gap between the lines so that uniform CuO NP solution films (thickness
~ 20 pum) were obtained.
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Figure 3. Dependence of the thickness and line width of the single line of CuO NP solution

drawn by the dispenser on the dispensing pressure.

3.2. Degree of reduction in the microstructures

The degree of reduction in the microstructures was evaluated using X-ray diffraction (XRD) and
EDS. In our previous study, we found that the Cu-rich micropattern can be created at the scanning
speed and pitch of 5 mm st and 5 um, respectively [30]. The degree of reduction can be modified
by adjusting the laser scanning speed to control the total amount of thermal energy transferred to
the CuO NP solution. At the scanning speed of 5 mm s1, adequate thermal energy was generated
to reduce CuO to Cu. The Cu,O-rich micropattern was also obtained at the scanning speed and
pitch of 1 mm s™* and 5 pum, respectively, as shown in figure 4. Following laser irradiation at the
scanning speed of 5 mm s%, the CuO peak intensity decreased and a strong Cu peak intensity
appeared. By contrast, the Cu,O peak intensity increased and the CuO and Cu peak intensities
almost disappeared at the scanning speed of 1 mm s, These results indicated that the reduced Cu
was reoxidized to Cu,0 by the excess thermal energy of the laser irradiation at the scanning speed
of 1 mm s™%. On the basis of the XRD results, scanning speeds of 5 mm s and 1 mm s™* were used

for the Cu-rich and the Cu,O-rich micropatterning, respectively.
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Figure 4. XRD spectra of the CuO NP solution film and micropatterns at scanning speeds of
1mms?tand5mms™

Figure 5 shows the atomic composition of the Cu-rich and Cu,O-rich micropatterns. C and
Si contributing to PVP and the glass substrate, respectively, were observed. The compositional
fractions of Cu and O in the Cu-rich micropattern were higher and lower than in the Cu,O-rich ones,

respectively. This result is consistent with the XRD spectra presented in figure 4.
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Figure 5. Atomic percentage of the CuO NP solution film and micropatterns at scanning
speeds of L mmstand 5 mms™.

The resistivity of the Cu-rich micropattern was 2.0 x 10°° Q m, which was approximately
10* times larger than the bulk value because of the presence of residual CuO in the micropatterns

[30]. Such a higher resistivity is advantageous because it enables the heater to be smaller and



simpler than the heaters created by MEMS. The resistivity of the Cu,O-rich micropattern was 2.0

Q m, approximately equal to the corresponding bulk value [31].

3.3. Hot-film sensor with Cu-rich microbridge single heater

We have demonstrated a hot-film flow sensor with the Cu-rich microbridge single heater. The
ability to detect the flow rate dynamically in a wide range of values is an advantage of the hot-film
flow sensors driven with a constant temperature circuit. Figures 6(a) and 6(b) show a schematic
and an optical microscope image of the Cu-rich microbridge structure composed of 14" |ayer
electrodes and fourth layer microbridge heater. The Cu-rich microstructure was formed at the
scanning speed of 5 mm s™1. The space underneath the microbridge heater which was expected to
work as the thermal isolation from the substrate was observed in an SEM image (figure 6(c)).
Owing to this thermally insulating space, the application of a voltage only generated heat at the
fourth layer of the microbridge heater, as shown in the infrared image (figure 6(d)).
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Figure 6. (a) Schematic and (b) optical microscopy image of the Cu-rich microbridge structure.
(c) SEM image of the Cu-rich microbridge heater with thermal insulating space. (d) Infrared

image of the Cu-rich microbridge structure at an applied voltage of 0.7 V.

The characteristics of the Cu-rich microbridge heater were evaluated. Figure 7(a) shows the
dependence of the current of the Cu-rich microbridge structure on the applied voltage. Figure 7(b)
shows the dependence of the temperature of the Cu-rich microbridge heater on the drive power.



The Cu-rich microheaters were disconnected at approximately 110°C, which may be caused by
local overheating because of the existence of voids in the microstructures. Therefore, we applied a
voltage until the temperature of approximately 70°C in order to prevent the disconnection of the
microheaters. The hysteresis of these characteristics was significantly small, indicating that the
microbridge heater could work without any deformation and oxidation during heating. Cu-rich
microbridge structure was constantly heated at 60°C in the flow rate measurement. The TCR of the

Cu-rich microbridge structure was investigated in an oven, and its value was found to be
approximately 1.2 x 107%°C ™1,
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Figure 7. (a) Applied voltage vs current of the Cu-rich microbridge structure. (b) Drive power
vs temperature of the Cu-rich microbridge heater. The applied voltage was increased and
decreased two times.

The hot-film sensor was demonstrated for measuring the flow rate in a tube. Figure 8(a)
shows the image of the Cu-rich flow sensor inserted in the tube. The dependence of the sensor
output on the flow rate is shown in figure 8(b). The flow rate was varied in the 0-450 cc min™?
range and was increased and decreased four times in order to investigate the precision of this flow

sensor. The calibration curve of the sensor output in hot-wire and hot-film sensors is obtained using
the equation:

VZ=A+BU" (1)
where V is the sensor output and U is the flow velocity. A, B and n are constants. This equation is
based on King’s law [32]. Based on this equation, the sensitivity of the sensor output depends on B
and n. When the wire is infinitely long, n is generally 0.5. However, n in this measurement shifted
from 0.5 because the length of the wire was finite. The curve fitted using King’s law is shown in

figure 8(b). Despite a slight variation, the sensitivity in the Cu-rich flow sensor is equal to or greater



than that of a flow sensor fabricated using MEMS technology [33]. The maximum root mean square
error of the sensor output (V) in this measurement was 11 mV at 450 cc mint. The error was
generated because this sensor was easily affected by the disturbance from the environment, so that
adding a temperature-compensating resistance was expected to decrease the error. The 0-90% rise
and fall times of the sensor outputs were approximately 2.0 s and 2.2 s, respectively, relatively
slower than those of the sensors fabricated by MEMS technology [4]. The slower rise and fall times
are because of the heat spreading to the electrodes (figure 6(d)). Therefore, this slower response
time can be improved by miniaturizing the electrodes.
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Figure 8. (a) Optical microscopy image of a Cu-rich flow sensor inserted in a tube using the
concept of a hot-film sensor. Only forward flow was applied to this sensor. (b) Dependence of
sensor output of the Cu-rich flow sensor on the flow rate. The one-directional flow rate was

increased and decreased four times in the range of 0-450 cc min™™,

3.4. Calorimetric flow sensor with Cu,O-rich microbridge single heater and two detectors
We attempted to fabricate a hot-film flow sensor with Cu.O-rich microbridge single heater
following a procedure similar to that used for the fabrication of the Cu-rich microbridge single

heater. However, when the single Cu,O-rich microbridge heater was operated as a hot-film flow



sensor, the sensor output was not stable because the sensor was easily influenced by the ambient
temperature because of its higher TCR.

In contrast, the low thermal conductivity of the Cu,O microstructures is advantageous for
heaters, enabling efficient conversion of electrical energy to thermal energy with lower driven
power. Furthermore, the higher temperature sensitivity of the Cu,O microstructures was effective
for temperature detection. In a previous study, we have found that Cu,O-rich micropatterns
exhibited a high temperature sensitivity [26]. To exploit these advantages, we proposed a
calorimetric flow sensor composed of a Cu,O-rich microbridge single heater and two detectors.
Figures 9(a) and 9(b) show a schematic and optical microscope image of the flow sensor with the
Cu20O-rich microbridge structures. Although the Cu,O-rich microbridge heater was thicker than its
Cu-rich analogue because of the greater amount of thermal energy irradiated at the slower scanning
speed, the Cu,O-rich microbridge structures also had thermal insulating spaces underneath the
microbridge heaters (figure 9(c)). The structures were composed of 154" layer Cu-rich electrodes
and fourth layer Cu,O-rich microbridge heaters. The middle and both sides of the microbridge
structures were used as the heater and temperature detectors, respectively. Figure 9(d) shows the
infrared image of the Cu.O-rich microbridge structure at the applied voltage of 20 V. We found
that the Cu,O-rich microbridge structure also generated heat only at the microbridge heater.
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Figure 9. (a) Schematic and (b) optical microscopy image of the Cu,O-rich microbridge
structures. The middle of the microbridge was used as a heater and the sides were used as
temperature detectors. (¢) SEM image of the Cu,O-rich microbridge heater with thermal
insulating space. (d) Infrared image of the Cu,O-rich microbridge structure at an applied voltage
of 20 V.

The characteristics of the Cu,O-rich microbridge heater are shown in figures 10. The Cu,O-
rich microbridge heater was disconnected at approximately 240°C, at much higher temperature than
the Cu-rich microbridge. Furthermore, the power consumption of the Cu,O-rich microbridge heater
was lower than that of the Cu-rich microbridge because the semiconductor-like Cu,O-rich material
shows lower self-thermal diffusion. Thus, the Cu,O-rich microbridge exhibited higher performance
as a heater than the Cu-rich microbridge. A constant voltage of 20 V corresponding to
approximately 95°C was applied to the microbridge heater to heat both sides of the temperature
detectors. The TCR values of the temperature detectors were —6.8 x 103°C* and —4.6 x 10°%°C ™1,
respectively. These negative TCR values indicated that the Cu.O-rich microbridge structures shows
semiconductor-like TCR, as we have reported previously [26]. The difference between the TCR
values of the two temperature detectors arises because the laser beam was sometimes defocused on
the surface of the CuO NP solution film because of its surface roughness, making it difficult to

always obtain materials with completely consistent properties.
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Figure 10. (a) Applied voltage vs current of the Cu,O-rich microbridge structure. (b) Drive
power vs temperature of the Cu,O-rich microbridge heater. The applied voltage was increased
and decreased two times.

Figure 11(a) shows the Cu,O-rich flow sensor inserted in a tube. The resistance of both sides
of the microbridge structures varied with the asymmetric temperature distribution created by the
heater with the flow. The resistance difference was evaluated with a Wheatstone bridge and was
amplified by an operational amplifier. The sensor output with the forward and backward flows was
estimated as shown in figure 11(b). The flow was increased and decreased in both directions four
times in the 0-150 cc min* range. The flow directions were switched by changing the direction of
the tube attachment. It was found that the sensor output increased by increasing the forward flow
rate. Conversely, the sensor output decreased with an increase of the backward flow rate. When the
flow rate was 150 cc mint or higher, the output became constant because of the constant
temperature distribution between the two detectors. To evaluate the sensitivity of the Cu,O-rich
flow sensor, the sensitivity at zero flow (Se) was utilised [34]:
_av
=30 -

where V is the sensor output and Q is the flow rate. When a polynomial fitting curve was applied

)

0

to the sensor output, the sensitivities at zero flow of the Cu,O-rich flow sensor for forward and
backward flows were 1.1 and 0.66 mV (cc min™t) !, respectively. These values were much greater
than those of a sensor fabricated using MEMS technology for a similar measurement range (i.e.
0.0029 mV (cc min) 1) [34]. This increased sensitivity was observed because the semiconductor-

like a larger absolute value of TCR generated larger change in resistance between the two



temperature detectors. The maximum root mean square errors value of the sensor output in the
Cu20-rich flow sensor at the forward and backward flows were 4.3 mV and 5.0 mV, respectively,
lower than that of the Cu-rich microbridge. Hence, although the measurement range was smaller
than that used for the Cu-rich flow sensor, the Cu,O-rich flow sensor accurately detected bi-
directional flow. These errors can be decreased further by decreasing the TCR gap between the two

temperature detectors.
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Figure 11. (a) Optical microscopy image of the Cu,O-rich flow sensor inserted in a tube using

the concept of calorimetric sensors. The forward and backward flows were applied to this sensor.

(b) Dependence of sensor output of the Cu,O-rich flow sensor on the flow rate. The bi-directional

flow rate was increased and decreased four times in the range of 0-150 cc min™™.

4. Conclusion

We have demonstrated thermal flow sensors fabricated by the femtosecond laser-induced reduction

of CuO NPs.



(1) The conditions of dispensing coating were evaluated. Uniform CuO NP solution films
(thickness = 20 um) were obtained at the dispensing pressure and raster scanning pitch of 20
kPa and 350 um, respectively.

(2) The degree of reduction was investigated using XRD and EDS. The XRD and EDS results were
consistent and showed that Cu-rich and Cu,O-rich micropatterns were selectively fabricated by
controlling the scanning speed.

(3) The single Cu-rich microbridge structure was used for a hot-film flow sensor with a constant
temperature circuit. The Cu-rich flow sensor could detect a wider range of flow values than the
Cu20-rich one. The relationship between the flow rate and sensor output was fitted to the
King’s law model.

(4) The calorimetric flow sensor composed of a Cu,O-rich microbridge heater and temperature
detectors was also demonstrated. The Cu.O-rich flow sensor could detect bi-directional flows
and its output error was small.

The direct-writing process of 3D metal and semiconductor microstructures not relying on the
conventional complicated methods demonstrated in this study is useful for the fabrication of

prototype devices.
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