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Chapter 1 Introduction

Chapter 1

Introduction

1.1 Background
1.1.1 Nanoporous materials
Porous materials are known as three-dimensional (3D) interconnected morphologies with open
pores, forming as a sponge-like structure. Materials including numerous >1 nm pores are defined
as “porous materials”1). By contrast, materials containing below 1 nm pores are defined as “nonporous materials”, meaning a dense structure (Fig. 1.1). Moreover, the porous materials can be
classified into two groups based on a pore size. In the range of 1–100 nm pores, the materials are
specifically called as “nanoporous materials”, while that in the rage of 100 nm to several micro
meter pores are defined as “microporous materials”.
Porous materials are expected as many applications such as absorbent materials or catalysts
due to their large specific surface area. By processing a pure Platinum (Pt) film into a nanoporous
structure with below 10 nm pores, the nanoporous structure of Pt increases the true surface area
by 170 times2). This is because, nanoporous structures increase an apparent area threedimensionally, increasing an effective surface area. Moreover, unlike dense structures,
nanoporous structures consist of less amount of materials. Thus, it is also able to reduce a material
utilization. Pt or palladium (Pd) have been earlier utilized as a hydrogen absorbing alloy, thereby
hydrogen gas sensors including Pt or Pd are well known to date. Sensor performances highly
depend on the electrochemical reactions involving adsorption, which include sensing of hydrogen
by Pt or Pd. Therefore, the large catalytic action area generally promises an excellent sensor
responsiveness. However, considering that the hydrogen absorbing alloys are comprised of
precious Pt or Pd and the sensor device scale becomes larger, a less amount of Pt or Pd while
keeping high catalytic performances is economic and desirable.
The feature of nanoporous Pt or Pd is very advantageous in this study. A. Abburi et.al3) reported
effective hydrogen gas sensors based on nanoporous Pt thin films as shown in Fig. 1.2(a). The
sensors made with nanoporous Pt with <5–35 nm pores successfully demonstrated a significant
change in resistance when exposed to hydrogen, whereas that with pure Pt thin film exhibited a
poor sensitivity (Fig. 1.2(b)). These results could be achieved by that the hydrogen gas was easily
trapped by nanoporous Pt owing to its high specific surface. Moreover, they succeeded in the
reduction of Pt utilization.
1
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Fig.1.1 Classification of porous materials based on pore sizes (A. Ito1))
(Translated in English)

(a)

Nanoporous Pt

(b)
35 nm pores
25 nm

%ΔR

5-10 nm
<5 nm
Pure Pt thin film

1 mm
Time (sec)

Cu electrodes

Fig. 1.2 Hydrogen gas sensor based on nanoporous Pt thin film; (a) sensor device, (b) sensor
performances based on pore sizes (A. Abburi et.al3))
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For another report, W. C. Li et.al4) revealed the relationship between stress change and
hydrogen absorption/desorption of nanoporous Pd (pore size: approximately 10 nm). The
nanoporous Pd film stress became increasingly compressive with higher hydrogen content in
atmosphere. After flowing atmosphere with nitrogen, stress of nanoporous Pd film returned to
approximately the initial value before exposure to hydrogen. The response times of dense Pd film
and nanoporous Pd film to hydrogen were evaluated by exposing the Pd film to hydrogen between
contents of 0 and 10 volume % (vol.%). Fig. 1.3(a) shows the image of nanoporous Pd used. As
seen from Fig. 1.3(b) and (c), nanoporous Pd films exhibited a shorter response time for hydrogen
absorption and desorption. This excellent response could be achieved based on the large specific
surface area produced by nanoporous structures. This property promises an excellent hydrogen
gas sensing. Consequently, they demonstrated that the catalytic performance improved
significantly using nanoporous formation technique. In addition, this technology facilitates to
fabricate small-scale devices with low consumption and material cost.

(a)

10 nm pores

(b)

(c)
Dynamic stress
change

Poor stress
change

Fig. 1.3 Hydrogen absorption/desorption of nanoporous Pd thin films; (a) the obtained
nanoporous Pd thin film, (b) responsiveness based on dense Pd thin film, (c) based on
nanoporous Pd thin film (W. C. Li et.al4))
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Furthermore, nanoporous films have emerged to have significant importance in molecular
filters. Membrane filtration is an attractive technology, and has been earlier developed for many
applications used in bio-technology field, such as bacteria and viruses removal. S. T. Mostafavi
et.al5) reported nanofilters from carbon nanotubes for virus removal from water. The fabricated
carbon nanotube bundles are about 45 nm in size (Fig. 1.4(a)), and these entangled carbon
nanotubes bundles almost form the nanofilter with suitable porosity prepared by closely arranging
the nanotubes (Fig. 1.4(b)). The velocity of water including initial virus concentration increased
through nanofilter but mass transfer velocity of virus is low. Thus, the different mass transfer
velocity causes that the virus concentration decreases. These results indicated that the fabricated
nanofilters successfully could remove virus and nanoparticles from water at 20 °C.

(a)

(b)

Fig. 1.4 Nanofilter from carbon nanotubes for application in virus removal from water,
(a) carbon nanotubes bundle, (b) nanofilter formed by entangled carbon nanotubes bundles
(S. T. Mostafavi et.al5))

Moreover, innovative microfluidic chip using aluminum oxide membrane (Fig. 1.5(a)) was
reported by F. Bunge et.al6). In this study, anodized aluminum oxide (AAO) was the key process
of the fabrication of molecular filters. The barrier layer was removed from the bottom side by
dry-etching; the obtained mean pore diameter uniformly equals 32–44 nm (Fig. 1.5(b)). The masstransport through the membrane was investigated by diffusion measurements with indigo carmine.
The relative concentration of the indigo carmine was determined by assuming a linear correlation
with the color. The measured concentration of indigo carmine that diffused from the top chamber
1 through the membrane to the bottom chamber 2 where it was flushed away, indicated that the
concentration decreases exponentially; 95% of the indigo carmine was successfully removed
within approximately 9 min.
4
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Reflecting the rapid growth of the microelectromechanical systems (MEMS) field {e.g., bioand medical MEMS7), power MEMS devices8) used in Internet of Things (IoT)}, nanoporous
materials as well as nanoporous formation techniques have been paid attention. A wide variety of
nanoporous formation techniques has been researched to date, revealing the differential final
morphologies. As shown from the Fig. 1.4(b) and Fig. 1.5(c), the nanoporous structures that are
ultimately obtained are different; while the obtained nanostructure in Fig. 1.4(b) has a complex
and random porous network, that in Fig. 1.5(c) consists of uniform pores. The optimal nanoporous
structures differ with each device concept. Therefore, suitable processing methods meeting the
research goal should be used. In the next section, the author introduces nanoporous formation
techniques previously reported, and additionally mentions advantages and disadvantages
themselves.

(b)
(a)

(c)

200 nm

Fig. 1.5 Microfluidic chip; (a) concept of the device, (b) photo of the microfluidic chip with
the dimensions of 6.5 × 9.0 × 1.3 mm, (c) Top view of the AAO-Membrane (F. Bunge et.al6))
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1.1.2 Nanoporous formation technique
Nanoporous materials have been earlier developed based on hydrothermal growth 9)-13),
AAO6),14)-17), carbon nanotubes5),18)-21), and chemical dealloying2)-4),22)-29). All processes promise
structures with nanometer order pores, however their fabrication conditions (e.g., experimental
setup, material, heat-treatment, etching liquid type, process time, or total cost) are different. Some
fabrication methods require special conditions; thus, it is very important to select an optimal
nanoporous formation technique fitting for a research goal. Below, the author introduces
conventional nanoporous formation techniques, and reveals their advantages and disadvantages.
Furthermore, the author develops a traditional nanoporous formation technique, and proposes a
novel nanoporous formation technique that can be easily applicable to the micromachining with
a short process time.

(1) Hydrothermal growth
The hydrothermal method allows to conduct a rapid crystal growth at relative low temperature
(100–300 °C) and high pressures (over 1 atmosphere)9). Water being under high temperature and
high pressure exhibits differential properties comparing with that being at room temperature. In
saturated steam pressure, water properties (e.g., density, viscosity, and dielectric constant)
increase with increasing temperature. Moreover, ionic product of water becomes increasing with
the increase of temperature, reaching maximum value at approximately 270 °C9). Therefore, water
at high temperature and high pressure promises an excellent ionic reaction, where ions and
molecules are easily diffused, resulting in a rapid reaction velocity.
Recently, synthesizing ceramic powder is achieved by this hydrothermal growth. Synthesizing
ceramic powder has been earlier developed by phase contact reaction, however it was timeconsuming process, and required a high reaction temperature of 1000 °C9). By contrast, thermal
growth allows to create a target material under an extremely low- temperature due to the rapid
reaction velocity produced by the high-temperature/pressure water. The crystal growth can be
performed in an apparatus consisting of a steel pressure vessel called an autoclave. Starting
materials and solutions or that working as reactants are prepared in the autoclave. Through the
high temperature- and high pressure-treatment, starting materials are dissolved, and subsequently
reacted with the solutions, which produces a new target crystal. Moreover, it is possible to control
the crystal form by adjusting temperature, solution type or its concentration. Thus, hydrothermal
6
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growth is also an important fabrication method for nanomaterials.
Nanowires or nanorods have been developed based on this technology. A. Syed et.al10) reported
hydrothermal growth of vertically-aligned zinc oxide nanowires on patterned seed layers. Fig.
1.8(a) shows a schematic diagram for growing ZnO nanowires on a defined Zn pattern. After
patterning the silicon substrates with photoresist, Zn has been prepared. Hydrothermal growth has
been performed at 90 °C for 17 h with a precursor solution formed of hexamethyletetramine and
zinc nitrate hexahydrate. After removing the photoresist, vertical nanowires were prepared on Zn
micropatterns. From Fig. 1.8(b), vertically-aligned ZnO nanowires are seen on patterned zinc
layer.
For another case, J. Wang et.al11) reported nanorods formed on fluorine-doped tin oxide (FTO)
via haydrothermal synthesis. Fig. 1.9 shows a formation process of TiO2 nanorods on FTO. A
compounded solution and pre-treated FTO substrates with TiO2 seed layer were placed in an
autoclave, and then a hydrothermal reaction was conducted at 160–220 °C for 3–24 h. Fig. 1.10
reveal that the entire surface of FTO was covered uniformly with TiO2 nanorod. The TiO2
nanorods grew along the specific direction with the growth axis parallel to the substrate surface
normal. The cross-sectional view reveals that bottom layer is the residual seed, and top layer is
the nanorods allays, covering the seed layer uniformly.
As described above, hydrothermal growth is an attractive technique. With this method it is
possible to grow crystals of compounds with high melting points at lower temperatures. The
method is also particularly suitable for the growth of large good-quality crystals while maintaining
control over their composition. However, there are some disadvantages; the need of expensive
autoclaves and this method must include a heat-treatment with several hours. Processing that can
be achieved with or without a heat-treatment in a short process time, may be desirable for all
MEMS devices.

7
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(a)

(b)

Fig. 1.8 (a) Schematic sequence of ZnO nanowires on a patterned Zn layer, (b) verticallyaligned ZnO nanowires formed on patterned Zn layer (A. Syed et.al10))

Fig. 1.9

Schematic sequence of TiO2 nanorods (J. Wang et.al11))
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Fig. 1.10 Cross-section view of TiO2 nanorod arrays grown on FTO substrate
(J. Wang et.al11))

(2) Anodized aluminum oxide
AAO is a self-organized material with honeycomb-like porous nanostructure, consisting porous
layer growing top of a thin dense layer, called barrier layer14) (Fig. 1.11). The barrier layer has a
non-porous structure. Fig. 1.12 shows the experiment setup for AAO. Normally, sulfuric acid,
oxalic acid, phosphoric acid, or chromic acid are used for electrolytic solutions. First, DC voltage
is applied between Aluminum (Al) substrates and cathodes in the sulfuric acid. Second, Al is easy
to bond with O2- or OH- by electrolysis. Subsequently an oxide film is formed on the Al substrate
surface, finally becoming the barrier layer. The surface of the barrier layer is a non-uniform
structure with a roughness. Sulfate ions are trapped by concavities15), thus the oxide films on
concavities dissolve by becoming an aluminum sulfate, which open pores (Fig. 1.13(a)). In the
final, highly ordered array of cylindrical shaped pores like Fig. 1.13(b) can be obtained through
the growing of the oxide films, whereas that on concavities are dissolving.
AAO has been utilized in many products for almost a century, and nanoporous AAO is one of
the most popular nanomaterials and applications including molecular separation6), catalysis31),
sensors32),33) , drug delivery34). The obtained porous nanostructure is electrically insulating,
optically transparent, excellent chemically stable. Moreover, this process has a well control of
pore sizes that can be achieved by optimization of applied voltage, acid type and its
concentration16),17).
9
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Porous layer

Barrier layer

Fig. 1.11 Structure of anodized aluminum oxide (S. Ono et.al14))

Applied voltage (V)
Current (A)

Oxide film formed
on the surface

H2 gas
Metal

OH-

Cathode

Electrolysis

H

+

H2O

Fig. 1.12 Experimental setup for AAO

Al2O3

Opening pores

Growing

Aluminum

Fig. 1.13

Dissolve

Schematic sequence showing pore growth by anodic oxidation
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In the use of nanoporous AAO for nanofitlers, dense barrier layers however must be removed,
because which may hamper the molecular separation. Microfluidic chip shown in Fig. 1.5
reported by F. Bunge et.al6) could be achieved by removing barrier layers by DRIE-etching. Fig.
1.14 shows the fabrication process of the microfluidic chip. In the process (c), the silicon substrate
including the barrier layer was fully DRIE-etched from the bottom side. The obtained nanoporous
membranes after the process are shown in Fig. 1.15: (a) Left image exhibited a top view (i.e. the
anodized side), and (b) right one shows a bottom view (i.e. DRIE-etched side) of the AAO
membrane. The porosity of the membrane is about 22% on both sides, indicating that the barrier
layer was successfully removed by DRIE-etching.

Fig. 1.14 Fabrication of the microfluidic chip: (a) silicon wafer with gold, silicon oxide and
2 µm of aluminum, (b) anodization in oxalic acid at 30 V, (c) DRIE-etching, (d) removal of
the silicon oxide and DRIE-etching of silicon, (e) removal of aluminum and opening of the
pores, (f) 2nd silicon wafer with gold and DRIE structures, (g) eutectic bonding of the silicon
wafer and anodic bonding with glass wafer (F. Bunge et.al6))

(a) Top-view

(b) Bottom-view

200 nm

200 nm

Fig. 1.15 The obtained AAO membrane: (a) top-, and (b) bottom-view (F. Bunge et.al6))
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(3) Carbon nanotubes
Carbon nanotubes have been played a role in advances in nanomaterials. Nanofitlers based on
carbon nanotubes5) shown in Fig. 1.4 are fabricated by a continuous spray pyrolysis method (Fig.
1.16). This apparatus consisted of stainless steel gas and liquid flow lines, a vessel containing a
catalyst and a carbon source and a two-stage heating system. Spray pyrolysis is a process in which
a thin film is deposited by spraying a feed-solution on a heated surface, where the constituents
react to form a chemical compound. This method is conducted in three steps as follows: (a)
providing a carbon source gas and a catalyst gas thorough a nozzle onto a heater surface at 900 °C,
(b) forming a carbon nanotube filter through a evaporation of a solvent and a materials synthesis,
and (c) removing the carbon nanotube filter from the surface. To gain high-purity carbon nanotube
filters with optimal density, three important parameters (catalyst concentration, temperature, and
gas flow rate) must be carefully determined.
Furthermore, a great advantage of this method is that carbon nanotubes bundles are produced
in only one step, without any prior substrate preparation18). This method can produce a promising
nanofilter in a short fabrication step. At the same time, however, it remains negative points: the
available material is restricted to carbon, and it requires a 900 °C heat-treatment, which also limits
future applications. Moreover, this method requires a special experimental setup, and seems to be
over-skills.

5)

Fig. 1.16 Spray pyrolysis system (S. T. Mostafavi et.al )
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(4) Chemical dealloying
Chemical dealloying2)-4),22)-29) is a simple process in which an element is selectively dissolved
from an alloy, and a residual element forms a nanoporous structure by diffusion and selforganization. This selective dissolution process is known as a reliable process for obtaining
porous structures from an alloy containing two or more metallic elements. Various chemical
dealloying processes to produce nanoporous materials have been earlier researched by several
groups.
Chemical dealloying of Cu–Mn alloy reported by C. Hou et.al29) (Fig. 1.17) consisted of two
steps; (a)Cu30Mn70 film deposition on the Cu foil by magnetron sputtering, subsequently (b)
selective dissolution of Mn elements from a binary Cu30Mn70 alloy by immersion the film in 10
mM HCl solution for 5 h at room temperature (25 °C). During Mn etching, the remained Cu was
diffused, forming a 3D-interconnected nanoporous network. Finally, the initial binary Cu–Mn
alloy fully turned to a Cu-based sponge-like structure with a pore size of ~50 nm (Fig. 1.17(c)).
Chemical dealloying is an excellent nanoporous formation technique because of easy pore- and
patterning-control. Pore controlling can be simply conducted by adjusting the process parameters:
the initial alloy composition35)-38), dealloying time4),39),40) and temperature41), film thicknesses39),
and thermal coarsening temperature3). Moreover, two-dimensional metal patterns formed by
sputtering completely turn into nanoporous structures through the dealloying, thus this easy
patterning-control property is suitable for micromachining. Therefore, chemical dealloying can
be considered for a promising technique for nanoporous structures for MEMS applications.

(a)

(b)

(c)

(C. Hou et.al29))

Fig. 1.17 Schematic sequence showing chemical dealloying of Cu–Mn: (a) Cu30Mn70 film
deposition on Cu foil via magnetron sputtering, (b) Mn dealloying, and (c) opening pores
13
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In addition to its easy fabrication process, wide applicable substrate types and materials are
very attractive. Major substrates (e.g., SiO2, Si, Alumina, and resist substrates) are available.
Binary alloys (e.g., Au–Ag22)-24),36),39), Cu–Pt3), Al–Cu35), and Ni–Pd4),40)) have been used as
materials for chemical dealloying, and each fabricated nanoporous material shows different
properties, such as optical appearance, electrical property, structure, catalyst, or chemical
resistance. Thereby chemical dealloying can be widely utilized in various applications.
Recently, new materials are expected for electrodes used in storage batteries, and they have
been researched focusing on the high-specific surface area and low-pressure loss. Nanoporous
structures exhibit excellent high-specific surface area, however also exhibit high-pressure loss,
remaining a problem in the use of electrodes. In contrast, microporous structures have relatively
low-specific surface area, but have a merit in the low-pressure loss. Therefore, novel porous
structures meeting the both high-specific surface area and low-pressure loss have been required.
T. Fujita et.al42) fabricated, for the first time, hybrid porous metal papers including two differential
micro- and nano-pores (Fig. 1.18).

Micro pore

Micro pore

Nano pore

(a)

(b)

Fig. 1.18 Novel porous metal paper: (a) fabrication procedure, and (b) the obtained porous
metal paper (T. Fujita et.al42))
14
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Au50Ag50 porous metal was further Ag dealloyed by electrochemical dealloying, and numerous
nano pores were newly formed on the structure (Fig. 1.18(a)). This metal paper is an easy handling
(Fig. 1.18(b)). Moreover, it exhibits high-specific surface area based on the nano pores, and also
retains low-pressure loss owing to the micro pores. Therefore, it is expected as key materials for
super capacitors, or electrodes for electrolysis of water. Hydrogen gas sensor shown in Fig. 1.2
and hydrogen absorption/desorption of nanoporous Pd thin films shown in Fig. 1.3 were also
fabricated via chemical dealloying of Cu–Pt and Pd–Ni, respectively.
However, chemical dealloying remains two critical disadvantages. First, a large amount of
sacrificial metals is necessary. Sacrificial metals are typically in rich side in binary alloys, which
predominate average 70 atomic % (at. %). In the chemical dealloying of Au–Ag, 50–80 at.%
precious Ag has to be removed by etching; it is no economic and not adaptable to industrial mass
production. Second, complex fabrication conditions including the initial alloy composition, film
thickness, or thermal coarsening etc. must be optimized. In general, optimization of the fabrication
conditions for chemical dealloying is very time-consuming and difficult.
The author resolves the first problem using an inexpensive Cu for a sacrificial metal.
Reasonable Cu has been often used for a sacrificial material in the micromachining, thus Cu is
suitable. Furthermore, the second problem is resolved by using combinatorial technique. In this
study, the author proposes a novel accelerated chemical dealloying of Cu-based alloy combined
with a combinatorial method, whose detail is describe in the next section.

1.1.3 Combinatorial materials synthesis
Recent environmental performance, customer expectations, population expansion, and market
globalization require new materials with optimized properties. Therefore, the opportunities and
challenges to materials scientists worldwide have been greater. Discovering new materials have
been in the limelight, and thereby the properties of materials have become better known. At the
moment, there are 2,850 binary, 70,300 ternary, and 1,282,975 quaternary43). The ultimate
properties of useful materials will also be a function of relative compositions and of processing
conditions. This enormous number of possible combinations complicates the material search, and
accordingly combinatorial materials synthesis and high throughput experimentation44)-55) have
emerged as a response to the challenges of materials development.
Combinatorial experimentation began to take off around 1990 in the pharmaceutical industry56)
and 1995 in materials development57),58). Combinatorial and high-throughput approaches to the
research of alloys means synthesizing a sample with multiple alloy compositions in parallel and
15
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then screening the material libraries, subsequently studying their structures and properties
simultaneously. In contrast with the conventional one alloy at a time process, this high-speed
synthesis of combinatorial materials libraries combined with the high-throughput evaluation has
a significant potential based on effective discovering novel materials (Fig. 1.19).
Combinatorial material synthesis has been reported by many researchers. P. J. McGinn59) used
multiple masks that expose different regions of the substrate (Fig. 1.20). Binary alloy libraries are
prepared by the process; (a) deposition of material A (first layer), (b) deposition of material B
(first layer), (c) deposition of material A (second layer), (d) continue depositing intermixed pattern
of A and B, (e) complete library, (f) binary alloy libraries after heat treatment. Through the process,
materials having the differential compositions to be a function of positions can be formed on a
single substrate. However, this synthesizing multiple materials technique is very time-consuming
and complex, therefore more effective combinatorial materials synthesis has been researched.

Fig. 1.19 Combinatorial optimization method

16
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(a)
(b)
(c)

(d)
(e)

(f)

Fig. 1.20 Schematic sequence showing development of a thin-film library by deposition
through contact masks: (a) deposition of material A (first layer), (b) deposition of material B
(first layer), (c) deposition of material A (second layer), (d) continue depositing intermixed
pattern of A and B, (e) complete library, (f) binary alloy libraries after heat treatment (P. J.
McGinn59))

Sequential deposition from multiple sputter combined with automatically moving masks59) can
be used to form thickness wedges (Fig. 1.21). Wedges with one-dimensional thickness gradient
are achieved by combining constant velocity mask motion with a constant sputtering rate. By
using this method, construction of a binary alloy libraries can be obtained faster than the
conventional method shown in Fig. 1.20. Moreover, Co-sputtering is also attractive for a
fabrication of gradient thin film libraries. Via simultaneous sputtering shown in Fig. 1.22 from
two or more than two material sources, gradient composition binary or ternary films can be
formed by one time sputtering59). This process is faster than sequential deposition with moving
masks in the fabrication of libraries.
The fabricated libraries enable a rapid material evaluation. M. Y. M. Chiang et.al60) reported
the combinatorial approach to the edge delamination test for thin film reliability. In their research,
an effect of silicon substrate surface energy on the adhesion of polymethyl methacrylate thin films
was studied. Fig. 1.23 shows a combinatorial edge delamination test to map the failure of thin
film adhesion to substrates as a function of both temperature and film thickness. The library used
had the film thickness gradient in one direction, and then it was cooled with a temperature gradient
applied in the direction orthogonal to the thickness gradient (Fig. 1.23(a)). Film delamination was
17
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evaluated based on critical stresses owing to the combination of each temperature and film
thickness. Therefore, the stress concentration on a square pattern array of individual edge
delamination samples (Fig. 1.23(b)) was efficiently varied in only one step experiment. Fig.
1.23(c) revealed the distribution of failure of a film on a substrate as a function of both temperature
and film thickness. This result demonstrates that the proposed combinatorial approach was a rapid
and effective. This technology must be valid for the evaluation of the adhesion between film and
substrate as a function of multi-parameters.
Consequently, the combinatorial method definitely supports the chemical dealloying requiring
the optimization of complex process parameters. Combinatorial method can be easily applicable
in chemical dealloying. In this study, the author proposes a novel chemical dealloying as
optimized by combinatorial method expected as an effective nanoporous formation technique.

Fig. 1.21 Fabrication of a binary gradient library by the use of a moving masks
(P. J. McGinn59))

Material A

Material B

Material C

Fig. 1.22 Co-sputtering with overlapping fluxes (P. J. McGinn59))
18
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(a)
(b)

(c)

Fig. 1.23 Combinatorial approach to the edge delamination test: (a) multiple samples with
film thickness and temperature gradients, (b) a square pattern array composed from edge
delamination samples, (c) the distribution of failure of a film on a substrate as a function of
both temperature and film thickness (M. Y. M. Chiang et.al60))

1.1.4 Chemical dealloying as optimized by combinatorial method
Carefully optimizing the pore size and porosity of the nanoporous film is important. The poreand porosity-control in the chemical dealloying has been achieved mainly by adjustment of
thermal coarsening temperature or initial alloy composition. A. Abburi et.al 3) revealed the
temperature and pore size dependence on the chemical dealloying of Cu–Pt. In their study,
nanoporous Pt from Cu80Pt20 thin film dealloyed in 93% H2SO4 showed there were no visible
pores. The dealloying started with the Cu dissolution from the Cu–Pt alloy, however, Pt atoms
diffused very slowly at room temperature, and finally the pore size could not grow up sufficiently.
Therefore, opening pores were conducted by thermal coarsening; this processing mechanism is
further described in chapter 2.
Thermal coarsening is to heat the sample in vacuum post dealloying. The dealloyed thin films
were heated under vacuum at different temperature. And then the samples were cooled down to
room temperature. Fig. 1.24(a)–(d) shows the obtained pore sizes with <5 nm for 250 °C, 5–10
nm for 300 °C, 25 nm for 400 °C and 35 nm for 500 °C. As increasing the heat temperature, the
coarsening of the Pt particles is accelerated, becoming the pore scales gradually larger.
For another study, X. Lu et.al36) reported the influence of initial Au–Ag alloy composition on
final morphology of nanoporous Au. Nanoporous Au formed by dealloying Au–Ag alloys
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depends on the initial alloy composition, produce a variety of microstructural feature. The rage of
initial 22–45 at.% Au was investigated. Ag dealloying treatment was conducted with 32.5%
HNO3 solution for 10 h. The research revealed the porosity of nanoporous Au decreased
noticeably with increasing initial Au content. SEM images shown in Fig. 1.25(a)–(c) corresponds
on initial 41, 36, 24 at.% Au, respectively. Fig. 1.25(a) indicated, some pores with a diameter of
20–40 nm were seen, however it has not been fully Ag dealloyed, owing to the high initial Au
composition. Fig. 1.25(b) shows there still some small islands that did not dealloying, which can
also attributed in the high initial Au composition of 36 at.%. On the other hand, the structure
presented in Fig. 1.25(c) produced a nanoporous with 20–50 nm pores covering the entire area.
Thus, the Au–Ag film with an original composition of 24 at.% Au turned into completely the
nanoporous with a high porosity, and the chemical dealloying was successfully achieved by using
the certain initial composition.
The conventional optimization of process parameters (e.g., the coarsening temperature, initial
alloy composition, or film thickness) has been conducted as follows: (a) preparation of one sample
at a time process, and (b) studying the sample sequentially. This sequential procedure is extremely
time-consuming, and it does not fully comprehend all process parameters, overlooking possible
materials. Optimizing process parameters combined with the combinatorial method including a
temperature gradient, composition or film thickness gradient such as Fig. 1.23, may be effective
to discover optimal nanoporous films without omission. However, there is very few reports
discussing about the combination of chemical dealloying and combinatorial method. Therefore,
the author proposes an effective chemical dealloying as optimized by a combinatorial method.
The schematic sequence of the proposed chemical dealloying is shown in Fig. 1.26. Various
library samples (a)–(c) are dealloyed by immersion of them in etching liquid and studied (Fig.
1.26(d)). The dealloyed libraries (e) may produce an optimal nanoporous film evaluated based on
the degree of dealloying, pore size, porosity, or nanoporous film adhesion to substrates.
Summary, optimal process parameters can be efficiently determined by using combinatorial
searching. The author attempts to prepare nanoporous films via novel chemical dealloying as
optimized combinatorial method, and demonstrates its efficiency in MEMS device fabrication.
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100 nm

100 nm

100 nm

100 nm

Fig. 1.24 Nanoporous Pt from Cu80Pt20 thin film dealloyed in 93% H2SO4 and coarsened at
(a) 250 °C, (b) 300 °C, (c) 400 °C, and (d) 500 °C (A. Abburi et.al3))

(a)

(b)

(c)

Fig. 1.25 The final obtained morphologies produced by individual initial Au compositions
of (a) 41, (b) 36, (c) 24 at.% Au (X. Lu et.al36))
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Multiple thin film library
Binary thin film with a
composition gradient

Coarsening temperature
or film thickness gradient

(b)

(c)

(a)
Checked area

Etching liquid
(e)

(d)

Fig. 1.26 Proposed chemical dealloying as optimized by combinatorial method: (a) multiple
thin film library composed from more than two material sources, (b) binary thin film with a
one-dimensional composition gradient, (c) specific binary thin film with a one-dimensional
coarsening temperature or film thickness gradient, (d) dealloying treatment/screening, (e)
combinatorial search.

1.2 Purposes of this study
One motivations in this study is to fabricate novel molecular filters working as an effective
separation of water molecules from lubrication oil used in MEMS sensors; the sensor design and
principle are further described in chapter 5. Fig. 1.27 shows a target sensor structure. The sensor
comprises a capacitor with a sandwich structure: a nanoporous electrode film filter on the top, a
polyimide film working as a moisture-sensitive film in the middle, and a dense electrode film on
the bottom. The nanoporous film functions as a molecular filter to separate water molecules from
oil and other contaminants. As shown from the Fig. 1.1, the diameter of a water molecule is
approximately 0.3 nm, and the diameter of an colloidal oil particle is approximately 200 nm. A
surface-active agent in the lubrication oil promotes the formation of an emulsion. Colloidal oil
particles become larger than 200 nm with lapse of time, and the final dimeter of oil particles would
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be several micro meters30). Therefore, the author hopes pore sizes being between approximately
10–50 nm. Summary, it needs a nanoporous formation technique giving a nanoporous film with
about 10–50 nm pores that can be fixed on a polyimide film.
At the beginning, optimal nanostructure formation technique must be determined, which can
be applicable to the device shown in Fig. 1.27. First, easy pore-control and fabrication process
will be desirable. Second, for devices including non-heat resistant materials (e.g., polyimide film),
processes are ideally that can be conducted with low-temperature treatment or without heattreatment.
Unfortunately, hydrothermal growth requires an expensive autoclaves, and furthermore this
process must include heat-treatment with several hours. Hence, this process has a limitation, and
it dose not seem to be suitable in this study or other MEMS device fabrications.

Water molecule

Colloidal oil particle

Emulsion
Nanoporous upper electrode film

Absorbed water
in polyimide film
Polyimide film

Dense lower electrode film
Glass substrate

Fig. 1.27

Preparation of nanofilter fixed on polyimide film for MEMS sensor

On considering the barrier layer (Fig. 1.11), it may not be easy to apply the AAO membrane to
the proposed devices. To realize the devices, the author must develop the membranes and sensor
substrates separately, and then make bonding them together. But the bonding process may not be
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easy. In addition, the carbon nanotubes developed based on a continuous spray pyrolysis also
requires the bonding process; the heat resistance temperature of polyimide films is ca. 350 °C,
therefore this continuous spray pyrolysis method conducted at 900 °C cannot be directly applied
to the capacitive sensor. The only way to fabricate nanoporous films on polyimide films is to
include a bonding process into this method. Moreover, some special experimental setups and overskills for this method are also negative points.
In contrast to the above nanoporous formation techniques, chemical dealloying does not require
a special experimental setup, a heat-treatment, and the bonding process too. Accordingly, the
author utilizes chemical dealloying for a nanoporous formation technique. Here, the author
develops novel nanoporous films via chemical dealloying as optimized by the combinatorial
method. Furthermore, for the first time to the best of our knowledge, the author attempts to prepare
the fabricated nanoporous films for application in MEMS sensors. Therefore, it is widely studied
from the materials search to their advanced level. First challenges of this study are as follows:

(1) Chemical dealloying of Cu–Cr alloy
While chemical dealloying has been conducted on various binary alloys, including Au–Ag,
Cu–Pt, Al–Cu, and Ni–Pd alloy, chemical Cu dealloying of Cu–Cr alloys to produce Cr-based
nanoporous films has not been reported to date. In this study, Cu is selected as a sacrificial metal
owing to its inexpensive material, covering the negative point of chemical dealloying. Moreover,
Cr is suitable nanoporous metal, because of its excellent chemical resistance, and less costly than
precious metals, and hydrophilicity61). Favorable chemical resistance has a great advantage for
the use in sensor electrodes. Furthermore, binary alloys composed from the low cost of Cu and
Cr are appropriate for industrial mass production. In addition, hydrophilicity based on Cr is an
important property for the study. In this study, the fabricated nanoporous films are used as
molecular filter for separation of water molecules from oil (see Fig. 1.27). Most metals are
hydrophobic, and this property may hamper the filtration of water. By contrast, Al, Cr, and
stainless are hydrophilic62), indicating that Cr-based nanoporous films may work effectively on
the separation of water molecules from oil.
Consequently, chemical dealloying of Cu–Cr alloy is challenging. The author reveals the
dealloying mechanism, as well as demonstrates its utility and possibility.
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(2) Combination of chemical dealloying and combinatorial method
The author proposes optimized chemical dealloying via combinatorial method. For the first try,
the author optimizes initial alloy compositions for chemical dealloying by using binary thin film
with a composition gradient (Fig. 1.26(b)). This technology will be helpful to form nanoporous
films via chemical dealloying at a room or low temperature (0 or 300 °C). Moreover, this
systematic chemical dealloying may become a powerful tool for the future applications. The
author believes that these experimental results will be an importance to materials engineering
field (e.g., chemical dealloying, or materials discovery).

(3) Fabrication conditions and final obtained morphologies dependence
There are extremely few reports explaining about detailed fabrication conditions for chemical
dealloying such as sputtering pressure, as-deposited film density, initial alloy composition,
dealloying time, or substrate type used. The author clarifies those conditions dependence on the
chemical dealloying procedure, as well as morphologies that are ultimately obtained.

(4) Nanoporous films for application in nanofilter used in MEMS sensor
Based on a combinatorial analysis aimed at materials discovery, initial Cu–Cr alloy
compositions are selected in chemical dealloying experiments as candidates for incorporation in
sensors for the first time. Through the evaluation of nanoporous films based on sensor
performances, it is demonstrated that the obtained materials exhibit effective nanoporous
structures and filtration property.

1.3 Structure of this thesis
A structure of this thesis is as follows:

Chapter 1

Introduction

The author mentions a major attraction of porous materials to gas sensors, filtration technology
or other applications. In response to the future MEMS applications, a wide variety of nanoporous
formation technologies has been researched. Each preparation technique has advantages and
disadvantages, and the author reveals them while referring the previous researches.
Moreover, the author proposes a newly developed nanostructure formation aimed at MEMS
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device fabrication. Motivations, purposes and final destination of this study is cleared.

Chapter 2

Chemical dealloying including high-temperature coarsening

The author proposes chemical dealloying of Cu–Cr including high-temperature coarsening. At
first, the author mentions about our chemical dealloying procedure and detailed fabrication
conditions used. Formation of binary thin films through New Facing Targets Sputtering (NFTS)
will be specifically described.
Furthermore, to enhance the chemical dealloying, the author introduces a thermal coarsening
with high temperature (Coarsening temperature: 700 °C). The principle of the thermal coarsening
is initially explained, and the author demonstrates the importance of this pre-heat treatment. The
dealloyed binary films are evaluated by the use of energy-dispersive X-ray spectroscopy (EDX),
stylus-type step profiler, X-ray diffraction (XRD), and field-emission scanning electron
microscopy (FE-SEM), and the obtained results are discussed. In the final, the author also
mentions about the possibility of the use of obtained nanoporous films for applications.

Chapter 3

Chemical dealloying including low-temperature coarsening

The author proposes more practical chemical dealloying of Cu–Cr that includes lowtemperature coarsening. The chemical dealloying reported in chapter 2 requires the hightemperature heat treatment at 700 °C, and therefore its applications are limited. Because the heatresistant temperature of the polyimide film is approximately 350 °C, the author attempts to form
nanoporous films via new chemical dealloying, where the initial alloy compositions are carefully
optimized while the thermal coarsening temperature can be kept in 300 °C.
For optimization of initial alloy compositions, binary thin films with a composition gradient
such Fig. 1.26(b) are used. NFTS has a great advantage in the fabrication of libraries, and the
author explains how to fabricate libraries by using NFTS. Through the chemical dealloying
combined with the combinatorial method, the author clarifies a relationship between initial alloy
compositions and level of Cu dealloying. Moreover, the author reports a relationship between
initial alloy compositions and final obtained pore sizes, whose results will demonstrate a merit of
the combinatorial method used in the chemical dealloying.
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Chapter 4

Chemical dealloying without thermal coarsening

The author proposes more developed chemical dealloying without heat treatment. In which
process, all steps can be conducted at room temperature. For applications including non-heat
resistance materials (e.g., plastic substrate), a process that can be achieved without heat treatment
is desirable. This novel chemical dealloying would be achieved by further optimizing initial alloy
compositions, as well as controlling as-deposited film densities. The author determines each
process parameter for chemical dealloying, and evaluates the final obtained materials using EDX,
stylus-type step profiler, FE-SEM, and XRD. Moreover, the author reveals an influence of
substrate types used on final dealloyed morphology.

Chapter 5

Nanoporous film for MEMS device

The author evaluates nanoporous films based on sensor performances. The proposed MEMS
sensor measuring moisture in lubrication oil has a sandwich structure. First, the author mentions
about the motivations why such sensor is required today. Second, the author explains about the
sensor design and its principle. Moreover, sensor fabrication procedure is clearly mentioned by
using schematic sequence.
Process parameters for chemical dealloying are identified in author’s combinatorial search
developed based on chapter 2–4. Alloy compositions and film thicknesses after each process are
determined by EDX and stylus-type step profiler, respectively. Moreover, optical microscope and
FE-SEM are employed for recording an appearance and structures before and after dealloying.
Sensor performances are evaluated in air and oil with a reference sensor. Before testing in oil,
all data from the newly proposed sensors and the commercial reference sensor are simultaneously
recorded in air and compared in terms of time-series responsiveness and hysteresis. The target
value for the hysteresis is less than 10.0% Full Scale (FS). Next, the performance of the fabricated
sensors in oil is determined based on the transient moisture content in the oil. The sensor
performances including 90% response time in oil are evaluated, and possibilities of the newly
proposed sensors are discussed. The target value for the 90% response time is less than 10 min.

Chapter 6

Conclusions and future works

The author summarizes the study, and mentions that the purposes in this study described in 1.2
are successfully achieved. Furthermore, the author mentions about future works.
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Chapter 2
Chemical dealloying including hightemperature coarsening
2.1 Target
In this section, the author attempts to fabricate Cr-based nanoporous films via chemical
dealloying of Cu–Cr alloy. At the beginning, a sputtering system used to deposit the Cu–Cr films
in this study is introduced. Next, the author explains a chemical dealloying sequence as well as
evaluation systems. First tried chemical dealloying tests are revealed, and the author mentions
technical problems remained.
To develop the first chemical dealloying, the author proposes a new step called “Thermal
coarsening”. Mechanism of newly proposed chemical dealloying including high-temperature
coarsening is clarified, and the author demonstrates its efficiency. In the final, the author discusses
about experimental results, and mentions about some future applications.

2.2 Fabrication of binary thin films via facing-target sputtering
2.2.1 New Facing Targets Sputtering (NFTS)
Thin film formations63),64) have been earlier developed based on sputtering65)-67), chemical vapor
deposition (CVD)68),69), electroplating70),71), dip- and spin-coating72). Generally, the metal
deposition on a substrate is made by sputtering under dry vacuum conditions in a well-controlled
atmosphere. Sputtering is performed on the manufacturing of disk drives, CDs, and optical
devices industries. Advantages of sputter technology are known as well-control of film
thicknesses and alloy compositions, which can be basically adjusted as a function of sputtering
time73) and sputtering power74), respectively. Moreover, metallic compounds with high melting
points or alloys each having different melting points are allowable for the use as targets 64). Also
introducing O2 or N2 gas to the chamber atmosphere allows deposition of either metal-oxide or
metal nitride films. Sputtering theory (Fig. 2.1) is as follows: (a) high-voltage applied argon (Ar)
gas becomes ionized and positive Ar ions are accelerated to the negatively charged cathode and
attack the target surface with high energy, (b) the flicked target atoms are sputtered as a coating
on the opposite substrate with excellent uniformity and adhesion, (c) the secondary electrons
produced by collision of positive Ar ions and the target promote new Ar ions. Thus, repeating the
process (a)–(c) allows to deposit thin film layer with short process time.
However, general sputtering has remained a problem; deposition of insulating materials is
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typically difficult because positively charged targets repel Ar ions, causing a slow sputtering rate.
Magnetron sputtering75)-79) or RF (Radio Frequency) sputtering80)-82) has been employed for
improvement technology. John S. Chapin is known as a person who invented the first magnetron
sputtering in 197483). Magnetron sputtering deposition uses magnets behind the negative cathode
to trap electrons over the negatively charged target. Hence, those electrons are not free to damage
the substrates, allowing for faster sputtering rates with excellent film qualities. However, DC
sputtering has limitations when perfectly using dielectric target materials. During DC sputtering,
the dielectric targets gradually become positively charged, which terminate the discharge of
sputtering atoms. RF sputtering is helpful to prevent the dielectric targets from getting into a
positive charged state. This sputtering alternates the electrical potential of the current at radio
frequencies to avoid the insulting targets becoming a positive charged state.
In general, the substrate is placed inside the plasma, so it will be invariably damaged by charged
particles such as secondary electrons. Moreover, the enhanced substrate temperature by the heated
targets may lead a post deposition anneal. Facing target sputtering (FTS) system84)-92) not only
retains the advantages of conventional magnetron sputtering methods, but also eliminates the
damage of charged particles on the substrate. Fig. 2.2 shows a schematic diagram of the FTS
system reported by C. Lin et.al84). In this system, two targets are placed face to face in a cathode
box. Proper magnetic field formed by magnets directly oriented behind the targets enter and leave
the targets perpendicularly. This magnetic field restricts the facing plasma between two targets,
while the substrate is placed outside the plasma region. Thus, low substrate temperature and
damage free against the substrate are achieved, allowing to form the high-quality film (e.g., ITO
film87),91)).
Substrate holder
Ar molecule
Ar ion

(b)

Target atom

(a)

Secondary electron

(c)
Target

Fig. 2.1 Schematic diagram of sputtering
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Fig. 2.2

Facing-Targets Sputtering (FTS) (C. Lin et.al84))

In this study, the author used more improved FTS system called “New Facing Targets
Sputtering (NFTS)” . In the conventional FTS system, the facing plasma intensively enhances the
erosion near the center of the target, whereas the erosion near the fringe area tends to be difficult,
remaining a problem to efficiently use the targets. Reflecting such a background, NFTS was
realized based on technologies of M. Naoe et.al93). Fig. 2.3 and 2.4 are a photo of NFTS system
used and a schematic diagram of the cathode box (top-view), respectively. While permanent
magnets are originally oriented at the target’s back, the magnets used in NFTS are arranged at the
target’s fringe. Owing to this design, magnetic field can be formed not only between the two
targets but also on the surface of individual targets. Therefore, two differential plasmas (facing
plasma and magnetron plasma) can be realized in NFTS (because magnets fixed on the target’s
fringe form magnetron plasmas by their self-return), promising a stable and high-density plasma
for the sputtering (Fig. 2.4). Furthermore, the target surface is uniformly eroded by two plasmas.
Thus, the target utilization can be improved. This technology is also attractive for the use of largesize targets. The stable and high-density plasma between two large-size targets has led to a
successful sputtering on a large area. In the next section, the author mentions the theory of the
film deposition in NFTS.
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Cooling water
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Cryo pump
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Fig. 2.3

Magnet

New Facing-Targets Sputtering (NFTS)

Magnetic flux
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Magnetron plasma
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N S
Fig. 2.4

Restricted secondary electron

N S

Schematic diagram of a cathode box used in NFTS (top-view)
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2.2.2

Principle of thin film deposition

Fig. 2.5 is a detailed NFTS system (top-view). In this system, the Cu and Cr targets are opposed
to each other in a cathode box. Magnets are arranged in the fringe areas of the targets to form a
magnetic field that confines the plasma and secondary electrons between the targets. Thus, the
system can achieve co-sputtering without damaging the substrates. The adaptable sputtering
pressure is lying between 0.1–2.5 Pa. In general, film deposition in NFTS is conducted under
sputtering pressure of 0.5 Pa in argon. Because co-sputtering performed under 0.5 Pa in argon
generally promises a dense film with a uniform composition (non-compositional gradient zone).
Substrate holder is composed from three supports A–C with a rolling mechanism. Hence, this
DC sputtering can be conducted on three times in a row by one-preparation. TS (Target-Substrate)
distance can be adjusted in the range of 66–98 mm. Generally, 82 mm corresponding to center
position is selected as TS distance for sputtering. The average base-pressure is 2.0×10-4 Pa that is
recognized as well-vacuum atmosphere, in which all sputtering in this study was conducted.
Angular distribution of the traveling sputtered particles was assumed to be “cosine law” 94)-97).
As the angle, that emitting direction of particles make with the normal line of the target, is defined
as “θ” (Fig. 2.6), in this rule, deposition rate varies as a function of the cosine θ. Therefore,
compositional gradients can also be created in NFTS by the other process parameter adjustment,
which is described in more detail in next chapter 3.

Vacuum chamber

B

C

Extendable

Substrate

Shutter

A
Adjustable TS distance
(66–98 mm)

Target particles

DC
Plasma

DC
Fig. 2.5

NFTS setup
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Deposition rate
Emitting direction
of target atoms

N S

N S

𝜃
Target
N S

Fig. 2.6

N S

Angular distribution of the sputtered particles obeying cosine law

2.3 Preliminary chemical dealloying test
Fig. 2.7 shows a schematic sequence of proposed chemical dealloying of Cu–Cr. First, the glass
substrate with dimensions of 26 mm × 26 mm was sonicated in acetone at 100 kHz for 5 min
(Honda Electronics Inc., Model W-113)). It was then rinsed with ethanol and then rinsed with
deionized water by the ultrasonic cleaning under the same condition. The cleaned substrate was
blow dried with air. Subsequently, the dried substrate was placed on a hotplate, and heated at
110 °C for 5 min, removing the residual water (Fig. 2.7 (a)).
Second, the cleaned substrate was loaded in NFTS, and Cu and Cr were simultaneously
sputtered onto the substrate (Fig. 2.7 (b)). The pure Cu and Cr targets (Toshima Manufacturing
Inc.) were used. Most Cu-based binary alloys used in chemical dealloying contain high Cu
contents of approximately 70–80 at.%23). Thus, upon the first challenging, the Cu–Cr alloy with
a composition of Cu68Cr32 (at.%) was initially tested. Table 2.1 shows the sputtering conditions.
The film thickness was 1.0 µm. The so fabricated Cu–Cr film was Cu dealloyed by immersing it
in dilute nitric acid (HNO3) for 15 h at room temperature (Fig. 2.7 (c)).
HNO3 solution was suitable for an etching liquid used in the chemical dealloying of Cu–Cr. In
general, Cr becomes a passive state in the solution98), remaining during the dealloying, whereas
Cu is dissolved in the solution99). Prior to dealloying, the author tested the HNO3 solution to assess
its etching performance. Seen from the study by X. Lu et.al 36), the concentration of the etching
solution was determined in 32.5%.
33

Chapter 2 Chemical dealloying including high-temperature coarsening

Glass substrate
(□26 mm)

Cu68Cr32 film (t1.0 µm)

Cu

HNO3 (aq)
(a)

(b)
(c)

Fig. 2.7 First chemical dealloying of Cu–Cr; (a) substrate cleaning, (b) co-sputtering in
NFTS, and (c) Cu dealloying with HNO3 solution for 15 h at room temperature

Table 2.1 Sputtering conditions
Composition (at. %)

Cu68Cr32

Sputtering pressure (Pa)

0.5

Sputtering power (W)

Cu target: 180
Cr target: 220

Sputtering time (min)

30

TS distance (mm)

82

Deposition area (mm)

26 × 26

Immediately upon immersion in the solution, the pure Cu film was completely dissolved. The
pure Cr film, however, was intact after 15 h. Moreover, the thickness of the Cr film was unchanged
after the immersion. These results indicated that the selected solution may preferentially remove
Cu from the Cu–Cr alloy, producing a Cr-based nanoporous structure.
The dealloyed samples were evaluated using EDX (SHIMADZU Inc., Model µEDX-1300),
stylus step profiler (Kosaka Laboratory Ltd., Model ET200), XRD (Rigaku Inc., Model RINT
RAPID-S), and FE-SEM (JEOL Ltd., Model SPG-724). EDX is performed on the composition
analysis by using an X-ray technique (Fig. 2.8). A beam of X-rays is focused into the
compositionally unknown samples. An atom being in the sample involve ground state electrons.
The incident beam excites an electron in an inner shell, ejecting it from the shell (Fig. 2.8 (a)).
Therefore, an electron hole is newly created. Other electron being in an outer shell shifts to the
hole, and new characteristic X-ray based on the level difference in energy between the higherenergy shell and the lower energy shell is emitted (Fig. 2.8 (b)). The wave length of the newly
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X-ray source

Semiconducting
detector

X-ray
Fluorescence X-ray
Sample studied

X-ray
Electrons

Discharge of fluorescence X-ray

Electron shell

Atom core

Ejected electron
(a)

Fig. 2.8

(b)

Principle of energy-dispersive X-ray spectroscopy (EDX)

emitted X-ray corresponds to each substance. By analyzing these signals, EDX allows the
qualitative testing. Moreover, quantitative analysis can be performed through the measurement of
X-ray intensities.
Stylus step profiler is utilized for measuring film thicknesses, which is capable of analyzing
two dimensional step heights. This stylus typed setup was performed in before and after
dealloying to assess the film thickness.
XRD100) are utilized for the identification of crystalline phases of various materials. When an
incident beam of X-rays interacts with a target material, those X-rays are scattered by the regularly
arranged structure material, where the scattered X-rays undergo constructive and destructive
interference. This process is diffraction. The diffraction of X-rays by crystals can be explained by
Bragg’s Law101),102) (Eq. 2.1).
35

Chapter 2 Chemical dealloying including high-temperature coarsening

𝑚𝜆 = 2𝑑 sin 𝜃

(2.1)

where m is an integer, λ is the characteristic wavelength of the incident X-rays on the crystallize
sample, d is the lattice spacing, and θ is the angle of the X-ray beam with respect to these planes.
The incident X-rays are in phase and parallelly reflected to the top beam that hit the top layer (Fig.
2.9). The second beam hitting the next layer must travel the extra distance AB + BC. When the
incident angle is equal to the reflected angle, and the extra distance (AB + BC) is equal to an
integral multiple of wavelengths (when the formula shown in eq. 2.1 was satisfied), the scattered
X-rays becomes constructive interference. The detector records the number of X-rays observed
at each angle 2θ. Thus, an X-ray diffraction pattern plotting the X-rays scattered intensity at
different angles can be obtained. This own 2D pattern can be an important information identifying
the crystal structure as well as material type and grain size.
Moreover, FE-SEM was used to examine the surface and cross-sectional structures. Fig. 2.10
is a principle of technique in FE-SEM. FE-SEM allows to observe micro- or nano-order small
structures. Electrons are emitted from a field emission electron gun and accelerated in a high
electrical field. Subsequently, the electrons are focused and deflected by electronic lenses and
coils to produce a narrow scan beam that detects the sample. By irradiating the electron beam
toward the sample, secondary electrons are emitted from the sample. Signals (angle and velocity
of these secondary electrons) are reflecting the surface structure. These signals are amplified and
transformed to a scan image by a detector. Through the process, users can investigate the surface
or cross-sectional structures and their electronic properties.
The chemical dealloying shown in Fig. 2.7 was carried out and experimental results were
revealed. Unfortunately, it was not possible to do Cu dealloying for the Cu 68Cr32 thin film. The
final composition and film thickness remained the same even when the dealloying time was
prolonged. Moreover, the appearance of the sample was also unchanged after dealloying. These
results may have resulted from the dense film structure with high initial Cr composition ratio. As
shown from the Fig. 2.11, the dense film structure with high initial Cr composition hindered the
infiltration of the HNO3 solution into the film. Due to this, Cu particles tended to be difficult to
be removed from the Cu–Cr alloy. One of way to do fully Cu dealloying is to include a new step
into the process. It is a process called thermal coarsening, which is described in the next section.
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Fig. 2.9

Constructive interference of scattered X-rays based on Bragg’s Law
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Fig. 2.10

Principle of field-emission scanning electron microscopy (FE-SEM)

37

Chapter 2 Chemical dealloying including high-temperature coarsening

HNO3 (aq)
STOP

HNO3 solution:
No infiltration into
the dense film

Dense Cu–Cr film
composed from small
metal grains

Fig. 2.11

Stop Cu dealloying

Schematic of the film structure used in the first tried chemical dealloying

2.4 Thermal coarsening technique
In a high temperature, metal particles are thermally diffused over time. Materials are recovered
through the elimination or rearrangement of dislocations, and then crystals grains with less
dislocation density and high-angel boundary are newly formed, reaching recrystallization103),104).
After recrystallization, thermal coarsening103)-107) at highly temperature atmosphere offers a grain
growth. The grain boundary energy provides the driving force for this process. This can be
explained by the following theory: the grain boundary areas decrease with increase of grain sizes,
where grain boundary energy works as the driving force for the grain growth. Therefore, thermal
coarsening permit to develop the materials sterically in the level of grains (Fig. 2.12). However,
this grain boundary energy is extremely smaller than stain energy working on the recrystallization.
Accordingly, higher temperature than recrystallization temperature (at least half value of melting
point) is required for the thermal coarsening104).
S. K. Nakatani et.al105) utilized the thermal coarsening technique for pore-control of nanoporous
Au. As shown in Fig. 2.13, the pore sizes became larger with the increase of coarsening
temperature. Therefore, the author newly included thermal coarsening step. The as-deposited film,
in which the small Cr grains densely packed, may be better structures for dealloying through the
thermal coarsening process (Fig. 2.14). Fig. 2.15 shows the newly proposed chemical dealloying
of Cu–Cr. The process was conducted in four steps as follows:
After prior Al2O3 substrate cleaning (Fig. 2.15(a)), uniform Cu68Cr32 films were deposited on
the substrates via co-sputtering in NFTS (Fig. 2.15(b)). Sputtering conditions were same as Table
2.1.
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Initial grain
Grown grain after thermal coarsening

More sterically
Grain boundary energy
Under high temperature

Fig. 2.12

Schematic of grain-growth produced by thermal coarsening

(a
(a)

(b)

(c)

(d)

Fig. 2.13 Nanoporous Au coarsened in vacuum for 4 h at various temperatures; (a) initial
sate, (b) 200 °C, (c) 300 °C, and (d) 400 °C (S. K. Nakatani et.al105))

HNO3 (aq)
Porous structure
Cu dealloying

Rearranged film
structure with large
metal grains

Fig. 2.14

GO

HNO3 solution:
Easy infiltration

Rearranged film structure via thermal coarsening assists Cu dealloying
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Al2O3 substrate
(□20 mm)

Cu68Cr32 film (t1.0 µm)

(a)

(b)
Cu

Thermal coarsening
in vacuum at 700 °C for 1 h

HNO3 (aq)

(d)

(c)

Fig. 2.15 Schematic sequence of new chemical dealloying of Cu–Cr; (a) substrate cleaning,
(b) co-sputtering in NFTS, (c) thermal coarsening in vacuum at 700 °C for 1 h, and (c) Cu
dealloying with HNO3 solution for 15 h at room temperature.

Next, the samples wrapped in titanium-foils were loaded in the vacuum heating furnace
(ULVAC Inc., Model MILA-3000), and thermal coarsened at 700 °C for 1 h under high vacuum
at 2.0 × 10-4 Pa (Fig. 2.15(c)). Melting point of Cu–Cr alloy is approximately 1000 °C108), thus
the thermal coarsening was conducted 700 °C, which was a bit higher than half melting point. In
the last step, the thermal coarsened samples were Cu dealloyed by immersion in HNO3 solution
for 15 h at room temperature (Fig. 2.15(d)). The experimental results are mentioned in the next
section.

2.5 Nanoporous films fabricated via chemical dealloying including
thermal coarsening
The sample after each treatment was shown in Fig. 2.16; (a) the appearance post as-depositing
represented silver color, which may have resulted in Cr, (b) after the thermal coarsening, the
appearance changed from silver to copper brown. This can be attributed into that Cu and Cr were
thermally diffused with a grain growth, and Cu-rich binary alloy (Cu68Cr32) dominated the
appearance, (c) the Cu dealloying altered the film appearance to gray color. The film thickness
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was unchanged during the procedure.
The elemental compositions were determined by EDX, where three points were measured (Fig.
2.17). As seen from Table 2.2, Cu was successfully removed from the Cu–Cr alloy. The residual
Cu composition was approximately average 1.0 at.%, indicating that Cu was almost not contained
in the dealloyed film, while maintaining the film thickness. Summary, as-deposited Cu–Cr films
were composed from small grains with high density, thus HNO3 solution could not reach the
interior of the Cu–Cr films. The grain growth allowed the Cu–Cr film structure sterically with
excellent inter-diffusion. After the process, this binary thin film structure became a favorable one
for Cu dealloying.
The XRD spectra in Fig. 2.18 shows some peaks owing to the Al2O3 substrate, and another
several peaks corresponding to Cr. Cu peaks were absent, because Cu was fully dealloyed from
the binary film. Cu and Cr grains were thermally grown up, and subsequently phase-separated by
high temperature coarsening. After Cu dealloying, the large Cr grains were clearly remained,
resulting in the Cr peaks.
Next, the dealloyed sample was evaluated by FE-SEM for recording the structures. Fig. 2.19(a)
and (b) exhibited a surface structure (top-view) and a cross-sectional structure (side-view),
respectively. From the image (a), porous structures were entirely formed throughout the surface.
The estimated pore size was 200–300 nm. Moreover, image (b) showed the favorable porous
structures throughout the film thickness. The obtained Cr nanoporous films with 200–300 nm
open pores are expected in the use of catalysts, absorbent materials, or nanofilters.

Cu68Cr32 film

Al2O3 substrate (□20 mm)
(a)

Cu68Cr32

Compositionally
unknown
?

(b)

(c)

Fig. 2.16 Obtained Cu68Cr32 film after each treatment; (a) as-deposited state, (b) after thermal
coarsening, and (c) after Cu dealloying
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1

3

2

5 mm
Fig. 2.17 Three measurement points were tested by EDX

Table 2.2 EDX analysis after Cu dealloying
Measurement points
1

2

3

(Initial composition: 68)

1.2

1.5

1.6

Cr (at.%) (Initial composition: 32)

98.8

98.5

98.4

Al2O3

Intensity [arb. unit]

Cu (at.%)

Cr

20

40

60

80

100

2 theta [degree]
Fig. 2.18 XRD pattern of the film after Cu dealloying
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Fig. 2.19 FE-SEM images of the Cu dealloyed film; (a) surface- (top-view), (b) cross-sectional
structure (side-view)

2.6 Summary
The author successfully fabricated Cr nanoporous films (pore size: 200–300 nm) via chemical
dealloying of Cu–Cr including thermal coarsening. Newly introduced thermal coarsening
complied with the theoretical expectations and offered an effective grain growth, resulting in the
excellent Cu dealloying. This section is summarized below.
First, the author mentioned about the details of NFTS system. NFTS had a unique structure,
which was explained how NFTS system differs from other FTS systems. In this work, NFTS was
employed in co-sputtering of Cu–Cr.
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Second, the author mentioned about the first model of chemical dealloying. Fabrication
conditions (initial alloy composition, dealloying time, etching liquid type and its concentration)
were carefully determined, while referring previous reports. Employed evaluation equipment and
their detecting principles (EDX, stylus step profiler, XRD, and FE-SEM) were also explained.
Unfortunately, first tried chemical dealloying ended up in the failure. As-deposited Cu68Cr32
film had a densely packed structure of small metal grains, resulting in a low Cu etching rate.
Furthermore, due to its high initial Cr composition (32 at.%), Cu could not be sufficiently etched
out from the binary film. Regarding these remained problems, all mechanisms and ideas were
explained using the schematic diagrams. In order to etch the Cu region in the binary film, the
author included a new step in the early process.
The new extra step was thermal coarsening, demonstrating its efficiency in this work. First
thermal coarsening was conducted at 700 °C for 1 h in a high-vacuum atmosphere, in which Cu
and Cr were fully diffused. Moreover, grain growth was effectively occurred. Final film structure
was in the best condition, and the author proved that thermal coarsening was very helpful for
improving the Cu dealloying performance. Final obtained alloy compositions were dominated by
Cr (98 at.% Cr). Moreover, the almost Cr based-materials showed 200–300 nm open pore
structure, indicating that the first challenge was successfully achieved. The obtained Cr
nanoporous films are expected in the use of catalysts, absorbent materials, or nanofilters.
Moreover, it is also found out that micro pores (200–300 nm) could be generated through 700 °C
coarsening, indicating that the permissible pore range was wider than expected. Grain growth can
be adjusted through the coarsening temperature, and this wide controllable pore size has a great
advantage in the flirtation property.
In this method, however, thermal coarsening at 700 °C must be included in the process. This
high temperature treatment may affect negatively on other non-heat resistance materials (e.g.,
polyimide film, glass, silicon or plastic substrate). Then, the author attempts to lower the heat
temperature. In next chapter 3, the new chemical dealloying including low-temperature
coarsening but also retaining the excellent dealloying performance was studied.
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Chapter 3
Chemical dealloying including lowtemperature coarsening
3.1 Target
In chapter 2, the author reported the chemical dealloying of Cu–Cr including the hightemperature coarsening, which has led to the successful porous structures with 200–300 nm pores.
However, this method requires the heat-treatment with 700 °C, limiting applications composed
from highly heat resistant materials. Generally, micro- or nanoporous films have gained much
attention in application areas such as actuations, sensors, and electrodes. To meet various devices
including non-heat resistant materials (e.g., resists or plastic substrates), the author offers novel
chemical dealloying including low-temperature coarsening.
On considering the heat-resistant temperature of polyimide films (350 °C), the author initially
tried a chemical dealloying of Cu–Cr thin film, where thermal coarsening is simply conducted at
300 °C. The author mentioned in the last chapter that thermal coarsening of Cu–Cr films had to
be conducted at least with 500 °C. Therefore, heat-treatment with 300 °C may be insufficient for
a grain growth, which possibly hinders HNO3 solution to enter to the interior of Cu–Cr films.
However, Cu grains have a tendency to grow even at as-depositing. Thus, the author considered
that high Cu compositions zone may permit an easy infiltration of HNO3 solution into Cu–Cr
films, resulting in effective Cu dealloying.
The first challenging was evaluated by EDX and stylus step profiler analysis, where
compositions and film thicknesses before and after dealloying were measured, respectively.
Afterwards, the author discussed about the results and technical problems remained.
Next, the author attempts to overcome this challenge by further adjustment of initial Cu–Cr
alloy compositions. It is typically difficult to select an appropriate initial composition from
numerous candidate compounds. Upon these experiments, the author uses a combinatorial
investigation. Composition libraries with many distinct regions of gradient composition are
employed, where composition varies one-dimensionally across libraries. Fabricated libraries with
a rapid screening via dealloying possibly facilitates the identification of process parameters used
in the chemical dealloying.
Combinatorial film deposition has been done based on co-sputtering by NFTS. At first, the
author describes details about the combinatorial film processing by NFTS. General libraries
fabricated by NFTS are introduced. After that, to assess the conventional theory being true of the
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author’s co-sputtering, the author verifies the simultaneous deposition mechanism of Cu–Cr, and
reveals the relationship between compositional gradient (Δx at.% Cr) and sputtering pressure.
After testing, optimal sputtering parameters (sputtering pressure, power, and time) are determined,
and the author prepares target libraries for the study.
Afterwards, the author rapidly screens the libraries through the dealloying process. The level
of Cu dealloying as a function of initial alloy compositions are carefully investigated by EDX and
stylus step profiler analysis. Next, the author studies initial alloy composition and pore size
dependence by using FE-SEM. Subsequently dependence of initial alloy composition on porosity
of films are evaluated by an image data processing.
Finally, the author demonstrates that the chemical dealloying as optimized by combinatorial
method can be greater than with traditional methods. Nanoporous properties (residual Cu
composition, film thickness, pore size, and porosity) depending initial alloy compositions are
effectively revealed. Moreover, the author determines an optimal composition region that can
realize the proposed novel chemical dealloying.

3.2 Preliminary chemical dealloying test
The author is motivated with the aim of fabricating nanoporous films on polyimide films. In
this section, therefore the author first determines a coarsening temperature focusing on polyimide
films. Generally, polyimide films (TORAY Inc., PW-1500) are cured at approximately 350 °C109),
indicating that heat-treatment with 300 °C serves as an allowance without causing large change
of physical properties of polyimide films. Therefore, the author proposes a chemical dealloying
of Cu–Cr including the thermal coarsening with 300 °C. Fig. 3.1 shows a schematic sequence of
first tried chemical dealloying, and the author confirms the possibility for the processing.
Prior to the experiment, a glass substrate was washed in acetone, and then rinsed with ethanol,
subsequently with deionized water (Fig. 3.1(a)). Next, a polyimide film (2.0 µm thick) was
deposited on a glass substrate via lithography (Fig. 3.1(b)). Polyimide films were prepared by
dilute (75 wt.%) polyimide precursor solution (TORAY Industries Inc. Photoneece PW-1500).
Photo sensitive polyimide was spin-coated (MIKASA Inc., Model 1H-DX) on the glass substrate.
The masked substrate was patterned through the lithographic process (MIKASA Inc., MA-20),
and then cured under N2 atmosphere, forming polyimide films with optimal dimensions.
Afterwards, the polyimide film was masked, and Cu and Cr were co-sputtered on an exposed
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surface area of 2.5 mm × 3.5 mm, which was positionally restricted to be within the polyimide
boundary (Fig. 3.1(c)). In this preliminary test, Cu68Cr32 and Cu78Cr22 films (500 nm thick) were
used. Sputtering conditions are shown in Table 3.1.
The fabricated Cu68Cr32 and Cu78Cr22 films were wrapped in titanium-foils to prevent the
samples becoming oxidation, and loaded in a vacuum heating furnace. The samples were
thermally coarsened at 300 °C for 1 h under high-vacuum at 2.0 × 10-4 Pa (Fig. 3.1(d)). In the
final, the two samples were Cu dealloyed in HNO3 solution for 15 h (Fig. 3.1(e)).
Unfortunately, it was not possible to achieve Cu dealloying for the Cu68Cr32 films. The resulting
Cu68Cr32 film could not be fully Cu dealloyed, and its composition ended up with Cu45Cr55. This
result indicated that the grain growth did not occur due to the low-temperature coarsening (Fig.
3.2). The used coarsening temperature (300 °C) was less than half melting point of Cu–Cr film
(approx. 500 °C). Generally, half melting point is at least required for the thermal coarsning104).
Therefore, grain growth as well as phase separation were imperfectly with 300 °C, resulting the
poor Cu dealloying.
Moreover, the initial Cr composition of 32 at.% would be too high to etch Cu region in films
(Fig. 3.2). This can be explained by the dealloying of Cu78Cr22 film. In the case of Cu78Cr22, the
film was completely dissolved during the dealloying treatment (Fig. 3.3). This may be attributed
in part to the low initial Cr composition, which prevented the formation of a nanoporous structure.
This result means that reducing the initial Cr content to below 32 at.% might allow Cu dealloying
to produce a Cr-based nanoporous film. To realize the excellent Cu dealloying without the Cu–Cr
film dissolution, the author optimized a proper initial Cu–Cr alloy composition.
There is probably certain initial Cr compositions between 32 and 22 at.%. In order to discover
the optimal initial Cr compositions, the author used a combinatorial technique accompanied with
a thin film with a gradient composition containing an initial 32–22 at.% Cr (thin-film library).
Concepts of this study and approaches are mentioned in more detail below.
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Glass substrate

Polyimide film

(a)

(b)

Cu–Cr film

(c)
Cu

300 °C for 1 h

HNO3 (aq)
(d)

(e)

Fig. 3.1 Preliminary chemical dealloying test; (a) substrate cleaning, (b) deposition of a
polyimide film on a glass substrate via lithography, (c) co-sputtering of Cu–Cr film onto the
polyimide film in NFTS, (d) Thermal coarsening at 300 °C for 1 h under high-vacuum state,
and (e) Cu dealloying in 32.5% HNO3 for 15 h at room temperature.

Table 3.1 Sputtering conditions
Tested samples
(a) Cu68Cr32

(b) Cu78Cr22

0.5

0.5

Cu

180

220

Cr

220

130

Sputtering time (min)

15

15

TS distance (mm)

82

82

2.5 × 3.5

2.5 × 3.5

Sputtering pressure (Pa)
Sputtering power (W)

Deposition area (mm)
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HNO3 aq

Cr: 32→55
32→55 at.%
at.%
Cr:

STOP
Fig. 3.2

Schematic diagram of chemical dealloying of Cu68Cr32

HNO3 aq

HNO3 aq

Cu78Cr22 film

Dissolution
Dissolution
Cr: 22 at.%

GO
Before dealloying
Fig. 3.3

Dissolved part

During dealloying

Schematic diagram of chemical dealloying of Cu78Cr22

3.3 Optimization of initial alloy compositions
3.3.1 Compositional gradients created by NFTS
Combinatorial investigation using thin-film libraries is currently employed for a rapid and easy
discovery of optimal process parameters. Widespread materials synthesis has been often
performed by simultaneous deposition from more than two or three sources. Sputter co-deposition
ensures intimate mixing of the library in a short process time, and multiple compositions varies
continuously as a function of single substrate position. Moreover, because process parameters of
sputtering (sputtering pressure, sputtering power and time, and TS (Target-Substrate) distance)
strongly influence the thin-film composition library, it enables us to design profiles in the
combinatorial libraries (e.g., composition range or film thickness) thorough the calculation.
The target thin-film libraries in this study were prepared by co-sputtering in NFTS system. As
mentioned in chapter 2, NFTS is also possible to generate compositional gradients due to its
characteristic sputtering geometries. Because substrates are stationary during sputtering, and
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because the two targets are oriented symmetrically and perpendicularly to substrates, composition
gradients are created in one-dimensional direction (horizontal direction) on substrates (Fig. 3.4
(a) and (b)). This standard NFTS sputtering generates no compositional gradient along the vertical
direction. However, there is a report that setting the substrate position has enabled generating
expanded compositional gradients, such as two-dimensional gradient zone110).
Angular distribution of the traveling sputtered particles is assumed to be cosine law. So in
principle, deposition gradients can be formed while obeying the rule of cosine law. In this rule,
sputtering rate of each material increases as deposited positions are separated from the targets.
In Fig. 3.4(b), material A can generate a linear gradient varying from a maximum in the region
(right part) to a minimum where the distance between the target A and the deposited position
becomes the shortest (left part).
N. Mori110) reported the deposition mechanism in NFTS. In his research, the Zr–Cr films with
a compositional gradient were experimentally revealed. He showed that the gradient range
depends on the sputtering (argon) pressure, and an inclined level expands with decrease of
sputtering pressure. Through the experiments, he explained that the co-sputtering of Zr–Cr
followed the cosine law. This is because, as the sputtering pressure decreases, the mean free path
of each sputtered particle increases111) (Fig. 3.5); hence, the sputtered particles have high kinetic
energy and are likely to reach the far edge of the substrate. Accordingly, sputtering rate was
enhanced based on above mechanism and cosine law, expanding the compositional gradient in
the low sputtering pressure.
To assess this theory being true of the author’s co-sputtering of Cu–Cr, compositional gradients
created via NFTS were researched. Cu–Cr films with compositional gradients were sputtered at
pressures of 0.3, 1.0, 1.5, and 2.5 Pa (Fig. 3.6). In this study, glass substrates with dimensions of
26 mm × 76 mm were used. The cleaned substrate was loaded into the sample holder of NFTS,
and Cu and Cr were simultaneously sputtered following Table 3.2. As illustrated in Fig. 3.7, the
total 15 points were analyzed by EDX along the centerline at 5 mm intervals from the center of
the sample. The author compared the newly obtained results with that reported by N. Mori in Cu–
Zr alloy system. Details about the results are mentioned below.
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Deposition rate

Material A
Material B

Substrate position

Composition
gradient

TS distance

N S

N S
Target A

Plasma source

Target B

(a)

Compositional gradient
Material A

26

Material B

76
Thin film with a one-dimensional composition gradient
(b)

Fig. 3.4 Schematic diagram of general materials synthesis in NFTS; (a) deposition
mechanism of thin films with a composition gradient, (b) fabricated thin-film libraries.
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Material A
Material B

Rectilinear propagation
of sputter particles

N S

N S
Low sputtering
pressure

Target A

N S
Fig. 3.5

Target B

N S

General co-sputtering at low sputtering pressure in NFTS

Substrate

Cr particle

Cu particle

N S

Cr target

Fig. 3.6

N S
Plasma source

Predicted co-sputtering of Cu–Cr in NFTS
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Table 3.2 Sputtering conditions
Sputtering pressure (Pa)

0.3/1.0/1.5/2.5

Sputtering power (W)

Cu target: 500
Cr target: 500

Sputtering time (min)

30

TS distance (mm)

82

Deposition area

26 × 76

26

5

76

Fig. 3.7

Measurement points for EDX analysis (total: 15 points)

3.3.2 Mechanism of compositional gradient
Fig. 3.8 shows the compositional gradients obtained at different sputtering pressures. The
results show that the range of the compositional gradient increased as the sputtering pressure was
increased, which was markedly different from the results previously reported by N. Mori.
Contrary to expectations, a thin film with a uniform composition can be formed by sputtering at
low sputtering pressures (0.3 Pa). The measured compositional gradient (Δx at.%) was 1.2 at.%
in the range of 76 mm.
In the case of 1.0 Pa in argon, the compositional gradient (Δ5.1 at.%) was attained, becoming
wider than that with 0.3 Pa in argon. These results are contrary to the theory of N. Mori. As seen
from this tendency, in the combination of Cu and Cr targets, target particles are originally less
likely to reach the far edge of the substrate. Moreover, as the sputtering pressure increases, the
mean free path of each sputtered particles decreases (thermalization)112) (Fig. 3.9); hence, the
sputtered particles have less kinetic energy. Therefore, target particles tend to be delivered more
difficult on the far side, providing the wide compositional gradient. Deposition rate basically
follows cosine law, however it alters depending on the combination of targets. This is because cosputtering is conducted based on multiple targets, and sputter particles flicked off are transported
in complexity. Thus, the distribution of sputtered particles does not always obey a cosine law.
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Some researchers reported the same phenomenon113)-115). J. Williams et.al116)-118) studied the
differential sputtering yield, and revealed that the distribution of ejected sputter particles did not
simply obey a cosine law. When xenon ion beam (150–1500 eV) was vertically applied to the
targets (molybdenum or carbon composite materials), deposition rate became strongest with 45–
60° between the normal line of the target and the incident direction of the xenon beam. Prediction
of the transportation of sputter particles during the ions bombardment has been studied much 119)121)

. Based on the simulation model (e.g., monte carlo simulation), film deposition technology,

such as gas motion or tracing the sputtered particles were more cleared. Although that simulation
must be helpful, experimental analysis will be also necessary.
The author revealed the mechanism of simultaneous depositions of Cu–Cr. As seen from the
Fig. 3.8, the widest compositional gradient (Δ10.6 at.% Cr) was attained under 2.5 Pa in argon;
this condition was also used to fabricate the thin-film libraries, whose results are shown in the

Cr composition [at.%]

next section.

2.5 Pa
1.5 Pa
1.0 Pa
0.3 Pa

40

Δ10.6 at.%

36

Δ2.8 at.%

32

Δ5.1 at.%

28

Δ1.2 at.%

24
-30

-20

-10

0

10

20

30

Distance from central axis [mm]
Fig. 3.8

Relationship between sputtering pressure and Cr compositional gradient
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Cu
Cr

Composition
gradient

Diffusional transportation
of sputter particles

N S

N S

High sputtering
pressure

Cr target

N S
Fig. 3.9

3.3.3

Cu target

NS

Co-sputtering of Cu–Cr at high sputtering pressure in NFTS

Fabrication of thin-film libraries for combinatorial search

The thin-film library containing the initial composition of 32–22 at.% Cr was prepared by
NFTS. A glass slide with dimensions 26 mm × 76 mm was used as the substrate. The substrate
was first sonicated in acetone for 5 min. It was then rinsed with ethanol, followed by a rinse with
deionized water, and then blow dried with air. The cleaned substrate was loaded into the sample
holder of NFTS system. In general, the composition and film thicknesses change linearly in
proportion to the sputtering power and time, respectively. Thus, it is possible to estimate
composition and film thickness profiles in combinatorial libraries. In this study, the author targets
the compositional gradient being in the rage of 32–22 at.% Cr, and the film thickness having
approximately 500 nm thick. Cu and Cr were simultaneously sputtered in accordance with the
estimated sputtering conditions shown in Table 3.3. Fig. 3.10 shows the fabricated thin-film
library.
Afterwards, the sample compositions were analyzed by EDX along the centerline at 5 mm
intervals from the center of the sample. Fig. 3.11 shows the result of the compositional analysis.
This result indicates that an gradient composition between 32–22 at.% Cr was successfully
achieved.
Next, thicknesses of the sample were measured using the stylus step profiler. Fig. 3.11 shows
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the thickness results, indicating successfully 400–500 nm thick. The so synthesized thin-film
library was then screened via dealloying, and the author identified possible process parameters.

Table 3.3 Sputtering conditions for thin-film library
Sputtering pressure (Pa)

2.5

Sputtering power (W)

Cu target: 500
Cr target: 429

Sputtering time (min)

30

TS distance (mm)

82

Deposition area

26 × 76

10 mm
Fig. 3.10 Thin-film libraries fabricated under the conditions in Table 3.3
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32 at.%
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30
28
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26

400

24
200

22
20
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34

22 at.%

-30

-20

-10

0
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30

0

Distance from central axis [mm]
Fig. 3.11

EDX and stylus step profiler analysis of the fabricated thin-film library
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3.4 Combinatorial search for nanoporous film
3.4.1 Optimization of initial alloy composition
Dependence of initial alloy compositions on final obtained nanoporous properties (Cu
dealloying performance, film thickness, pore size, and porosity) was revealed by the chemical
dealloying as optimized by the combinatorial method. Through the combinatorial approach, the
author rapidly determined optimal initial alloy compositions. A schematic sequence of this
experiment is as follows:
In the first step, thin-film libraries containing optimal compositions and film thicknesses are
prepared by NFTS (Fig. 3.12(a)). The author already showed that the synthesized thin-film library
having the target properties. In the second step, the fabricated thin-film library was wrapped in a
titanium-foil. This processing is due to prevent the library becoming an oxidation during heattreatment (Fig. 3.12(b)). In the third step, the sample wrapped in the titanium-foil was vacuumenclosed in a glass (pyrex) tube at base-pressure of 7.0–8.0 × 10-3 Pa (Fig. 3.12(c)). This
processing allows a vacuum heating of large-size samples. In the fourth step, the vacuum enclosed
sample was loaded in an electric furnace, and then heated at 300 °C for 1 h. After heating, the
sample was allowed to cool down to room temperature in the furnace (Fig. 3.12(d)). After
removing the library from the glass tube (Fig. 3.12(e)), it was then Cu dealloyed in HNO3 solution
for 15 h at room temperature (Fig. 3.12(f)).
The obtained sample after each treatment was shown in Fig. 3.13; (a) after as-depositing, (b)
after vacuum heating, and (c) after Cu dealloying. It was seen that the appearance of the sample
changed from silver to black through the dealloying process.
After dealloying, the sample was then rinsed with ethanol and deionized water and blow dried
with air. Next, compositions and film thicknesses of the dealloyed sample were analyzed. For
analyses, EDX and stylus step profiler were employed. Fig. 3.14 shows the composition analysis
before and after dealloying. As shown from the result, the initial Cr composition, which was 32–
22 at.%, became 79–97 at.% after dealloying.
It is especially interesting to note that initial Cr composition between 28–22 at.% (herein
referred to as region A) resulted in 9–3 at.% residual Cu, which was a favorable result since the
desired Cu composition is less than 10 at.%.
The obtained combinatorial analysis did not coincide on the first chemical dealloying of
Cu68Cr32 shown in Table 3.1(a); Initial 32 at.% Cr for the thin-film library became 79 at.% Cr,
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whereas the first Cu dealloying altered the initial Cr composition from 32 to only 55 at.% Cr even
so the same experimental conditions. This can be attributed to the sputtering pressure, where the
thin-film library was deposited at 2.5 Pa in argon, and the first Cu68Cr32 film was deposited at 0.5
Pa in argon. As explained using schematic diagram shown Fig. 3.9, kinetic energy of the
transported target particles depends on the sputtering pressure.
For example, under low sputtering pressure (0.5 Pa), the mean free path of each sputtered
particle increases; hence, the kinetic energy of each sputtered particle increases, thus probably
resulting in higher film density (e.g., the first Cu68Cr32 film). In contrast, thin films fabricated
under higher sputtering pressures (2.5 Pa) exhibit relatively low densities because the sputtered
particles have less kinetic energy, leading to greater porosity in the formed film (e.g., the thinfilm library). The film density may have a significant influence on the Cu etching rate. It can be
considered that the low density thin-film library might allow the favorable infiltration of HNO3
solution into the film, resulting in better Cu dealloying (initial 32→79 at.% Cr for 15 h Cu
dealloying). This hypothesis is clearly explained in chapter 4.
In general, as-deposited film density is also characterized by sputtering power. The kinetic
energy of sputtered particles increases with increasing of sputtering power, promising the highlydensity film. As seen from Table 3.1 and 3.3, the Cu dealloying on the thin-film library originally
should be slow based on the both high sputtering power for the Cu (500 W) and Cr target (429
W). But in fact, the prepared thin-film library was more favorable for Cu dealloying than the
Cu68Cr32 film deposited under Table 3.1, because the sputtering pressure strongly determined the
final film density. The author considered that the sputtering pressure was preferential process
parameter, and the film characteristics may not be strongly affected by the sputtering power.
Especially for high sputtering pressure, the transport of the sputtered particles becomes rather
diffusion state, therefore the difference of each sputtering power does not have great influence on
the as-deposited film characteristics. From the above, the author did not exactly optimize the
sputtering power in this work.
Later, sample thicknesses were evaluated using the stylus step profiler. Fig. 3.15 shows that
there is almost no change in thickness before and after dealloying. The average thickness was
approximately 430 nm and 450 nm before and after dealloying, respectively. Although the film
with an original composition of 22–23 at.% Cr locating in the edge was partially dissolved, this
result means that the author could successfully remove Cu from the Cu–Cr films without film
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dissolution.
In conclusion, region A could produce an excellent Cu dealloying performance without film
dissolution. Moreover, new chemical dealloying where initial compositions were carefully
adjusted, successfully offered the Cu dealloying even at low-temperature coarsening.

Thin-film library wrapped in Ti foils

Thin-film library

(b)

(a)

Vacuum-enclosed at 7.0–8.0 × 10-3 Pa
Thermal coarsening at 300 °C for 1 h

(d)

(c)

Cu
Thermal coarsened thin-film library

HNO3 (aq)
(e)
(f)

Fig. 3.12 Chemical dealloying as optimized by combinatorial method; (a) fabrication of a
thin-film library in NFTS, (b) The thin-film library was swathed in a titanium foil to prevent
the sample becoming in oxidation state, (c) the sample is vacuum-enclosed in a glass-tube
(base pressure: 7.0–8.0 × 10-3 Pa), (d) thermal coarsening at 300 °C for 1 h, (e) remove the
sample from the glass-tube, and (f) Cu dealloying in 32.5% HNO3 for 15 h at room
temperature.
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(a)

32 at.% Cr

22 at.% Cr

Thin-film library

10 mm

(b)

(c)

Fig. 3.13 Obtained thin-film library; (a) after as-deposition, (b) after thermal coarsening, and
(c) after Cu dealloying
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Fig. 3.14

Compositional analysis by EDX before and after dealloying
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Fig. 3.15

Film thickness analysis by stylus step profiler before and after dealloying

3.4.2 Relationship between initial alloy composition and pore size
Surface characterization using the secondary electron mode on the FE-SEM was performed on
the dealloyed film for pore size measurements. As seen from Fig. 3.16, four points (a)–(d),
corresponding to initial Cr compositions of 32, 28, 25, 22 at.%, respectively, were observed by
using FE-SEM. The FE-SEM images in Fig. 3.17, taken after the dealloying process, show that
the pore size obtained increased as the initial Cr composition decreased. The pore sizes obtained
were avg. 70 nm for initial 22 at.% Cr (Fig. 3.17(a)), avg. 54 nm for initial 25 at.% Cr (Fig.
3.17(b)), avg. 36 nm for initial 28 at.% Cr (Fig. 3.17(c)), and avg. 24 nm for initial 32 at.% Cr
(Fig. 2.17(d)), respectively. The author summarizes the pore size measurements in Fig. 3.18.
Obtained pore size sharing the excellent Cu dealloying in region A was estimated at avg. 36–70
nm. These pore sizes were ideally, and expected for the target molecular filters.
It is easy to find that the pore size and porosity increase with decrease of initial Cr composition.
X. Lu et.al36) also reported that less non-dealloyed content correlated with a higher porosity. Fig.
3.17(c) and (d) were unclear because charging readily occurred when an electron beam irradiated
the sample. Poor electrical conduction property represents a low volume density of the film,
suggesting a high film porosity. Next, the author evaluated the relationship between initial Cr
compositions and porosities. To assess porosities, image data processing was used.
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(a)

(b)

(c)

(d)

10 mm
Fig. 3.16

Observation points (total: 4 points) for FE-SEM

Fig. 3.17 FE-SEM images of the Cu dealloyed films from an area with an initial composition
of (a) 32 at.% Cr, (b) 28 at.% Cr, (c) 25 at.% Cr, and (d) 22 at.% Cr. The estimated pore sizes
were avg. 24 nm for 32 at.% Cr, avg. 36 nm for 28 at.% Cr, avg. 54 nm for 25 at.% Cr, and
avg. 70 nm for 22 at.% Cr.
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Fig. 3.18 Relationship between initial Cr composition and final pore size

3.4.3 Relationship between initial alloy composition and porosity
Porosities were determined based on area ratio by image processing (Software: GIMP). The
FE-SEM images (Fig. 3.17(a)–(d)) were binarized, generating such binary images (Fig. 3.19(a)–
(d)). A rate of pixels in the porous area to all pixels in the binary image was calculated. Thorough
the processing, the author studied the relationship between initial alloy composition and porosity.
Fig. 3.20 shows that the porosity decreases with the increase of initial Cr composition. The
measured porosities of the dealloyed sample were 59% for initial 22 at.% Cr, 42% for initial 25
at.% Cr, 24% for initial 28 at.% Cr, and 20% for initial 32 at.% Cr. Hence, the porosity lying in
region A was 24–59%.
The author summarizes the combinatorial analyses obtained in Fig. 3.21. The proposed
combinatorial search combined with the rapid screening by dealloying offered successfully
optimal initial alloy compositions. Under the initial alloy compositions in region A, the residual
Cu after dealloying was found less than 10.0 at.%, demonstrating that the Cu dealloying can be
allowed even at low-temperature coarsening. Furthermore, pore size of avg. 70–36 nm could be
achieved under the fabrication condition in region A. Therefore, chemical dealloying as optimized
by combinatorial method accelerated a discovery of process parameters as well as final properties
of nanoporous films by only one experiment.
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(a)

(b)

100 nm
Porosity: 20%

Porosity: 24%

(c)

(d)

Porosity: 42%

Porosity: 59%

Fig. 3.19 Binary images (a)–(d) generated from FE-SEM images (a)–(d), respectively. The
estimated porosities were 20% for initial 32 at.% Cr, 24% for initial 28 at.% Cr, 42% for initial
25 at.% Cr, and 59% for initial 22 at.% Cr.
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Relationship between initial Cr composition and porosity
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Fig. 3.21 Summary of the combinatorial approach to determine the optimal initial Cu–Cr
compositions for chemical dealloying; a Cu–Cr film with a compositional gradient of 32–22
at.% Cr was used. Between 28–22 at.% Cr (Region A), dealloying produced nearly pure Crbased nanoporous film as seen from (a), and the estimated pore size and porosity lying in
region A were in the range of avg. 36–70 nm and 24–59%, respectively.
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3.5 Summary
This chapter presented the first challenging chemical dealloying combined with the lowtemperature coarsening. The author targeted to fabricate nanoporous films fixed on polyimide
films via chemical dealloying, and tried to lower the required coarsening temperature from 700 °C
to 300 °C. Originally, it was impossible to achieve this chemical dealloying, since this heat
temperature was extremely small and unsatisfied for a thermal coarsening. As expected, the
preliminary test demonstrated the author’s hypothesis; the Cu68Cr32 film could not be fully Cu
dealloyed owing to the poor grain growth based on the low-temperature coarsening. The original
elemental composition ended up with Cu45Cr55 after dealloying. Generally, 500 °C is at least
required for the thermal coarsening for Cu–Cr films. Therefore, grain size did not grow
significantly with 300 °C. The author concluded that this poor grain growth might hamper the
infiltration of the HNO3 solution into the film.
However, another preliminary test showed signs of success; the Cu78Cr22 film was, in contrast,
completely dissolved during the dealloying. This may have been resulted from the low initial Cr
composition, which prevented the formation of a nanoporous structure. This result means that
reducing the initial Cr content to below 32 at.% might allow Cu dealloying to produce a Cr-based
nanoporous film.
Response to the previous study, the author employed the combinatorial investigation. The
author prepared the thin-film libraries synthesizing multiple compositions varying continuously
from 32–22 at.% Cr. The thin-film libraries were fabricated by NFTS. First, the author described
the deposition mechanism in NFTS. General materials synthesis in NFTS was cleared.
Furthermore, the author investigated the influence of sputtering pressure on the Cr compositional
gradient. By comparing the author’s combinatorial film sputtering with the previous results, the
author investigated the technical difference among them, revealing the co-sputtering of Cu–Cr
did not follow a cosine law.
Next, the author determined the sputtering conditions, and prepared the target libraries. The so
fabricated libraries were rapidly screened through the dealloying process. In the part of the film
with an initial Cr composition in the range of 28–22 at.% (= region A), the dealloying treatment
resulted in sufficient Cu dealloying (the final Cr composition in region A was 91–97 at.%, which
was almost Cr-based films) without dissolving the film. Therefore, the combinatorial approach
efficiently clarified the relationship between the initial Cu–Cr composition and the degree of Cu
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dealloying. Moreover, it was markedly to note that further adjustment of initial alloy compositions
enabled the sufficient Cu dealloying, even if the coarsening temperature was smaller than the
minimum required value.
Afterwards, the author examined the microstructures of dealloyed films using FE-SEM. The
measured pore sizes were closely related to the initial alloy compositions; the final pore size
increased as the initial Cr composition decreased. The pore sizes obtained were avg. 70 nm for
initial 22 at.% Cr, avg. 54 nm for initial 25 at.% Cr, avg. 36 nm for initial 28 at.% Cr, and avg. 24
nm for initial 32 at.% Cr; the pore range lying in region A was estimated in avg. 36–70 nm, which
were ideally for the author’s target molecular filters.
Furthermore, the author studied the dependence of initial alloy composition on film porosity.
The porosity of the film was also position-dependent, showing 59% for initial 22 at.% Cr, 42%
for initial 25 at.% Cr, 24% for initial 28 at.% Cr, and 20% for initial 32 at.% Cr; the region A
produced the 24–59% porosity.
Summary, the author successfully determined the possible process parameters for the new
chemical dealloying. This could be achieved by the chemical dealloying combined with the
combinatorial approach. Optimizing the process parameter from numerous candidates were
achieved in a short time, suggesting a significant economic benefits.
In this chapter, however, the author was specially focusing the fabrication of nanoporous films
applied to polyimide films. To meet various devices including such as plastic substrates (heat
resistance temperature: 100–200 °C122)), the author further challenges a novel chemical dealloying
without a thermal coarsening. Detailed experiments are mentioned in more detail in the next
chapter.
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Chemical dealloying without thermal

4.1 Target
In chapter 3, the low-temperature coarsening in combination with the combinatorial technique
successfully achieved the excellent Cu dealloying. Especially, effective initial alloy composition
adjustment allowed significantly the Cu etching performance. Moreover, the dependence of initial
alloy composition on pore size and porosity was rapidly determined through the one step
experiment. However, heat-treatment with 300 °C was necessary in this method. Due to this
requisites condition, the technology was still unsatisfied, limiting the selection of applications.
Accordingly, there is currently a need in the art for chemical dealloying of Cu–Cr with no
requirement of thermal coarsening. In this chapter, the author newly proposes chemical dealloying
without thermal coarsening. Another strong advantage of this process is that it does not require
the heat-treatment processes, also promising the short process time. As mentioned in chapter 2,
the chemical dealloying of Cu–Cr normally could not produce Cu dealloying and nanoporous
films without thermal coarsening (see Fig. 2.7 and 2.15 in chapter 2). The previous chemical
dealloying has been successfully achieved based on the grain growth produced by the thermal
coarsening. As-deposited Cu–Cr films under low sputtering pressure were densely composed
from small grains, thus HNO3 solution could not reach the interior of the Cu–Cr films. The grain
growth allowed the Cu–Cr film structure sterically with excellent inter-diffusion and phase
separation. Therefore, binary thin films became favorable structures for chemical dealloying.
In order to achieve the chemical dealloying not depending thermal coarsening, the author
additionally optimizes initial alloy composition and sputtering pressure. The author attempts to
overcome this challenge by further readjustment of initial alloy compositions, as well as by
optimizing Cu–Cr film densities. The author expects that low-density Cu–Cr films may permit
the sufficient dealloying of Cu to produce Cr-based nanoporous films.
First, the author simply tests a chemical dealloying without thermal coarsening. In chapter 3,
the author already reported the test using the Cu68Cr32 films. This process failed in the Cu
dealloying owing to the high initial Cr composition. Thus, the author initially tries Cu78Cr22 films.
This first challenge is carefully evaluated by EDX and stylus step profiler, where compositions
and film thicknesses before and after dealloying are measured. Afterwards, the author mentions
experimental results, and discusses about technical problems remained.
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In order to complete a sufficient Cu dealloying without thermal coarsening, the author proposes
a further adjustment of initial alloy compositions. The same as before, the author prepares new
thin-film libraries using NFTS. Based on the preliminary analysis, the author first estimates
sputtering conditions. The fabricated libraries are rapidly screened via chemical dealloying, and
the author identifies an optimal initial alloy composition (herein referred to as CuxCr100-x).
Moreover, the author studies a relationship between the CuxCr100-x film density and the Cu
etching rate. The binary film density may strongly relate to the selective metal dissolution.
However, studies regarding the influence of the film density on the dealloying performance have
not been reported to date. In co-sputtering, film density can be controlled by sputtering pressure.
The author compares high- and low-density CuxCr100-x films based on the Cu etching rate. The
dealloyed films are evaluated using EDX, stylus step profiler, XRD, and FE-SEM.
In the final, the author also reveals an influence of substrate type used on final dealloyed
morphology. The author expects that different substrate type may yield a rich variety of
characteristic of the resulting nanoporous films. In this study, CuxCr100-x films are deposited on
glass substrates or polyimide films. Two samples are Cu dealloyed under the same experimental
conditions, and subsequently the final nanostructures formed on different substrates are compared.

4.2 Preliminary chemical dealloying test
The aim of the present study was to fabricate nanoporous films with optimal pore size (10–50
nm) via chemical dealloying without thermal coarsening. Fig. 4.1 shows the process of chemical
dealloying of Cu78Cr22. A glass substrate (26 mm × 26 mm) was used. The substrate was first
sonicated in acetone at 100 kHz for 5 min. It was then rinsed with ethanol and then rinsed with
deionized water at 100 kHz for 5 min, respectively. After blow drying the substrate with
compressed air, it was placed on a hot plate, and heated at 110 °C for 5 min. Through the process,
the water remained on the substrate was fully removed (Fig. 4.1(a)).
The cleaned substrate was loaded in NFTS, and then Cu and Cr were simultaneously sputtered
onto the glass substrate to deposit a Cu78Cr22 film (500 nm thick) with a uniform composition
(Fig. 4.1(b)). Table 4.1 shows the sputtering conditions. The as-deposited Cu78Cr22 film was
readily immersed in 22.5% HNO3 for 15 h at room temperature (Fig. 4.1(c)).
The resulting Cu78Cr22 film was slightly dealloyed only at the surface, and its composition
changed to Cu76Cr24 (Fig. 4.2). The final composition remained the same even when the
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dealloying time was prolonged. The limited dissolution of Cu is likely attributed in part to the
high initial Cr composition, which hindered the infiltration of the HNO3 solution into the film
(Fig. 4.3). Thus, reducing the initial Cr composition to below 22 at.% might allow Cu dealloying
to produce a Cr-based nanoporous film. As proved in chapter 3, a combinatorial investigation
will be helpful for the determination of the optimal alloy composition (CuxCr100-x). Consequently,
the author fabricated Cu–Cr thin film libraries with a compositional gradient containing to below
22 at.% Cr. The fabrication procedure is described in more detail below.

Glass substrate

Cu78Cr22 film

Cu

HNO3 (aq)
(a)

(b)
(c)

Fig. 4.1 Schematic sequence of initial chemical dealloying; (a) substrate cleaning, (b) cosputtering of Cu78Cr22 film, and (c) Cu dealloying in 22.5% HNO3 for 15 h at room
temperature.

Table 4.1 Sputtering conditions
Sputtering pressure (Pa)

0.5

Sputtering power (W)

Cu target: 212
Cr target: 138

Sputtering time (min)

15

TS distance (mm)

82

Deposition area

26 × 26

Cu76Cr24

Cu78Cr22

10 mm
Fig. 4.2

Cu dealloying
in 22.5% HNO3
for 15 h

Initial chemical dealloying of before and after Cu dealloying
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HNO3 aq

Cr: 22→24 at.%

STOP

Fig. 4.3

Schematic diagram of chemical dealloying of Cu78Cr22

4.3 Fabrication of thin-film libraries for combinatorial search
The substrate used was the same dimension with 26 mm × 76 mm. The substrate was first
sonicated in acetone at 100 kHz for 5 min. It was then rinsed with ethanol, followed by a rinse
with deionized water at 100 kHz for 5 min. After blow drying and heat treatment, the substrate
was set into the sample holder of NFTS system, and subsequently co-sputtering was done (Fig.
4.4). In the previous work concerning NFTS, the achieved maximum compositional gradient was
approximately 10/76 at.%/mm at 2.5 Pa in argon (see Fig. 3.8). Therefore, the author targeted the
desired compositional gradient and film thickness in 22–12 at.% Cr, and 350 nm thick,
respectively. It was easy to determine new sputtering conditions based on Table 3.3 (because the
composition and film thicknesses change linearly in proportion to the sputtering power and time,
respectively). Table 4.2 summarizes the estimated sputtering conditions.
Fig. 4.5 shows an as-deposited thin-film library. 15 points were compositionally detected by
EDX (Fig. 4.6(a)), and Fig. 4.6(b) showed that they were position-dependent, successfully
containing the close target range of 22–15 at.% Cr. Additionally, the obtained film thickness was
approximately 380 nm, which is close to a target value (350 nm thick). Summary, the author
successfully synthesized the optimal properties of Cu–Cr films on the single glass substrate. The
fabricated thin-film library was employed to discover the optimal initial alloy composition
(CuxCr100-x).
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Cu
Cr

Compositional
gradient (10/76 [at.%/mm])

Diffusional transportation
of sputter particles

N S

N S

High sputtering
pressure (2.5 Pa)

Cr target

N S
Fig. 4.4

Cu target

NS

Preparation of thin-film libraries in NFTS

Table 4.2 Sputtering conditions for thin-film library
Sputtering pressure (Pa)

2.5

Sputtering power (W)

Cu target: 500
Cr target: 257

Sputtering time (min)

9

TS distance (mm)

82

Deposition area

26 × 76

Fig. 4.5 The fabricated thin-film library
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Fig. 4.6 EDX analysis in the fabricated thin-film library; (a) measurement points (total 15
points), and (b) EDX analysis indicating that compositions were position-dependent,
successfully containing the near target range of 22–15 at.% Cr and avg. 380 nm thick.

4.4 Combinatorial search of nanoporous film
4.4.1 Optimization of initial alloy composition
The fabricated thin-film library was Cu dealloyed followed by the experimental procedure
shown in Fig. 4.7. The dealloyed sample showed a dramatic change through the 15 h Cu
dealloying treatment. The appearance of the film represented brown before dealloying (Fig.
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4.7(a)), and varied as the Cu was dealloyed as shown in Fig 4.7(b). Moreover, the film was divided
into two regions based on the composition and thickness of the Cu–Cr film before and after Cu
dealloying as shown in Fig. 4.8(a) and (b), respectively. At all locations in region 1, the Cr
concentration increased as Cu was dissolved. In this region, the film remained after dealloying
(i.e., the film thickness was unchanged), and the initial Cr content (22–18 at.%) increased to 33–
80 at.% after dealloying.
In region 2, the film was completely dissolved because the low Cr composition in this region
prevented the formation of nanoporous structures. The results also show that an initial Cr
composition of 18 at.% resulted in sufficient Cu dealloying without film dissolution. Summary,
the combinatorial thin film composition mapping ensured a rapid discovery of materials or
process parameters123)-130). These 2D maps shown in Fig. 4.7(a) and (b) suggest that initial 18 at.%
Cr may be a point between success and failure in chemical dealloying of Cu–Cr. In other word,
initial Cr composition of 18 at.% is a minimum permissible concentration that can keep the
dealloyed film stability. Cr-based nanostructures could be maintained well during the Cu
dealloying, and finally it may produce 3D interconnected morphologies.
Under the initial 18 at.% Cr, however, the residual Cu composition after dealloying was 20
at.%. This result was over the target range (0–10 at.% Cu). This limited Cu dealloying can be
attributed to the small Cr grains that were rather densely packed in the Cu–Cr film, resulting in
the insufficient infiltration of HNO3 solution into the film. The author attempted further Cu
etching by prolonging the dealloying time, but the Cu dealloying could not be completed. Long
time dealloying hampered the stability of Cu–Cr films, and their edges were partially dissolved.
It may be that some of the Cu was necessary for maintaining the dealloyed film stability.
Comparing with the above chemical dealloying of Cu82Cr18, the chemical dealloying of
Cu68Cr32 including high-temperature coarsening at 700 °C produced excellent Cu dealloying. The
dealloyed Cu–Cr films were almost Cr-based nanoporous films; the final Cr composition was
approximately 99 at.% Cr (see Table 2.2). This excellent Cu dealloying performance could be
achieved based on the high initial 32 at.% Cr and thermal coarsening. High initial Cr content (32
at.%) prevents the dissolution of films during the dealloying. Moreover, thermal coarsening
offered the sufficient grain growth as well as inter-diffusion. In this process, large Cr and Cu
particles produced by thermal coarsening were fully diffused, forming ideal binary alloys with a
uniform structure. Therefore, Cu was easily etched out, while high initial 32 at.% Cr could also
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maintain the porous structures even if the residual Cu became less than 2.0 at.%. This has led to
the successful Cu dealloying and Cr-based nanoporous films.
In principle, as-deposited films by sputtering own the unfavorable structure, where thin films
were closely consisted from small each metal grains with poor phase separation. Therefore, the
early structures may hinder the infiltration of the HNO3 solution into the film. Selective
dissolution from such binary alloys was difficult, resulting in the observed limited Cu dissolution.
Although the newly proposed chemical dealloying step did not completely remove all Cu from
the film, the best initial alloy composition (CuxCr100-x = Cu82Cr18) was successfully optimized.
This initial composition (Cu82Cr18) has still possibility, and therefore the author selected it as the
optimal initial alloy composition to fabricate the nanoporous film herein.

Cu

HNO3 (aq)

Dealloying treatment

Fig. 4.7 Chemical dealloying procedure using the thin-film library; (a) preparation of the thinfilm library in NFTS, through the Cu dealloying, and (b) the screened thin-film library.
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Fig. 4.8 Combinatorial search to determine the optimal initial Cu–Cr composition for
chemical dealloying conducted with a Cu–Cr film with a compositional gradient of 22–15 at.%
Cr: (a) compositional map as a function of substrate position offered the optimal initial
Cu82Cr18, and (b) film thickness analysis revealed the minimum permissible concentration for
chemical dealloying.
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4.4.2 Relationship between Cu–Cr film density and Cu etching rate
The relationship between the Cu–Cr film density and the Cu etching rate was characterized in
Cu82Cr18 films (dimension: 3.6 mm × 5.0 mm) under differential sputtering pressures of 0.5 and
2.5 Pa in argon. The density of the sputtered film strongly depends on the sputtering pressure. For
example, under low sputtering pressures, the mean free path of each sputtered particle increases;
hence, the kinetic energy of each sputtered particle increases, resulting in higher film density (Fig.
4.9(a)). In contrast, thin films fabricated under higher sputtering pressures exhibit relatively low
densities because the sputtered particles have less kinetic energy, resulting in greater porosity in
formed film (Fig. 4.9(b)).
The film density may have a significant influence on the Cu etching rate. Fig. 4.10 is the
author’s images of the dealloying mechanism in Cu82Cr18 films fabricated under differential
sputtering pressures of 0.5 and 2.5 Pa. While the Cu82Cr18 film deposited at 0.5 Pa exhibit high
film density, the film deposited at 2.5 Pa may exhibit lower density. The dense Cu82Cr18 film may
hinder the infiltration of aqueous HNO3 into the film (Fig. 4.10(a)). On the other hand, the porosity
of the low-density Cu82Cr18 film is expected to allow the aqueous HNO3 to easily reach the interior
of the Cu–Cr film (Fig. 4.10(b)). Thus, it was hypothesized that reducing the Cu–Cr film density
by increasing the argon pressure may result in better Cu dealloying and yield a Cr-based
nanoporous film. Hence, the sputtering pressure for chemical dealloying was optimized.

Cu

Cr
Diffused

Ballistic

Porosity

Dense structure
Substrate

NS

Ballistic
Ar+

Cr target

NS

NS

NS

Diffused

NS

Cu target

NS

NS

(a)

NS

(b)

Fig. 4.9 Film density depending on sputtering pressure; (a) low- and (b) high-pressure
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HNO3 solution: Easy infiltration

HNO3 aq

HNO3 aq

STOP

Porous
Cu

GO
(b) Low-density Cu82Cr18 film

(a) High-density Cu82Cr18 film

Fig. 4.10 Cu etching performance depending on film density

Fig. 4.11 shows a schematic sequence of the experiment. After cleaning of glass substrates, the
substrates were loaded in NFTS. Afterwards, Cu and Cr were simultaneously sputtered at 0.5 or
2.5 Pa in argon. The estimated sputtering conditions were summarized in Table 4.3. It is
interestingly to note that the both experiments successfully resulted in a uniform Cu82Cr18 film
(no compositional gradient zone). As mentioned in chapter 3, sputtering pressure at 2.5 Pa
generates a composition gradient in NFTS. For the testing the Cu etching rate depending on the
film density, a uniform initial composition should be maintained and only the film density should
be adjusted by controlling the sputtering pressure.

Cu82Cr18 film

3.6

Glass substrate

(a)

5

(b)

Cu

HNO3 (aq)

(c)

22.5% HNO3 for 15 h
at room temperature

Fig. 4.11 Experimental procedure; (a) substrate cleaning, (b) co-sputtering of Cu82Cr18 film
(350 nm thick) onto the substrate at differential sputtering pressure (0.5/2.5 Pa), and (c) Cu
dealloying.
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Table 4.3 Sputtering conditions
Tested samples
(a) 0.5 Pa in argon

(b) 2.5 Pa in argon

Cu82Cr18

Cu82Cr18

350

350

Cu

223

175

Cr

113

80

Sputtering time (min)

15

35

TS distance (mm)

82

82

3.6 × 5.0

3.6 × 5.0

Initial alloy composition (at.%)
Film thickness (nm)
Sputtering power (W)

Deposition area (mm)

Thus, compositional gradients (Δx at.%) generated with a sputtering pressure of 0.5 or 2.5 Pa
over an area of 3.6 mm × 5.0 mm were measured (Fig. 4.12). Three points were compositionally
determined by EDX. The measured compositional gradient (Δx at.%) was 0.5 at.% at 0.5 Pa and
0.7 at.% at 2.5 Pa, which were below the acceptable limit of 1.0 at.% (because the resolution of
EDX used was 1.0 at.%). Thus, forming the films (dimension: 3.6 mm × 5.0 mm) with uniform
compositions at both 0.5 and 2.5 Pa in argon was possible.
Fig. 4.13 was FE-SEM images recorded after sputtering, showing a different surface structure.
The image (b) showed that the resulting surface was coarser at 2.5 Pa in argon than the image (a)
generated under 0.5 Pa in argon.
First, a dealloying test was conducted on a Cu82Cr18 film fabricated at 0.5 Pa in argon. The
result shown in Fig. 4.14 indicates that the Cu dealloying was not sufficient. The initial Cr
composition of 18 at.% increased to 21 at.% for 15 h but only increased slightly with longer
dealloying times, reaching 22 at.% after 30 h of dealloying. Moreover, after Cu dealloying for 30
h, the gradient was only Δ4 at.% Cr. Surface structures taken by FE-SEM revealed the diffusion
and self-organization during the dealloying treatment. As the Cu dealloying treatment advanced,
Cr particles were diffused and clumped together, forming a porous network. However, the Cu
etching has been conducted at only the surface, resulting in the incomplete Cu dealloying. These
results can also be explained from cross sectional FE-SEM images, showing no visible pores
throughout the film thickness. Moreover, the bottom appearance of the dealloyed film represented
initial Cu brown, indicating aqueous HNO3 could not enter to the interior of the film.
Second, a chemical dealloying of the porosity of the low-density Cu82Cr18 film was carried out,
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showing a dramatic difference in the Cu etching performance. Fig. 4.15 shows a comparison of
the Cu etching rates in the Cu82Cr18 films fabricated on glass substrates with sputtering pressures
of 0.5 and 2.5 Pa in argon. The Cu etching rate was 0.1 at.%/min under 0.5 Pa and 30 time higher
(3.0 at.%/min) under 2.5 Pa, confirming the hypothesis that a higher sputtering pressure would
result in better Cu etching. Fig. 4.16 summarized the chemical dealloying test with 22.5% HNO3
for 20 min at room temperature. The composition of the dealloyed dense Cu82Cr18 film was
Cu80Cr20, where Cu was not sufficiently removed. By contrast, the porosity of the low-density
Cu82Cr18 film was easily Cu dealloyed, showing its composition changed from Cu82Cr18 to
Cu22Cr78, as measured by EDX. Moreover, the film thickness was unchanged after dealloying.

Glass substrate

1.8

3.6

Cu–Cr film

Δx (at.% Cr)
4.5
5

Fig. 4.12

Compositional gradient created by NFTS in area of 3.6 mmm × 5 mm.

Fig. 4.13 FE-SEM images taken post as-depositing; (a) 0.5 Pa in argon, and (b) 2.5 Pa in argon.
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15 h

30 h

0h

Cu etching rate [at.%/min]

Fig. 4.14 Changes in Cr composition and nanostructures of Cu82Cr18 film at dealloying times
from 0 to 30 h. The initial Cr composition of 18 at.% increased to 21 at.% for 15 h but only
increased slightly with longer dealloying times, reaching 22 at.% after 30 h of dealloying.

3.0 [at.%/min]

3.0
2.5
2.0
1.5

30 times higher

1.0
0.5
0.1 [at.%/min]

0.0

2.5

0.5

Argon pressure [Pa]
Fig. 4.15 Cu etching rate dependence on sputtering pressure in NFTS
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Cu80Cr20

Cu82Cr18
1 mm

Cu82Cr18

Cu22Cr78

Fig. 4.16 Changes in appearance of Cu–Cr films through the Cu dealloying at different
sputtering pressures.

The author considered that the incomplete Cu dealloying in the preliminary chemical
dealloying (Fig. 4.1) has resulted not only from the high initial Cr composition (22 at.%), but also
from the low sputtering pressure (0.5 Pa). This theory can be explained from Fig. 4.8(a), where
initial 22 at.% Cr changed to 33 at.% Cr thorough the Cu dealloying for 15 h. In contrast to the
preliminary test in Fig. 4.1 (initial 22→24 at.% Cr), Cu was more dealloyed in this time, because
the thin-film library was deposited in NFTS at 2.5 Pa in argon. Thus, the fabricated thin-film
library originally had a porosity, resulting in the enhanced Cu etching.
Curiously, the Cu82Cr18 film deposited in 2.5 Pa in argon changed in appearance from brown to
transparent after Cu dealloying (Fig. 4.16). The resistance of the dealloyed film measured using
the two-terminal method indicated an insulation sate. The transparency of the film after dealloying
may be attributed to the formation of Cr2O3. Accordingly, the crystal structure of the film was
evaluated using XRD.
Fig. 4.17 shows the XRD patterns of the Cu–Cr film before and after Cu dealloying. Only peaks
corresponding to Cu are found in the XRD pattern of the as-deposited Cu82Cr18 film because the
low concentration of Cr was dissolved in the Cu layer with low crystallinity. Most of them,
sputtering in NFTS is conducted at room temperature131), therefore deposited metal particles
diffuse slowly, resulting in a poor crystallinity132). Due to this, Cr peaks were absent before
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dealloying. After Cu dealloying, the Cu peaks disappeared, and some Cr2O3 peaks newly appeared.
This suggests that the observed film transparency and insulation state can be attributed to the
formation of Cr2O3.
As seen in Fig. 2.18 (in chapter 2), Cr peaks were observed in XRD analysis after dealloying
step (not Cr2O3 peaks). This has resulted from the Cr grain growth based on the thermal coarsening
at 700 °C, emphasizing the presence of Cr. Cr was exactly becoming the oxidation in HNO 3
solution, however the final volumed Cr nanoporous film with large particles (approximately 200–
300 nm pores) enhanced the intensities of Cr peaks, resulting in the absence of Cr2O3 peaks.
On the other hand, the as-deposited film without thermal coarsening was made up with small
Cr grains, which easily oxidized in HNO3 solution. Due to this, the film appearance represented
the transparency. Subsequently, the film structures before and after dealloying were examined
using FE-SEM, which is described below.
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Fig. 4.17 XRD analysis before and after Cu dealloying
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4.4.3 Influence of substrate type on final obtained nanostructure
The surface structures of the initial and dealloyed Cu–Cr film were observed using FE-SEM.
While the initial film showed a smooth surface (Fig. 4.18(a)), the dealloyed films had cracks
throughout the film, and no clear nanopores were observed (Fig. 4.18(b)). The cracking was
attributed to internal stress in the as-deposited film4),36),37). Mechanical stresses in small-scale
structures (e.g., thin film on substrates) often reach several hundred MPa after processing or
during service36),133). Thus, in this study, the relief of internal stress when dealloying began
resulting in cracking throughout the surface of the film.
There has been many reported about this problem (Fig. 4.19). All studies (a)–(c) successfully
produced nanostructures, however also remained cracks. Those cracks cause a poor mechanical
toughness, and therefore removal of cracks has been researched. Unfortunately, there are few
reports succeeding in the fabrication of ideal nanoporous films without film cracking. The
research by W. C. Li et.al4) revealed that crack-free Pd nanoporous films could be achieved with
an optimum initial Pd–Cu composition. Film cracks typically appear when there is too little Pd in
the initial alloy (too much Pd leads to incomplete Cu dealloying). Therefore, careful investigation
of initial alloy compositions may resolve the problem.

Fig. 4.18 FE-SEM images of (a) the initial and (b) dealloyed Cu–Cr film (top-view)
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(a)

(c)

Nanoporous Au films fabricated
via chemical dealloying of Au–Ag

(b)

Nanoporous Cu films fabricated
via chemical dealloying of Al–Cu

Nanoporous Pt films fabricated
via chemical dealloying of Pd–Ni

Fig. 4.19 Film cracks appeared after dealloying have been reported by many researchers; (a)
X. Lu et.al36), (b) Z. Qi et.al37), and (c) W. C. Li et.al4).

Nanoporous structure could not be observed in the cross-sectional image either (Fig. 4.20). The
author considered that the pore growth can be determined by diffusion of metal particles. J.
Erlebacher et.al22) reported, in the Au–Ag alloy, the dealloying process began with the dissolution
of surface silver atoms. The residual Au atoms gradually diffused to the surface, and formed a
three dimensional morphologies with open pores. Au atoms are easy to diffuse during Ag
dealloying, promising to create large pores. However, in our case, the residual Cr atoms have a
very small self-diffusion coefficient at room temperature (4.7 × 10-59 m2/s)134) compared to the Au
atom (1.6 × 10-36 m2/s)134). Therefore, poor diffusion of Cr atoms could not produce open pores.
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Hence, the author saw no visible pores on the film.
The same phenomenon was reported by A. Abburi et.al3). They presented chemical dealloying
of Cu–Pt. Cu80Pt20 films (150 nm thick) were deposited by co-sputtering, and the thin films were
Cu dealloyed by immersing the sample in 93% sulfuric acid at room temperature. Cu was
selectively removed from the binary alloy and a film with only Pt was produced. However, FESEM image taken after Cu dealloying showed, there was no visible pores (Fig. 4.21); even full
Cu was perfectly removed from the Cu–Pt alloy, open pores were not seen. They also concluded
that no visible pores due to the small self-diffusion coefficient of Pt atoms (self-diffusion
coefficient (Pt): 8.7 × 10-54 m2/s)134). In the author’s case, self-diffusion coefficient of Cr atoms is
smaller than Pt atoms. Thus, unclear pores shown in Fig. 4.18(b) and Fig. 4.20 may be resulted
from the same reason for A. Abburi et.al.

Fig. 4.20 Cross-sectional structure after Cu dealloying
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(a) Before Cu dealloying

100 nm

(b) After Cu dealloying

100 nm

Fig. 4.21 FE-SEM images of (a) before dealloying of Cu80Pt20 film and (b) after
dealloying. Pore structures were not seen from the image (b). (A. Abburi et.al3))

A. Abburi et.al finally obtained visible open pores by introducing thermal coarsening. The
author has already reported that this heat treatment could realize a grain growth, becoming
effectively pore size larger. However, to achieve the chemical dealloying of Cu–Cr without
thermal coarsening, the author investigated another technique not depending on thermal
coarsening. The author attempted to fabricate a nanoporous Cu–Cr film on a softer polyimide film
under the same dealloying conditions.
The author considered that no visible pores may be also attributed to the hard glass substrate;
this hard glass substrate strongly restricted the above Cu–Cr films, hindering the growth of the
pore sizes and self-organization (Fig. 4.22(a)). Softer polyimide films should not strongly restrict
the above Cu–Cr films, alloying the pore scales to grow easily (Fig. 4.22(b)). Moreover, H.
Matsuyama135) reported that polyimide films discharge H2O-based gas during sputtering, and this
gas changes the film characteristics. Thus, depositing the Cu82Cr18 films on polyimide is expected
to enhance the film porosity because Cu–Cr films contain gas.
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A Cu82Cr18 film with the same dimensions and thickness (sputtering conditions: Table 4.3(b))
was formed on a polyimide film (2 µm thick) and then dealloyed with 22.5% HNO3 for 30 min.
After dealloying, the composition of the Cu–Cr film changed from Cu82Cr18 to Cu25Cr75, and the
appearance of the film changed from brown to transparent (Fig. 4.23), as for the film deposited
on a glass substrate. Furthermore, the film thickness remained unchanged.
The FE-SEM images before and after Cu dealloying are shown in Fig. 4.24. While the initial
surface structure had no pores, pores with diameters of 20–40 nm were successfully observed
after dealloying. Moreover, the cross sectional image of the dealloyed film (Fig. 4.25) showed a
nanoporous structure throughout the film thickness. The final structures were totally different at
the substrate type used. This result proved that the polyimide films enhanced the dealloyed Cu–
Cr film porosity. The fabricated nanoporous film is expected to be useful as a nanofilter used in
the author’s devices.
Unfortunately, large cracks (approximately 100 nm wide and several µm long) were formed on
the nanoporous film when polyimide film was used for substrate (Fig. 4.26(a)). Large cracks
resulted from the relief of internal stresses, and eliminating cracking on the film surface will be a
future work. The author’s chemical dealloying combined with thermal coarsening at 300–700 °C
could produce ideal nanoporous films without film cracking. Because thermal coarsening results
in relief of internal residual stresses, softening, homogenizing and transformation of the grain
structure into more stable state. Therefore, film cracks were not seen on the film surface even
after the Cu dealloying treatment were carried out.
To remove film crack not depending the thermal coarsening, the author considers further
adjustment of initial alloy compositions or film thicknesses. Moreover, reducing the Cu–Cr film
thickness by decreasing the sputtering time may permit to lower internal stresses of the film. If
the amount of film cracks can be successfully reduced, the mechanical toughness of the
nanoporous film would be better.
Although the author mentioned the negative aspects about this study, the width of the cracks
was fortunately approximately 100 nm (Fig. 4.26(b)). This scale is slightly larger than pore size
(20–40 nm), which will not be a fatal problem upon the separation of water molecules (0.3 nm)
from colloidal oil particles (200 nm to several micro meters).
Summary, the author succeeded in the fabrication of novel Cr-based nanoporous films via the
chemical dealloying without thermal coarsening. This fruit was achieved by the combinatorial
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analysis as well as the optimization of film density and substrate type. The fabricated nanoporous
films can be expected to be useful as nanofilters for separating water molecules from oil.

Cu

(a)

Cr
Restriction

(b)

Cu

Fig. 4.22 The author’s hypothesis: (a) hard glass substrate may hamper the pore growth, but
(b) soft polyimide may enhance the pore growth because it does not strongly restrict the above
Cu–Cr film as well as discharged gas from the polyimide film provide a film porosity.

22.5% HNO3 for 30 min
at room temperature

Cu82Cr18

Cu25Cr75
1 mm

Before dealloying

After dealloying

Fig. 4.23 Changes in appearance of the Cu–Cr film; (a) before and (b) after Cu dealloying
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Fig. 4.24 FE-SEM images of (a) the initial and (b) dealloyed Cu–Cr film on the polyimide
film (top-view)

Fig. 4.25 Cross sectional structure taken by FE-SEM
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Fig. 4.26 Film cracking appeared after Cu dealloying; (a) FE-SEM image (X10,000)
showing cracks created throughout the film surface, and (b) FE-SEM image (X50,000)
showing crack size. The width of cracks was estimated in approximately 100 nm.
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4.5 Summary
In this chapter, the author attempted to fabricate nanoporous films via chemical dealloying of
Cu–Cr without thermal coarsening. Response to applications including non-heat resistant
materials, chemical dealloying with no requirement of thermal coarsening will be better.
Furthermore, this short process is also attractive for mass production.
The preliminary test was helpful, and suggested the possibility for Cu dealloying at room
temperature. Based on the findings, it was hypothesized that reducing the initial Cr composition
to below 22 at.% might result in better Cu dealloying and yield a favorable Cr-based nanoporous
film. Hence, the combinatorial analysis was employed, as for chapter 3.
Thin-film libraries (dimension: 26 mm × 76 mm) containing the initial 22–15 at.% Cr (Avg.
380 nm thick) were successfully prepared in NFTS. The libraries were Cu dealloyed with 22.5%
HNO3 for 15 h at room temperature, and successfully gave the possible initial alloy compositions.
Cu dealloying performance and film dissolution test were characterized as a function of substrate
position. By tracing the locus of them, the author found that the optimal initial alloy composition
could be determined in Cu82Cr18. The best Cu82Cr18 alloy permitted the sufficient Cu dealloying
(residual Cu was 20 at.%), but its thickness remained unchanged.
Moreover, the influence of film density on Cu etching rate was studied. Cu82Cr18 films with the
dimension (3.6 mm × 5.0 mm) and thickness (350 nm thick) were prepared by NFTS at 0.5 and
2.5 Pa in argon. While Cu82Cr18 films prepared at 0.5 Pa in argon showed the dense structures,
that prepared at 2.5 Pa exhibited the porosity of the low-density films. This was because, as the
sputtering pressure increased, the mean free path of each sputtered particle decreased; hence, the
sputtered particles have less kinetic energy, resulting in the formation of low-density films. As
expected, the porosity of the low-density Cu82Cr18 films were easily Cu etched, and the dealloying
performance was 30 times higher. The sufficient Cu dealloying was successfully achieved for
only 20 min.
The appearance of the dealloyed films changed from brown to transparent as Cu was etched
out. Moreover, the resistance values of the dealloyed films indicated an insulation state. XRD
analysis indicated the formation of Cr2O3 during Cu dealloying. However, FE-SEM images taken
immediately after the dealloying process showed there were no visible pores. The author
concluded that this might be attribute into the poor diffusion of Cr.
Pore growth not depending the thermal coarsening was necessary, and the author tried the same
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dealloying test using the Cu82Cr18 film deposited on the polyimide film. Because the author
considered that the substrate type might influence the final porous morphologies; the softer
polyimide film may not restrict the pore growth as well as the discharged gas from the polyimide
film may change the Cu82Cr18 film characteristics.
While the dealloyed film on glass substrate had no clear visible pores, the dealloyed film on
polyimide exhibited a nanoporous surface and cross section with pore sized of 20–40 nm. This
result proved that the polyimide films enhanced the dealloyed Cu–Cr film porosity. Although
some cracks (approximately 100 nm wide and several µm long) were created on the film surface,
the fabricated nanoporous film is expected to be applied as a nanofilter.
Through chapter 2–4, the author has been focusing to fabricate nanoporous films via chemical
dealloying. Next, the author attempts to prepare nanoporous films for application in molecular
filters used in MEMS sensors. In this study, fabricated nanoporous films are evaluated as
molecular filters based on sensor performances. The motivations and experimental procedures are
described in more detail in next chapter 5.
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Chapter 5
device

Nanoporous film for application in MEMS

5.1 Target
The author fabricated Cr-based nanoporous films with the wide porous range (approximately
20–300 nm) via many types of chemical dealloying of Cu–Cr. Thermal coarsening, optimization
of initial alloy composition and film density, and further selection of substrate type have
successfully driven the achievement of chemical dealloying. The obtained nanoporous films have
many possibilities for applications, and the aim of this study is also to demonstrate its functionality.
In addition, evaluating nanoporous films based on their application performances will be also
reliable to judge their properties (e.g., pore size, porosity, mechanical toughness and film
thickness). Best properties of the nanoporous film can be also determined by outputs of its
application. In this section, prepared nanoporous films are characterized and studied for
application in separation of water molecules from oil. This filtration properties are carefully
evaluated based on MEMS sensor performances.
First, the author introduces MEMS sensors to monitor the water concentration of oil in real
time. The author mentions a motivation why such MEMS sensors are required today. After giving
an explanation for devices, the author touches the sensor design and its principle. The prepared
nanoporous films function as upper electrode film filters in sensors. The author also refers that
the nanoporous film will be a key-material in order to realize the moisture sensors for oil.
Second, the author describes the first challenge of this study. Sensor fabrication process as well
as their evaluation method are clearly mentioned. For preliminary test, the author initially utilizes
dense films in place of nanoporous films. The fabricated sensors are first evaluated in air, because
it is difficult to control the relative humidity (RH) in oil. Fabrication results and sensor
performances are reviewed, and then future directions are discussed.
On considering the heat-resistant temperature of polyimide films (approximately 350 °C), the
upper nanoporous electrode film filters are first prepared via the chemical dealloying including
low-temperature coarsening. Optimal fabrication conditions for sensors are identified in the
previously reported combinatorial search. The author mentions the fabrication recipes and
subsequently tries to fabricate effective sensors. After all processing, the fabricated sensor
performances are studied and discussed.
The author prepares another nanoporous electrode film filters using chemical dealloying
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without thermal coarsening. The author believes that the developed fabrication procedure may
demonstrate the possibility for designing effective sensors. Dependence of level of Cu dealloying
on sensor performance is carefully determined in air first, indicating the interesting sights.
Next, the author measures sensor performances in oil. Experimental setup is explained using a
schematic diagram. Each sensor performance in oil at different nanostructures is studied, and the
author optimizes the best fabrication conditions for sensors. In the final, the author concludes the
study, demonstrating that the all targets of this study are successfully achieved.

5.2 MEMS sensor for monitoring moisture in oil
5.2.1 Motivations
Lubrication oil is widely used in mechanical system, such as ships or wind-driven power
generators, to reduce friction between machine elements. However, when the machinery is used
in close contact with water, the oil may become contaminated by water136). Not limited to such a
special environment, oil becoming mixed with water can easily occurred everyplace, in which
water leakage from oil cooler or coolant used in machine tools may be the cause of trouble. This
presence of unexpected water can cause the oil to degrade and allow bacteria to grow, thereby
corroding the machine elements137). Moreover, viscosity lowering and oxidative degradation of
oil are mainly caused by the same problem138). Accordingly, oil condition monitoring is an
essential technology, and research is ongoing on the design and development of sensors or systems.
Oil conditions are normally determined by total acid number (TAN)139),140). The total acid
number is defined as effective amount of potassium hydroxide (KOH) for neutralizing acid
component included in 1 g sample. Table 5.1 summarized the total acid number of lubrication
oil141). This table explains the level of degradation of two type oils; pure oil (300 ml) and oil being
mixed with water (60 ml). O2 gas was constantly introduced to the oils at 93 °C, and after
processing time (3,000 h), the total acid numbers were 0.13 mgKOH/g at pure oil and 0.78
mgKOH/g at contaminated oil by water, respectively. This result indicates that the water existence
drastically enhanced the degradation of oil. Fig. 5.1 shows an influence of water content on degree
of oxidative degradation for fresh oil141). With increase of the water content in oil, the oxidative
degradation was becoming enhanced. It is markedly note that the graph carve declined sharply
after 0.2 vol.% water content. Therefore, water content in oil has been generally controlled in 0.1–
0.2 vol.%.
Although approximately 20–100 ppm water is extant in even fresh oil, this water content can
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perfectly dissolve in oil layer. However, when RH in oil becomes more than saturated steam
pressure of oil (RH = 100%), water layer called “free water” is newly generated while completely
separated from oil layer (Fig. 5.2)142),143). The incorporation of free water in the oil layer may
result in abnormal friction between machine elements. These effects can lead to malfunctions of
marine equipment. Thus, developing sensor to monitor the water content of oil in real time is
important.
The conventional way of monitoring water content is by taking a representative sample and
sending it to a laboratory of analysis, such as Karl Fischer titration144). While this method is
reliable and accurate, the disadvantage is the lag time between sampling and obtaining the analysis
results. On the other hand, a capacitive water sensor can perform real-time monitoring and can be
used as a control device. Thereby, this type of capacitive water sensor for oil can be expected as
an intelligent IoT device, and the author describes the sensor design and its principle below.

Table 5.1 Influence of water existence on oxidation of oil141)
Evaluation time (h)

Total acid number (mgKOH/g)

0

3,000

0.13

60

3,000

0.78

Oil life ratio based on oxidation test [%]

Water (ml)

Moisture contents in oil [vol.%]
Fig. 5.1 Effect of moisture content on oil degradation141)
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Oil layer
Water dissolves
in oil…

Oil layer

Fig. 5.2

Water layer
(Free water)

Generation of free water in oil, causing a lot of problems.

5.2.2 Sensor design
Fig. 5.3(a) shows a schematic diagram of the basic capacitive water sensor for oil. This type of
capacitive water sensor consists of a sandwich structure: a nanoporous film filter electrode on the
top, a polyimide film in the middle, and an Au electrode film on the bottom. The ideal pore size
of nanoporous film filter electrodes may be 10–50 nm. As illustrated in Fig. 5.3(b), the diameter
of water molecule is about 0.3 nm, and the diameter of a colloidal oil particle is about 200 nm–
5.0 µm; therefore, the nanoporous film electrode functions as a molecular filter to separate water
molecules from oil and other contaminants.
The diameter of colloidal oil particle alters with the degree of water concentration in oil. In the
low water concentration in oil (0–10% RH), forming emulsion tends to be difficult, therefore the
diameter of oil particles may be smaller than 10 nm. Such smaller oil particles can easily become
trapped in the pores of the film filters, thereby decreasing the sensor response. Generally, it is
very difficult to predict the diameter of oil particles, because this oil particle size depends on the
oil type, level of water absorption in oil, or oil temperature. However, the most importance of the
device is to work well to prevent the generation of free water. Accordingly, the author designed
the pore size focusing on the sensor device operating well in the range 90–100% RH. In such
environment, the emulsion state is enhanced, and therefore 10–50 nm pores may deserve of the
separation of water molecules (0.3 nm) from colloidal oil particles (200 nm–5.0 µm).
Polyimide films function as moisture-sensitive films. The polyimide film absorbs water
molecules from the oil through the nanoporous film filter until its RH equilibrates with that of the
oil. The dielectric constant (𝜀𝑟 ) of the polyimide film changes as it absorbs water, which affects
the electric capacity (C) of the sensor according to the following linear function (Eq. 5.1):
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𝐶 = 𝜀0 𝜀𝑟 (𝑆⁄𝑑)

(5.1)

where 𝜀0 is the dielectric constant in a vacuum, S is the surface area of the lower Au electrode
film, and d is the thickness of the polyimide film. In conclusion, detecting the electric capacity of
the sensor enable us to monitor the RH of the oil.
The dielectric constant (𝜀𝑟 ) of the polyimide film used is 2.8–3.0, and the 𝜀𝑟 of water is about
80. Therefore, the 𝜀𝑟 of the polyimide film increases significantly with the level of water
absorption, promising a highly-sensitive sensor response. In order to design the sensor devices,
the two unknown parameters (S and d) of Eq. 5.1 were determined. The author attempted to
fabricate a millimeter-ordered sensor device, which can be applicable to IoT system. Sensor
output (C) was first measured to be approximately 100 pF in the initial state (RH = 0%). For d =
2 µm, S can be determined by Eq. 5.1, where 𝜀0 = 8.9 × 10-6 pF/µm and 𝜀𝑟 = 3.0. The calculated
S was approximately 7.5 mm2. The 𝜀𝑟 of polyimide at 25 °C was approximately 3.5 at 50% RH
and 4.0 at 90% RH145). Therefore, the predicted sensor output was approximately 117–134 pF for
50%–90% RH (i.e., estimated sensitivity is ca. 17/40 pF/RH). The difference between the sensor
output and the designed output value can be attributed to error in the polyimide film thickness,
which can be compensated by a controlling circuit. The upper nanoporous film filter electrode
and the lower dense Au electrode film were determined on 350–500 nm thick, and 300–500 nm
thick, respectively.
By increasing the pore size of the film filter, the moisture-sensing properties are enhanced, but
oil or contaminants in the oil can easily become trapped in the pores of the film filters, thereby
decreasing the responsiveness of the sensor. Hence, the author determines the optimal pore size
for the sensor. Especially, the author focuses the minimum allowable pore size for the sensor,
which can allow the excellent sensor response.
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Wiring

Polyimide film

Upper nanoporous
electrode film

Capacitive water sensor for oil

Wiring

Lower dense
electrode film

Glass substrate

Water molecule (0.3 nm)

Colloidal oil particle (200 nm–5.0 µm)

Upper nanoporous electrode
film filter (10–50 nm pores)

Fig. 5.3 Schematic diagram of the moisture sensor for oil; (a) capacitive water sensor
consists of a sandwich structure, and (b) cross-sectional structure of sensor.

Fig. 5.4 shows the first sensor design. The scale of sensor chip is a millimeter order. The author
partially removed the bottom left of the lower electrode film (see shape of yellow electrode in the
figure) as well as the polyimide film (green), so that the upper wiring could connect to the
subsequently formed upper nanoporous film filter electrode. The both lower electrode film and
upper nanoporous film filter electrode has the same dimension (3.5 mm × 2.4 mm). The dimension
of polyimide film was 4.5 mm × 3.4 mm, which was analogously larger than that of the upper
nanoporous electrode film filter. This sufficiently wide polyimide film can prevent the upper
nanoporous electrode film filter from being electrically connected with the lower electrode film.
Moreover, the author additionally prepared new sensor design as illustrated in Fig. 5.5. The
first designed sensor shown in Fig. 5.4 may cause a sensor output loss (Fig. 5.6). The upper
electrode film has the same dimension as the lower electrode film, and furthermore, this upper
electrode film is first prepared by sputter deposition through a metal mask and subsequent
chemical dealloying. Therefore, the pattern placement error of the alignment marks between metal
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mask and substrate is easy to happen. This accidently caused reduction of the effective surface,
resulting in sensor output loss. To prevent such output loss, the lower electrode film was designed
to be smaller than the upper electrode film. The predicted sensor output was approximately 30–
47 pF for 50%–90% RH (i.e., estimated sensitivity is same ca. 17/40 pF/% RH).
Multiple sensors are synthesized on a single glass substrate (dimension: 60 mm × 60 mm), as
shown in Fig. 5.7. The sensors were prepared via sputtering, lithography technology, and chemical
dealloying, which are mentioned clearly below.
4.5
3.5

2.4

3.4

0.3

Upper nanoporous electrode film filter

Upper wiring
Polyimide film
Lower dense electrode film
including wiring
0.25

Fig. 5.4

First sensor design

4.5
3.5

3.4

2.4

Upper nanoporous electrode film filter
Upper wiring
Polyimide film
Lower dense electrode film
including wiring

Fig. 5.5

Second sensor design
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Effective surface: 100% (Ideal)
Positioning of upper electrode film

Effective surface

Ideal sensor

Effective surface: Down (Real)
Deposited position
error

Lost area

Real sensor

Sensor output loss resulted from reduction of effective surface of capacitor

60

60

32.5

Fig. 5.6

Sensor output loss

28

Fig. 5.7

Multiple sensors synthesized on single substrate
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5.3 Preliminary test
5.3.1

Fabrication process

Through chapter 2–4, the author has been fabricated nanoporous films for MEMS sensors.
However, the author did not quit show if the moisture sensor for oil really needs upper nanoporous
electrode film. Dense type upper electrode film may work well on the sensor performance.
Therefore, the author first utilized a dense structured upper electrode film. It was studied how the
fabricated sensor would operate. Moreover, these experimental results will be important
information upon designing the ideal sensor structure.
Fig. 5.8 and 5.9 shows a schematic sequence of the sensor fabrication process. A glass substrate
(dimension: 60 mm × 60 mm) was first prepared through the ultrasonic cleansing in acetone for
5 min, and then in ethanol for 5 min, subsequently rinsed in water for 5 min. Afterwards, the
substrate was dried through the air blow and heat-treatment in air at 110 °C for 5 min {step (a)}.
Next, the masked glass substrate was loaded in sputtering system (Canon Anelva Inc., Model
SPF-430H), and a lower Au electrode film (500 nm thick) including wirings was sputtered {step
(b) and (c)}. The metal mask was removed after Au sputtering {step (d)}, a polyimide film was
prepared via lithographic process. Fabrication conditions were summarized in Table 5.2. 75%
diluted polyimide precursor solution (Toray Inc., Model Photoneece PW-1500) was spin-coated
(Mikasa Inc., Model 1H-DX) on the wafer. Afterwards, the coated wafer was prebaked by hot
plate in air (Mikasa Inc., Model DP-1S), and further masked wafer was UV-exposed at 325
mJ/cm2 for 50 sec by exposure machine (Mikasa Inc., Model MA-20). Finally, the treated wafer
was dipped in a developing solution (Tokyo Ohka Kogyo Inc., Model NMD-3) at room
temperature for 90 sec, patterning itself on a form of shadow mask {step (e)}. The so prepared
wafer was cured in N2 atmosphere following the conditions shown in Table 5.2. The polyimide
film thickness resulted in approximately 2.0 µm. The prepared wafer was shown in Fig. 5.10(a).
Multiple sensors are synthesized on a single glass substrate (dimension: 60 mm × 60 mm).
In the final step, the masked wafer using metal mask {Fig. 5.10(b)} was loaded in NFTS, and
a upper electrode film (400 nm thick) was formed onto the polyimide film with an area with
dimensions 3.5 mm × 2.4 mm exposed to the sources {step (f)}. Fig. 5.11 illustrates a schematic
diagram of NFTS sputtering. Cr was simultaneously sputtered by facing Cr targets in accordance
with conditions described in Table 5.3. The tested sputtering pressures were in the low range (0.1
and 0.5 Pa in argon), where normally dense metal thin films can be formed. Each sample was
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referred as sensor 1 (0.1 Pa) and sensor 2 (0.5 Pa) herein.
After sputtering, the microstructures of deposited films in NFTS were examined using SEM
(JEOL Inc., Model JSM-6010LV). The fabricated sensor performances were then determined,
which procedure was described in the next section.

Metal mask

(a)

(b)

Glass substrate

Au
(c)

(d)
Au

Au sputtering

Upper electrode film

Polyimide film
Polyimide film
Lower Au elecrode

(f)

(e)

Fig. 5.8 First sensor fabrication process: (a) substrate cleaning, (b) masked substrate using
metal mask, (c) deposition of upper wiring and lower Au electrode film including lower
wiring, (d) removal of metal mask, (e) deposition of polyimide film, and (f) deposition of
dense upper electrode film.
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Metal mask

(b)

(a)
Glass substrate

Au
(c)

(d)

Au sputtering

Au
Upper electrode film

Polyimide film
Polyimide film
Lower Au electrode

(f)

(e)

Fig. 5.9 Second sensor fabrication process: (a) substrate cleaning, (b) masked substrate using
metal mask, (c) deposition of upper wiring and lower Au electrode film including lower
wiring, (d) removal of metal mask, (e) deposition of polyimide film, and (f) deposition of
dense upper electrode film.

Table 5.2 Deposition conditions for polyimide film
Spin coat

200 rpm × 10 s→700 rpm × 10 s→1800 rpm × 30 s→2200 rpm × 0.5 s

Pre bake

130 °C × 5 min

Exposure

325 mJ/cm2 for 50 s

Development
Cure

NMD-3 for 90 s
140 °C ×5min →240 °C × 5 min →340 °C × 5 min
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(a)

60

(b)

60

60

Fig. 5.10 Preparation of wafers; (a) wafer after the fifth step, and (b) metal mask used for
deposition of upper electrode film.

Substrate
Cr particle

N S

N S
Ar+
Low sputtering
pressure

Cr target

N S

Cr target

N S

Fig. 5.11 Schematic diagram of NFTS system for deposition of dense upper electrode film
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Table 5.3 Sputtering conditions in NFTS
Sensor 1

Sensor 2

0.1

0.5

Cr

500

500

Cr

500

500

TS distance (mm)

82

82

Deposition area (mm)

3.5 × 2.4

3.5 × 2.4

Film thickness (nm)

420

450

Sputtering pressure (Pa)
Sputtering power (W)

5.3.2

First evaluation system

The fabricated sensors were first evaluated in air (because it is difficult to control the RH in
oil). The measurement setup for air, shown in Fig. 5.12, comprised a humidity- and temperaturecontrolled chamber (ESPEC Inc., Model LHU-113, Controllable range: 30%–90% RH), a
reference moisture sensor (VAISALA Inc., Model MMT330), and an LCR meter (Keysight
Technologies Inc., Model 4285A, Measuring frequency: 100 kHz) connected to a PC (Software:
Agilent VEE Pro 9.2). The reference sensor and the fabricated sensor were simultaneously
measured, which records were analyzed using software on the PC. The time-series responsiveness
and hysteresis of each fabricated sensor was evaluated using an electrostatic-capacity-transient
method, in which the change in the electrostatic capacity was measured between different RH
values (50%–90% RH) at 25 °C.

Reference sensor

Temperature sensor

°C
Digital multimeter

0–5 V

V
LCR meter

Software
(Agilent VEE Pro 9.2

Fabricated sensor
Temperature and humidity chamber

PC

Fig. 5.12 Measurement setup for testing the sensors in air.
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5.3.3 Experimental results and discussion
The prepared sensors were first characterized using SEM. The structural observation results
are shown in Fig. 5.13. SEM images (a) and (b) were corresponding to sensor 1 and sensor 2,
respectively. While the image (a) showed a smooth structure throughout the film surface, the
image (b) showed additional cracks to the dense structure. Those cracks may be attributed into
the thermal stress, in which polyimide films are thermally shrank under the high temperature. In
general, a low substrate temperature can be realized during the sputtering in NFTS, however
cooling water might be accidently not enough, causing an unintentional high substrate
temperature. Next, the sensors having the two differential structures were evaluated and compared
in terms of the sensor performances.
Fig. 5.14 shows the time-series response of the sensor 1 having the pure dense upper electrode
film. The data indicate that the fabricated sensor unfortunately did not react. This have resulted
from the poor moisture permeability of the upper film. Dense structure hampered its permeability
to water molecules. Hence, the electric capacity of the sensor 1 did not change between different
RH values.
Fig. 5.15(a) shows the time-series response of the second sensor having the dense and cracked
upper electrode film. It can be seen that the fabricated sensor 2 reacted to the changes in RH,
however, there was poor repeatability. Moreover, the measured hysteresis was 35.8% Full Scale
(FS), indicating the non-linearity (Fig. 5.15(b)).
In addition, the obtained sensitivity was also extremely low; the designed sensitivity was 17/40
pF/% RH, whereas that of sensor 2 was only 2.5/40 pF/% RH. This resulted from the poor water
permeability based on the dense upper film. Cracks created on the film surface allowed the slight
water permeability, thus the changes in the electric capacity of the sensor could be observed.
However, this sensor performance was far from complete, remaining a lot of problems.
Consequently, the author certified that nanoporous structured upper film are necessary for the
sensor. The author expects that the nanoporous electrode film filter may successfully enhance the
moisture permeability, as well as may promise an excellent sensor response.
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(a) Sensor 1 (0.1 Pa in argon)

(b) Sensor 2 (0.5 Pa in argon)
Dense

Crack
Dense

5 µm

10 µm

100
Reference sensor
Sensor 1
90

Capacitance [pF]

70
60

80

50

70
60

40

50

No response

30
0

1

2

3

4

Relative humidity [%RH]

Fig. 5.13 SEM images of upper electrode film structure deposited at (a) 0.1 Pa in argon, and
(b) 0.5 Pa in argon.

40

Time [h]
Fig. 5.14 Time-series response of the sensor 1 having dense upper electrode film.
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44
Non-linearity
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Dehumidification

42
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41
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90

100

Relative humidity [%RH]
Fig. 5.15 (a) Time-series response and (b) hysteresis of sensor 2 in air at 50%–90% RH and
25 °C.
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5.4 Sensors developed via the chemical dealloying including thermal
coarsening
5.4.1 Conventional sensor model
A commercially available moisture sensor for oil (Nabtesco Inc., Model N-WIO-006H) has
been developed based on our previous research146) and has also the same condenser structure and
exhibit a well responsiveness in oil. Thus, the author used the sensor in this work as the reference
sensor. The upper nanoporous electrode films used in the reference sensor have been prepared
using oblique incidence film deposition147)-154).
Oblique incidence film deposition is a simple method for fabricating a nanostructure. J. L.
Plawsky et.al155) reported a representative oblique incidence film deposition technique (Fig. 5.16).
The incident vapor flux reaches at the substrate at an angle θ, in which the geometric shadowing
effect enhanced the formation of the directed nanorods. While the created self-shadowed region
by incident vapor flux can hardly receive the target particles, taller islands can continuously
receive the target particles and grow longer. The proper nanocolumnar structure in the final crosssection can be seen in Fig. 5.16. This thin film structure promises a well porosity, and has been
used as the sensor electrode. However, it is typically difficult to regulate the pore sizes at the
nanoscale because oblique incidence film deposition is simply based on sputtering, and the
transport of a target particle during sputtering is almost uncontrollable. Moreover, the obtained
final film structure has no visible pores, which cannot entirely suggest the pore morphology. It is
desirable for a molecular filter to consist of well controllable pore sizes.
The author considered that the chemical dealloying as optimized by combinatorial method
could overcome the poor controlling of the pores. Moreover, the effect of pore seizes on sensor
performances can be also determined, which may further improve the sensor performance. The
author aims to fabricate more effective sensors via chemical dealloying of Cu–Cr alloys with
compositions that were optimized by a combinatorial method. Further experimental information
were described below.
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Fig. 5.16 Schematic diagram of oblique incidence film deposition; (a) and (b) the growth of
an array of directed nanorods. Cross sectional images of (c) SiO2, (d) ITO, and (e) TiO2
nanorods deposited by oblique incidence film deposition (J. L. Plawsky et.al155)).

5.4.2

Fabrication process

The author presented many types of chemical dealloying of Cu–Cr; the process including hightemperature coarsening (in chapter 2), including low-temperature coarsening (in chapter 3),
without thermal coarsening (in chapter 4). The first one requires thermal coarsening at 700 °C for
1 h, whereas the heat-resistant temperature of polyimide films is approximately 350 °C, therefore
the author’s second or third technique seems to be suitable.
First, the author challenged to prepare the sensors via the chemical dealloying including lowtemperature coarsening. Fig. 5.17 shows a sensor fabrication process. A glass substrate was first
prepared through the ultrasonic cleaning in acetone for 5 min, and then in ethanol for 5 min,
subsequently rinsed in water for 5 min. Next, the substrate was dried through the air blow and
heat-treatment on a hot plate in air at 110 °C for 5 min (Fig. 5.17(a)).
Afterwards, the masked glass substrate was loaded in sputtering system, and a Cr adhesion
layer was deposited, which was immediately followed by Au sputtering (Fig. 5.17(b) and (c)).
The total film thickness was approximately 500 nm. The metal mask was removed after Au
sputtering (Fig. 5.17(d)), then a polyimide film (2.0 µm thick) was patterned via lithography
following Table 5.2 (Fig. 5.17(e)).
In the next step, the masked wafer was loaded in NFTS, and Cu and Cr were simultaneously
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sputtered onto the polyimide film with an area with dimensions 3.5 mm × 2.4 mm (Fig. 5.17(f)).
This resulted in a 500 nm thin film of CuxCr100-x; this process is further described later. Moreover,
the coarsening was conducted at 300 °C for 1 h prior to dealloying (Fig. 5.17(g)). Due to the heattreatment, Cu and Cr were thermally diffused with the grain growth, allowing the excellent Cu
etching. The annealed sample was dealloyed by immersing it for 15 h in 32.5% HNO 3 at room
temperature, producing a nanoporous film structure (Fig. 5.17(h)).

(a)

(b)

Glass substrate

Metal mask

Au
Au
(c)

(d)

Au sputtering

Au

Polyimide film
Polyimide film
Lower Au electrode

(e)

Cr
Cu

CuxCr100-x

(f)

Cu
300 °C for 1 h

32.5% HNO3
(g)

(h)

Fig. 5.17 Sensor fabrication process via chemical dealloying including thermal coarsening;
(a) substrate cleaning, (b) masked substrate using metal mask, (c) deposition of lower Au
electrode film, (d) removal of metal mask, (e) deposition of polyimide film, (f) co-sputtering
of Cu–Cr, (g) thermal coarsening in a high-vacuum atmosphere, and (h) Cu dealloying at room
temperature.
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Cu–Cr alloys with initial compositions (CuxCr100-x) determined by the previously reported
combinatorial search were tested. The results shown in Fig. 5.18 could be obtained in chapter 3,
and helpful to identify optimal fabrication conditions for sensors. Because region A could produce
the excellent Cu dealloying, and because the pore size for upper nanoporous electrode film filter
was targeted in 10–50 nm, the author could successfully determine Cu72Cr28 as the optimal alloy
for the process. Table 5.4 summarized sputtering conditions for NFTS.
The alloy compositions before and after dealloying were first characterized by EDX. Moreover,
FE-SEM was used to examine the surface structures of the Cu–Cr film. Sensor performances were
also determined following the system shown in Fig. 5.12.
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Cr composition [at.%]
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79 at.%
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Fig. 5.18 Optimal fabrication conditions for sensors identified in the combinatorial search;
(a) the corresponding Cr composition, and (b) final pore size and porosity.
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Table 5.4 Sputtering conditions in NFTS
Initial alloy composition (at.%)

Cu72Cr28

Film thickness (nm)

500

Sputtering pressure (Pa)

0.5

Sputtering power (W)

Cu target: 202
Cr target: 168

Sputtering time (min)

15

TS distance (mm)

82

Deposition area

3.5 × 2.4

5.4.3 Experimental results and discussion
Fig. 5.19 shows the sensor samples fabricated via dealloying process; (a) before dealloying,
and (b) after dealloying. In most of sensor samples, upper Cu–Cr films were unfortunately
delaminated from the polyimide films during the dealloying service. As seen from the photo (b),
the dealloyed Cu–Cr film was broken into fragments, and also the remained parts were easily
delaminated by air brow. Therefore, the dealloyed film had the poor mechanical toughness, which
have resulted from the heat shrink of the polyimide film (Fig. 5.20). The polyimide films are
prone to deformation at a high temperature, and this experimental result showed that the heat
shrink was happened at 300 °C for 1 h, which was even within the allowable heat-treatment. The
above Cu–Cr film was hardly bound by the bottom polyimide film, thus the heat shrink of the
polyimide film generated numerous cracks on the Cu–Cr film surface, resulting in the poor
mechanical toughness. Such fragile Cu–Cr films were finally broken down during Cu dealloying.
The survived Cr nanoporous film above the polyimide film had an elemental composition of
Cu17Cr83, according to EDX analysis. The deformed Cu–Cr film might hinder the smooth Cu
dealloying, resulting in the insufficient Cu etching. Fig. 5.21 shows the white light interferometer
(Zygo Inc., Model NewView 5000) image taken after the dealloying process, and it indicates there
was uneven adhesion. This can be explained by deformation of the polyimide due to the high
temperature atmosphere. Thus, it decreased adhesion between the top Cr nanoporous film and the
bottom polyimide film.
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Cu17Cr83 (Fragile state)

Cu72Cr28

Delaminated
part

1 mm
(a)

(b)

Fig. 5.19 Fabricated sensors; (a) before Cu dealloying, and (b) after Cu dealloying. As seen
from the photo (b), upper electrode film was partially delaminated from polyimide film.

Crack

Cu–Cr film

Thermal shrink

Before heat-treatment

During heat-treatment

Fig. 5.20 Thermal shrink by polyimide film damaging top Cu–Cr film

Favorable adhesiveness

Poor adhesiveness

5 mm

Fig. 5.21
White light interferometer image showing the formation of the surface
morphology.
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Fig. 5.22(a) shows the FE-SEM (JEOL Inc., Model JSM-6301F) top view taken before the
dealloying process and it shows the smooth surface of the Cu–Cr thin film, and Fig. 5.22(b) shows
visible porosity after the dealloying process. The time-series response and hysteresis of this sensor
were evaluated in air where it is easy to control the RH. Fig. 5.23 shows the electrostatic capacity
versus time for 50%–90% RH at 25 °C in the bath. The fabricated sensor followed the changes in
RH, but showed the poor responsiveness. It is markedly to note that the sensor performance at the
dehumidification was especially low, which resulted from the poor filtration property. Moreover,
Fig. 5.24 shows the electrostatic capacity versus RH for the sensor during exposure to 50%–90%
RH at 25 °C, and the hysteresis of the sensor was 35.8% FS (the target hysteresis was below
10.0% FS), remaining a lot of problems.
The remained all problems were attributed to the thermal coarsening. This thermal coarsening
deformed the polyimide films, weakening the final nanoporous film stability. The fabricated
unstable sensor certainly showed the low performances, and an improvement of the sensor is
required.
The only way to improve the sensor properties is to skip thermal coarsening step. The chemical
dealloying established in chapter 4 allow to execute all steps at room temperature. The author
introduces a further improved sensor fabrication process, which is mentioned in the next section.

(b)After dealloying

(a) Before dealloying
Cu72Cr28

Cu17Cr83

1 µm

1 µm

Fig. 5.22 FE-SEM images of Cu–Cr film; (a) before Cu dealloying, and (b) after Cu
dealloying. Before Cu dealloying, the top-view showed a smooth structure. By contrast, the
top-view showed a visible porosity.
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Fig. 5.23 Time-series response of the fabricated sensor with the unfavorable Cr nanoporous
electrode film filter. The result showed the poor repeatability. Especially, performances in
dehumidification was markedly unfavorable.
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Fig. 5.24 Hysteresis of the fabricated sensor in air at 50%–90% RH and 25 °C.
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5.5 Sensors developed via the chemical dealloying without thermal
coarsening
5.5.1 New sensor design
The author first redesigned the sensor shape. As mentioned in the section 5.2.2, the old design
shown in Fig. 5.4 could cause reduction of sensor output owing to the error in the alignment of
the metal mask and substrate. This is because the same dimension of the upper and lower electrode
film (dimension: 3.5 mm × 2.4 mm). The author resolved the problem by designing the upper
electrode film to be larger (dimension: 5.0 mm × 3.6 mm) than the lower electrode film. The wide
margin may prevent the reduction of the effective surface (S) even when a trouble is occurred by
a position alignment error. The predicted sensor output was approximately 117–134 pF for 50%–
90% RH (i.e., estimated sensitivity is same ca. 17/40 pF/% RH).
Fig. 5. 25 shows the new sensor design. Basic structure is the same as Fig. 5.4. To prevent the
upper electrode film from being electrically connected with the lower electrode film, the margin
of 0.5 mm wide was prepared. Sensor fabrication process was mentioned in more details below.

0.75

3.5

Upper nanoporous electrode
film filter

2.4

0.3

0.7

0.75

0.50.5

Upper wiring

Polyimide film

Lower dense electrode film
including wiring
0.25

Fig. 5.25

5.5.2

Newly proposed sensor design

Fabrication process

Fig. 5.26 shows a newly proposed sensor fabrication process. A starting glass substrate was
first prepared through the ultrasonic cleaning (Honda Electronics Inc., Model W-113) in acetone
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for 5 min, and then in ethanol for 5 min, subsequently rinsed in water for 5 min. Afterwards, the
substrate was dried through the air blow and heat-treatment in air at 110 °C for 5 min (Fig. 5.26(a)).
In the previous work, the lower electrode film was patterned using metal mask. However,
preparation of metal masks was costly, thus liftoff process using photoresist was employed (Fig.
5.26(b)). Negative photoresist (ZEON Inc., Model ZPN1150-90) was spin-coated (Mikasa Inc.,
Model MS-A150) on the substrate and patterned following the Table 5.5. The coated substrate
was prebaked and then treated by exposure apparatus (Union Inc., Model PEM-800), and
subsequently post-exposure baked after the exposure step. In the final, the treated sample was
developed using alkaline development solution (Tokyo Ohka Kogyo Inc., Model NMD-3), and
rinsed with pure water (Fig. 5.26(b)).
A lower electrode film was then deposited by sputtering system (Shibaura mechatronics Inc.,
Model CFS-4ES-231) in accordance with the Table 5.6. The wafer was first cleaned by reverse
sputtering at 100 W for 50 s. Afterwards, a Cr adhesion layer was deposited, which was
immediately followed by Au sputtering (Fig. 5.26(c)). The total film thickness was approximately
300 nm thick. Uniform film thickness was achieved by rotating the wafer at 10 rpm during the
deposition. Lift-off was carried out acetone immersion for more 10 h to remove the remaining
photoresist, thus revealing the lower electrode pattern (Fig. 5.26(d)).
After cleaning the wafer in acetone, ethanol, and pure water immersion, a polyimide film (2.0
µm thick) was prepared via lithography following Table 5.2 (Fig. 5.26(e)). Next, NFTS deposited
CuxCr100-x film of 350 nm thick onto the polyimide films (Fig. 5.26(f)); sputtering conditions are
referred later. Before co-sputtering in NFTS, the surface of the polyimide film was then roughened
using polishing sheets (Fig. 5.27) to facilitate a higher bonding force at the interface between the
Cu–Cr and polyimide films by the Anchor effect156), thereby preventing delamination of the Cu–
Cr film from the polyimide film during the Cu dealloying.
After Cu–Cr film deposition, Cu dealloying of the deposited CuxCr100-x film was performed by
immersion in 22.5% HNO3 at room temperature, yielding a Cr2O3 based transparent film with
nanoscale pores (Fig. 5.26(g)). This can be explained by considering that the as-deposited Cu–Cr
film was composed of small Cr grains, which easily oxidized in the HNO3 solution. The obtained
transparent nanoporous has insulating properties, therefore new eighth step was included into the
fabrication process; finally Au was thinly sputtered (20–30 nm thick) on the transparent film to
be used as the upper electrode of the sensor (Fig. 5.26(h)).
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(b)

(a)
Glass substrate

Masking by photoresist

Au

Au

(c)

(d)

Au sputtering

Au

Polyimide film
Polyimide film
Lower Au electrode

(e)

Cr
Cu

CuxCr100-x

(f)

Au coating
(20–30 m thick)

Cu

22.5% HNO3
(g)

(h)

Fig. 5.26 Sensor fabrication process via chemical dealloying without thermal coarsening; (a)
substrate cleaning, (b) masked substrate using photo resist, (c) deposition of lower Au
electrode film, (d) lift-off process, (e) deposition of polyimide film, (f) co-sputtering of Cu–
Cr, (g) Cu dealloying at room temperature, and (h) Au sputtering.
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Prepared wafer
Polishing by hand
(Approx. 10 rounds trip )

Polishing sheet fixed on flat table
(#10000 (0.5 µm))

Fig. 5.27 Surface of polyimide film roughened using polishing sheet, facilitating higher
bonding force at interface between Cu–Cr and polyimide film by Anchor effect156).

Table 5.5 Fabrication conditions of mask using photoresist
Spin coat

500 rpm × 5 s→2000 rpm × 20 s→2300 rpm × 0.3 s

Pre bake

90 °C × 2 min

Exposure

7.7 mW/cm2 for 7 s

Post-exposure bake

110 °C × 110 s

Development

NMD-3

Table 5.6 Sputtering conditions for lower Au electrode film
Sputtering pressure (Pa)

0.6

Sputtering power (W)

Cr target: 200
Au target: 200

Sputtering time (min)

Cr: 70 s
Au: 660 s

Total film thickness (nm)

300
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Cu–Cr alloys with initial compositions (CuxCr100-x) were identified in the previously reported
combinatorial search shown in Fig. 5.28. This fabrication map reported in chapter 4 enable the
effective and rapid sensor fabrication. Fig. 5.28 reveal that an initial Cr composition of 18 at.%
results in sufficient Cu dealloying without film dissolution. Thus, Cu82Cr18 was selected as the
optimal alloy A and used to fabricate nanoporous films and sensors (herein referred to as sensor
A).
To evaluate the relationship between the sensor performance and the level of Cu dealloying
(corresponding to the pore size), an alloy with a composition that does not yield sufficient Cu
dealloying (Cu80Cr20) was also selected as alloy B and used to fabricate nanoporous films and
sensors (herein referred to as sensor B). Sputtering conditions for the two Cu–Cr films in NFTS
were summarized in Table 5.7. Hence, sensors A and B were fabricated through the same process
but with chemical dealloying of Cu82Cr18 and Cu80Cr20, respectively; they were compared in terms
of several metrics of sensor performance.

Cr composition [at.%]

(b)

100
90

Before dealloying
After dealloying for 15 h

Region 1

Region 2

A

B

80
80 at.%

70
48 at.%

60
50
40
30

20 at.%

18 at.%

20
10
0

-30

-20

-10

0

10

20

30

Distance from central axis [mm]
Fig. 5.28 Optimal fabrication conditions for sensors identified in the previously reported
combinatorial search.

122

Chapter 5 Nanoporous film for application in MEMS device

Table 5.7 Sputtering conditions in NFTS
Alloy A: Cu82Cr18

Alloy B: Cu80Cr20

2.5

2.5

Cu

175

175

Cr

80

94

Sputtering time (min)

35

35

TS distance (mm)

82

82

Deposition area (mm)

3.6 × 5.0

3.6 × 5.0

Film thickness (nm)

350

350

Sputtering pressure (Pa)
Sputtering power (W)

5.5.3 Evaluation system in air
The fabricated sensors were first studied in air (because it is difficult to control the RH in oil)
and then in oil. The newly constructed measurement setup, shown in Fig. 5.29, comprised a
humidity- and temperature-controlled chamber (ESPEC Inc., Model SH-242, Controllable range:
30%–90% RH), an excellent reference moisture sensor (Tateyama Kagaku Industry Inc., Model
SPF-54, measurement accuracy: ±3.0% RH, 90% response time: 15 sec), a logger (National
Instruments Inc., Model NI myDAQ) and an LCR meter (HIOKI Inc., Model 3532-50, Measuring
frequency: 100 kHz) connected to a PC (Software: LabVIEW).
The time-series responsiveness and hysteresis of each fabricated sensor was evaluated using
the same electrostatic-capacity-transient method, in which the change in the electrostatic capacity
was measured between different RH values (40%–90% RH) at 25 °C. The target value for the
hysteresis was less than 10.0% FS.

123

Chapter 5 Nanoporous film for application in MEMS device

Fabricated sensor

Logger

Reference sensor

LCR meter

Temperature and humidity chamber

PC (Software: LabVIEW)

Fig. 5.29 Measurement setup for testing the sensors in air.

5.5.4 Experimental results and discussion
The nanoporous electrode film filters for sensor A were fabricated via sputtering of Cu82Cr18
on a polyimide film under the condition shown in Table 5.7, followed by chemical dealloying in
22.5% HNO3. The Cu82Cr18 film was dealloyed to Cu25Cr75; its color changed from brown to
transparent (Cr2O3) after 7 min of dealloying, as shown in Fig. 5.30, but its thickness remained
unchanged. Further Cu etching is normally not possible because prolonging the dealloying time
resolved the transparent nanoporous film. This Cu etching performance almost corresponded with
the combinatorial analysis shown in Fig. 5.28; final obtained Cr composition was 80 at.% at the
combinatorial analysis, and 75 at.% at the sensor fabrication thorough the same process,
indicating that the author’s combinatorial analysis was a reliable. The author considered the total
dealloying time depending the Cu–Cr film size. The Cu82Cr18 film used for the sensor fabrication
had the small dimension (3.6 mm × 5.0 mm), in which side etching was enhanced, resulting in
the shorter dealloying time.
In the last step of fabrication, Au was thinly sputtered on the transparent Cu25Cr75 film to be
used as the upper electrode of the sensor. Fig. 5.31 shows the obtained sensor. The FE-SEM
images shown in Fig. 5.32(a) depict the surface structures of the as-deposited Cu82Cr18 film prior
to dealloying and the Au thinly sputtered on the Cu25Cr75 film. Nanoporous structures with pores
of approximately 20–40 nm were successfully observed after dealloying and Au sputtering, as the
FE-SEM images reported in chapter 4 (see Fig. 4.24(b)). Summary, sensors with novel transparent
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nanoporous films were fabricated via chemical dealloying of a Cu–Cr alloy with a composition
optimized via the combinatorial method. As mentioned in chapter 4, however, some cracks were
created on the film surface (Fig. 5.32(b)), remaining a problem.

Fig. 5.30

Images of the Cu–Cr film before and after Cu dealloying (sensor A)

Sensing part

1 mm
1 mm

Au electrode

Fig. 5.31 Fabricated oil-moisture sensor A
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Fig. 5.32 (a) Surface structure before and after dealloying, and (b) film cracks created on the
final obtained Cu25Cr75 film surface.

Next, to investigate the relation between the level of Cu dealloying and sensor performance,
another replicate of sensor B was fabricated as shown in Fig. 5.28. Table 5.7 shows the sputtering
conditions. The chemical dealloying of Cu80Cr20 was performed in the same conditions (22.5%
HNO3 for 7 min). Over 7 min of dealloying, the Cu in the Cu80Cr20 film was gradually etched to
yield Cu46Cr54, and the appearance of the film changed from silver to black, but the thickness
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remained unchanged (Fig. 5.33). As indicated by the combinatorial analysis shown in Fig. 5.28,
it was not possible to achieve sufficient Cu dealloying.
In the final step of fabrication, Au was thinly sputtered on the Cu46Cr54 film to be used as the
upper electrode film. Fig. 5.34 shows the obtained sensor B. The FE-SEM images in Fig. 5.35(a)
and (b) show the surface- and cross sectional structure of the dealloyed Cu–Cr film, respectively.
The observed porous structure was unclear, which can be attributed to the insufficient Cu
dealloying. The pores were estimated to be smaller than 20 nm. Moreover, even in the chemical
dealloying of Cu80Cr20, a lot of cracks were seen on the film surface (Fig. 5.36). Because the Cu
dealloying did not advance in the sample B, the amount of cracks was less than that of sample A.
As the Cu dealloying proceeds, relief of internal stresses in the film were gradually enhanced,
therefore film cracking was increasingly created throughout the surface.

Fig. 5.33

Images of the Cu–Cr film before and after Cu dealloying (sensor B)

1 mm
Fig. 3.34 Fabricated oil-moisture sensor B.
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Fig. 5.35 (a) Surface structure and (b) cross-sectional structure of the final obtained Cu46Cr54
film, unfortunately showing there were no visible pores.
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1 µm
Fig. 5.36

Film cracks were also seen on the final Cu46Cr54 film surface

Sensor A was first evaluated in air. Fig. 5.37(a) shows the time-series response of the sensor.
In this study, the author shortened the evaluation time to investigate the fabricated sensor as soon
as possible, but the adequate evaluation time was considered, where minimum two cycles
including 90% RH holding for 15 min were carried out. In this evaluation, tracking and keeping
of sensor output at each stage (humidification→ 90% RH holding→ dehumidification) were
carefully evaluated with respect to the perfect reference sensor. The data indicate that the
fabricated sensor exhibited outstanding responsiveness and repeatability in air.
The sensor output range was approximately 130–145 pF at 50%–90% RH, indicating that the
sensitivity was ca. 15/40 pF/% RH, which was close to the predicted sensitivity (17/40 pF/% RH).
The author considered that the small deviation was caused by the nanostructured upper electrode
film. The predicted sensitivity described was estimated when considering a normal capacitor
having dense upper and lower electrode films. By processing the pure film into a nanoporous film,
the effective surface (S) area of the capacitor or electrical conduction property of the upper sensor
electrode was altered, likely resulting in the shift from the designed sensor characteristics.
Moreover, as shown in Fig. 5.37(b), the measured hysteresis was 7.4% FS, which was within the
target range of <10.0% FS; this confirms that the sensor also exhibited excellent linearity.
By contrast, sensor B was also evaluated in air, and remained a problem on the sensor
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responsiveness. Fig. 5.38(a) shows the time-series response of sensor B, which indicates that the
sensor output was delayed in response to dehumidification from 90% RH to 40% RH. The sensor
output range was approximately 170–188 pF at 50%–90% RH, indicating the favorable 18/40
pF/% RH (predicted sensitivity: ca. 17/40 pF/% RH) based on the almost dense upper film
structure. However, as shown in Fig. 5.38(b), the hysteresis of sensor B was 13.3% FS, which is
above the target range of <10.0% FS, indicating that the sensor exhibited non-linearity. These
results can be attributed to the insufficient Cu dealloying of the upper nanoporous electrode film
under condition B, which might hamper its permeability to water molecules.
Although the insufficient Cu dealloying negatively impacted the sensor performances, Fig.
5.38(b) demonstrated that the nanostructures produced by chemical dealloying was very helpful
for the separation of water molecules from oil. Fig. 5.39 summarized the performances of the
sensor 2 having the dense and cracked upper electrode film, and sensor B. The amount of cracks
was nearly the same between two sensors, however sensor B exhibited greater responsiveness,
where the hysteresis was approximately 63% down. This improved sensor property could be
achieved by the sub-nanoporous islands. In addition, the sensitivity was also drastically improved;
the sensitivity of sensor 2 was 2.5/40 pF/% RH, whereas that of sensor B was 18/40 pF/% RH,
which surely obeyed the designed value (17/40 pF/% RH).
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Fig. 5.37 (a) Time-series response and (b) hysteresis of sensor A in air at 40%–90% RH and
25 °C.
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Fig. 5.38 (a) Time-series response and (b) hysteresis of sensor B in air at 40%–90% RH and
25 °C.
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Fig. 5.39 Comparing the moisture permeability property between sub-nanoporous electrode
film and dense electrode film. In the situation that the amount of cracks were same between
them, the dramatic improved hysteresis and sensitivity could be attributed to the increased film
porosity.
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Fig. 5.40 shows the summary of the sensor performances in air. Greater film porosity promised
the easy moisture permeability; water molecules transport through the upper electrode film was
smoothly performed at humidification and dehumidification, leading to excellent linearity. The
target hysteresis less than 10.0% FS was successfully achieved by the chemical dealloying using
Cu82Cr18 alloy film. Summary, the optimal pore size for the sensor could be determined by
minimum 20–40 nm, which can be clearly observed in the level of FE-SEM resolution.

a: Dense structure
c: Sub-nanoporous (<20 nm pores)
b: Dense and cracked structure d: Nanoporous (20-40 nm pores)
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5.6 Final evaluation for sensors
5.6.1 Evaluation system in oil
Furthermore, the performance of the fabricated sensors in oil was determined based on the
transient moisture content in oil. Fig. 5.41 shows the measurement setup for oil, comprising an
oil bath (fresh industrial lubricating oil (Oil type: RO150) was used) placed on a hot stirrer (AS
ONE Inc., Model DP-1S), a reference moisture sensor for oil (Nabtesco Inc., Model N-WIO006H, 90% response time: approx. 10 min), a logger (National Instruments Inc., Model NI
myDAQ) and an LCR meter (HIOKI Inc., Model 3532-50, Measuring frequency: 100 kHz)
connected to a PC (Software: LabVIEW).
The fabricated sensors were placed in the oil at 30 °C along with the reference sensor. Then,
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purified water was gradually added to the oil (30%–100% RH) which was stirred at a high speed.
The data from the newly proposed sensors and the commercial reference sensor were
simultaneously recorded by the LCR meter and logger, and compared in terms of performance.
The reference sensor output format (4–20 mA (=0%–100% RH)) is converted to the voltage value
(0.4–2.0 V), which can be fetched by the logger (National Instruments Inc., Model NI myDAQ).
The 90% response time in oil was also measured as the time taken by the fabricated sensor
output to reach 90% of the maximum output; the target value was less than 10 min. Experimental
procedure is as follows;
First, the reference sensor and the author’s sensor were simply compared, in which the purified
water was constantly added to the oil at approximately 3.5% RH/min. This test immediately
revealed which sensor was superior.
Second, the speed run of the sensor responsiveness was determined, which can be identified by
comparing each sensor’s 90% response time. The reference sensor as well as the author’s sensor
were arranged at the bottom of the oil bath, therefore a slight lag time occurred as it took time for
the added water to reach the sensing area. Thus, the author assisted the mixing of water and oil
by using a stirring stick, which immediately resulted in the formation of a uniform, single layer.

0.4~2.0V (=0~100%RH)
DC power source
4~20mA

100Ω

Logger
LCR meter

Water

Grounding

Nabtesco sensor
(Model: N-WIO-006H)

24V

Our sensor A/B

Oil (RO150) at 30 °C

Hot stirrer
(High speed stirring)
PC: LabVIEW

Fig. 5.41

Measurement setup for testing the sensors in oil.
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5.6.2 Experimental results and discussion
Sensor A showing the best hysteresis in air (7.4% FS) was first tested. As purified water was
gradually added to the oil at approximately 4.0% RH/min, and the results were compared with
the measurements from the reference sensor. A glass beaker (max. 300 ml) was used for the oil
bath. The rotating speed of the oil was 150 rpm. Fig. 5.42 shows the responsiveness of each sensor
in oil, indicating this sensor is superior to the reference sensor. Thus, the novel nanoporous films
fabricated via chemical dealloying of Cu82Cr18 are promising as effective molecular filters.
Sensor B showing the unsatisfied hysteresis in air (13.3% FS) was also evaluated in oil and
compared to the reference sensor. Purified water was added at approximately 3.0% RH/min. The
rotating speed of oil was same 150 rpm. Fig. 5.43 shows that sensor B was superior to the
reference sensor; however, the change in sensor output as the RH increased was relatively slow.
The measured sensitivity at the starting phase was approximately 4.1% RH/min for sensor A,
whereas the sensitivity for sensor B was approximately 1.1% RH/min, indicating that the sensor
A was superior to sensor B.
As seen from the graph carve, the reaction of the reference sensor initially delayed, which may
have resulted from the poor water diffusion in oil around the reference sensing area. Later, the
graph carve sharply rose, catching up its proper output. To prevent this lag, a smaller oil bath and
higher rotating speed were implemented and used to determine the 90% response time.
Finally, the 90% response times of all sensors were measured. A smaller glass beaker (max.
100 ml) was used for the oil bath, and the rotating speed of the oil was 900 rpm, quickly becoming
the favorable mixing state of the water and oil. The enough purified water was added rapidly to
the oil. As shown in Fig. 5.44, each sensor output changed from 0% to 100%, and the 90%
response time was 8 min for sensor A, 10 min for sensor B, and 12 min for the reference sensor.
Thus, sensor A exhibited the best performances in both air and oil.
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Fig. 5.42 Comparison of sensor A to the reference sensor for moisture measurement in oil.
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Fig. 5.43 Comparison of sensor B with the reference sensor for moisture measurement in oil.
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90% response time of each sensor for moisture measurement in oil.
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5.6.3 Summary of sensor performances in air and oil
Fig. 5.45 shows the summary of sensor performances in air and oil, indicating the performance
rank characterized by evaluation in air was reflected in that in oil. Sensor A exhibited the best
performances in both air (excellent sensitivity, repeatability and 7.4% FS for linearity) and oil (8
min for 90% response time). This result could be achieved via novel chemical dealloying of Cu–
Cr alloys as optimized by a combinatorial analysis.
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Fig. 5.45 Summary of sensor performances. The best sensor performance (hysteresis (7.4%
FS) in air and 90% response time (8 min) in oil) was found out using combinatorial approach.
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5.6.4

Future works

The fabricated sensor A exhibited the outstanding hysteresis (7.4% FS) in air at 25 °C, however
the sensor could not keep the level (within 10.0% FS) with increase of measuring temperature.
The measured hysteresis was 13.8% FS at 35 °C, and 29.5% FS at 50 °C, gradually becoming
non-linearity. The oil temperature used in an engine system normally becomes ca. 50 °C, therefore
the improvement of the heat-resistance property is required.
The author considered that the poor heat resistance was attributed to the film cracks created on
the nanoporous electrode film filter (Fig. 5.32(b)). The cracked sensor electrode film has the poor
mechanical toughness, and might be deformed by the thermal shrink of the polyimide film. The
deformed nanoporous films may hamper the moisture permeability, resulting in the large
hysteresis. Accordingly, removing film cracks must be necessary, and research in now ongoing.

5.7 Summary
In this chapter, the author aimed the nanoporous film for application in MEMS moisture sensor
for oil. The sensor fabrication was conducted based on sputtering/lithography/chemical
dealloying. The process parameters were effectively identified in the previously reported
combinatorial analysis. The fabricated sensors were compared with the reference sensor in terms
of several metrics of sensor performance.
At the beginning, the motivations of this work were mentioned, and then the author explained
the principle of the proposed sensor. Moreover, the sensor structure was carefully designed.
As preliminary test, the densely structured electrode film was applied to the sensor. However,
the final sensor entirely did not operate. This was due to that the dense film hindered the moisture
permeability. The sensor having the additionally cracked upper film also did not work, and
showed the poor linearity (=35.8% FS). These findings demonstrated that the nanoporous film
was a key-material for realizing the moisture sensor for oil. Consequently, the author prepared
many types of nanoporous films for the sensor via the chemical dealloying.
In the first step, chemical dealloying including low-temperature coarsening was employed. The
sensor fabrication process was explained using a schematic sequence. Initial Cu–Cr alloy
composition for the chemical dealloying was determined from the combinatorial analysis, based
on focusing the level of Cu dealloying performance as well as pore size. Cu72Cr28 alloy promising
the excellent Cu dealloying and final avg. 36 nm pores was selected as a candidate.
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Unfortunately, the fabricated sensor was fragile, because the heat-treatment deformed the
polyimide film and reduced adhesion between the top nanoporous film and the bottom polyimide
film. The sensor was subsequently evaluated in air as a moisture sensor in order to asses a timeseries response and hysteresis. The sensor followed the changes in RH, but the sensor had
problems with a high hysteresis (35.8% FS).
Reflecting such problem, the author proposed chemical dealloying without thermal coarsening.
Based on the prior combinatorial analysis aimed at materials discovery, Cu82Cr18 and Cu80Cr20
were selected in chemical dealloying experiments as candidates for incorporation in sensors for
the first time. The Cu82Cr18 film was effectively Cu-dealloyed, altering its composition to Cu25Cr75
after 7 min of dealloying. The dealloyed Cu82Cr18 film exhibited a Cr-based nanoporous structure
with 20–40 nm pores.
In contrast, the Cu80Cr20 film could not be fully Cu-dealloyed, which was consistent with the
results of the combinatorial search. Sensors A and B were fabricated via chemical dealloying of
Cu82Cr18 and Cu80Cr20, respectively, and evaluated with respect to the reference sensor in both air
and oil. The measured hysteresis in air was 7.4% FS for sensor A, which was below the acceptable
limit of 10.0% FS, whereas that for sensor B was 13.3% FS.
Moreover, the author revealed that the measured 90% response time in oil was 8 min for sensor
A and 10 min for sensor B as compared to 12 min for the reference sensor; thus, the response time
of sensor A was below the acceptable limit of 10 min. Although the fabricated sensor showed the
poor heat resistance, the fabrication process was systematically optimized by the author’s
combinatorial approach, demonstrating the prepared nanoporous films can be utilized as
molecular filters at the low temperature. The author also proved the combinatorial method has a
lot of possibilities for the materials discovery as well as MEMS manufacturing.
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Chapter 6

Conclusions and future works

6.1 Conclusions
In this contribution, the author proposed further systematic chemical dealloying for MEMS
applications. Proposed chemical dealloying combined with the combinatorial thin film synthesis
was helpful in accelerating the fabrication of nanoporous films. Moreover, the fabricated novel
nanoporous films had excellent moisture permeability and could be used for sensor electrodes as
well as molecular filters. Novelties of this work are as follows:

(1) Chemical dealloying of Cu–Cr alloy
(2) Combination of chemical dealloying and combinatorial method
(3) Fabrication conditions and final obtained morphologies dependence
(4) Nanoporous films for application in nanofilter used in MEMS sensor

The author summarized this study in accordance with the thesis structure.

Chapter 1

Introduction

The author introduced many types of nanoporous formation technology. To date, feasible
methods have succeeded in fabricating the random or uniform network nanostructures. However,
the majority of previous reports required special equipment, heat treatment, or additional
processing. The author has been focused on fabricating moisture sensing device for oil, and
chemical dealloying was the better suited process. While chemical dealloying is recognized as an
easy process, and wide applicable materials and substrate types are very attractive, this process
has also some disadvantages; it needs a lot of sacrificial materials, and finding possible process
parameters is normally difficult. In this work, the author dealt with those negative aspects by
employing the following ideas:
First, inexpensive Cu was selected as a sacrificial material, overcoming one negative points of
chemical dealloying. Moreover, Cr is suitable nanoporous metal because of its excellent chemical
resistance, inexpensive metal, and hydrophilicity. The author mentioned that the chemical
dealloying of Cu–Cr alloy might be a promising approach for the proposed MEMS sensor.
Second, the author proposed chemical dealloying as optimized by combinatorial method.
Combinatorial method provides a time effective pathway for materials discovery. Thus, this
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technique must be helpful to determine process parameters for chemical dealloying.
Moreover, the author proposed nanoporous films for application in MEMS sensor. The author
considered fabricated nanoporous films via chemical dealloying can be expected to be molecular
filters. The experimental sequence of this challenging work was described, and final destination
was also clarified.

Chapter 2 Chemical dealloying including high-temperature coarsening
The author fabricated Cr nanoporous films via chemical dealloying of Cu–Cr including thermal
coarsening. At the beginning, the author revealed characteristics of NFTS system while
comparing the conventional FTS system, and the distribution of traveling target particles was also
explained using schematic diagram. Furthermore, the author mentioned about the first chemical
dealloying procedure as well as its fabrication conditions. Measurement equipment used (EDX,
stylus step profiler, FE-SEM) and their detection principle were also explained.
Unfortunately, first tried Cu dealloying was not possible, which resulted from the high initial
Cr composition (32 at.% Cr) and the dense film structure (sputtering pressure: 0.5 Pa in argon).
Owing to the above film properties, HNO3 solution could not enter to the interior of the Cu–Cr
film. The author demonstrated that the thermal coarsening at 700 °C for 1 h provided an efficient
Cu dealloying. Cu was successfully removed from the Cu68Cr32 film via the dealloying treatment.
Final obtained alloy composition was almost Cr (98 at.%). Moreover, the obtained Cr basedmaterial showed 200–300 nm open pore structure, indicating the first test was successfully
achieved.
The effective Cu etching performance and large pore growth could be explained by thermal
grain growth. The obtained porous materials are expected in the use of catalysts, absorbent
materials, or nanofilters. In this method, however, heat treatment at 700 °C atmosphere limited
possible applications, and the author described the need of new chemical dealloying that can be
accomplished through low-temperature coarsening.

Chapter 3

Chemical dealloying including low-temperature coarsening

The author proposed new chemical dealloying assisted by the low-temperature coarsening. In
this section, the author was motivated to fabricate nanoporous films on polyimide films. On
considering that the heat-resistant temperature of polyimide film was approximately 350 °C, the
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coarsening temperature must be reduced from 700 °C to 300 °C. The results obtained from the
previous work showed that Cu dealloying from Cu68Cr32 film was not possible by thermal
coarsening at 300 °C for 1h, since this heat temperature was extremely small and unsatisfied for
a grain growth.
The author considered that the optimization of initial Cu–Cr compositions may assist the Cu
etching performance. It was easy to predict that low Cr concentration may enhance the Cu etching.
Combinatorial method was employed for determination of an optimal initial Cu–Cr composition,
which have demonstrated the adaptability of a newly developed chemical dealloying.
The author first revealed the one-dimensional compositional gradient technology in NFTS. The
study showed that the compositional gradient (Δx at.%/mm) increased as the sputtering pressure
was increased. The widest compositional gradient created by NFTS was approximately 10/76
at.%/mm at 2.5 Pa in argon. Based on the finding, thin-film library containing the initial
composition of 32–22 at.% Cr (Avg. 450 nm thick) was prepared in NFTS on a single glass
substrate with dimensions 26 mm × 76 mm.
The so fabricated thin-film library was thermal coarsened at 300 °C for 1 h under high-vacuum
atmosphere, subsequently Cu was dealloyed by immersing the library in 32.5% HNO3 for 15 h.
After dealloying process, film properties (alloy composition, film thickness, nanostructure, pore
seize, and porosity) were carefully studied. Final film properties were position-dependent,
showing that the initial Cr composition in the range of 28–22 at.% successfully yielded favorable
nanostructures (residual Cu composition: 9–3 at.% without film dissolution, pore size: avg. 36–
70 nm, and porosity: 24–59%). Summary, combinatorial technology accelerated the process
parameters optimization.
Next, the author’s motivations were oriented to the further developed chemical dealloying that
can be completed without thermal coarsening. The author believed that this newly proposed
technique would open up future applications.

Chapter 4 Chemical dealloying without thermal coarsening
The author presented a new chemical dealloying, eliminating the need for thermal coarsening.
The author’s preliminary test suggested the possibility of Cu dealloying at room temperature by
reducing the initial Cr composition to below 22 at.%.
Therefore, thin-film libraries (dimension: 26 mm × 76 mm) containing the initial 22–15 at.%
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Cr (Avg. 380 nm thick) were prepared by NFTS, and initial Cu–Cr alloy compositions were
successively searched. Through the combinatorial analysis, the author revealed that Cu82Cr18
resulted in sufficient Cu dealloying without film dissolution. Thus, Cu82Cr18 was selected as the
optimal alloy and used to fabricate nanoporous films.
Moreover, the author also studied the influence of film density on Cu etching rate. At the
beginning of this study, the author mentioned the relationship between as-deposited Cu82Cr18 film
density and sputtering pressure. Sputtering pressures of 0.5 and 2.5 Pa in argon were tested. The
structures obtained under different sputtering pressures showed that the resulting surface was
coarser at the higher sputtering pressure. The Cu etching rate was 0.1 at.%/min under 0.5 Pa and
30 times higher (3.0 at.%/min) under 2.5 Pa, resulting in Cu22Cr78 for only 20 min. The author
demonstrated that two controllable process parameters {initial Cu–Cr alloy composition and
sputtering pressure (i.e., Cu–Cr film density)} were key to achieve effective Cu dealloying
without the help of thermal coarsening.
Interestingly, an appearance of the Cu–Cr film changed from Cu brown to transparency after
dealloying, which have resulted from the formation of Cr2O3. FE-SEM observation showed that
the dealloyed film had cracks throughout the film, and no clear nanopores were observed. The
author concluded that the film cracking was attributed to internal stress in the as-deposited film.
Moreover, invisible pores were explained by the theory; diffusion coefficient of Cr was relatively
small and the Cu–Cr film was strongly restricted by the hard glass substrate, hindering the growth
of the pore scales.
Based on the findings, the author attempted to fabricate a nanoporous Cu–Cr film on a softer
polyimide film under the same dealloying conditions. While the dealloyed film on the glass
substrate had no clear visible pores, the dealloyed film on the polyimide exhibited numerous pores
with diameters of 20–40 nm. This result proved that the polyimide films emphasized the dealloyed
Cu–Cr film porosity. Although some cracks (approximately 100 nm wide and several µm long)
were created on the film surface, the fabricated nanoporous film is expected to be applied as a
nanofilter.

Chapter 5

Nanoporous film for application in MEMS device

The fabricated nanoporous film in the best condition was used for electrode film in MEMS
moisture sensor for oil. First of all, the author mentioned the motivations of this work, and then
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gave explanation for the sensor structure and its mechanism. The author fabricated sensors having
the dense upper electrode films, which predictably did not operate. This have resulted from the
poor moisture permeability. The author confirmed that additional cracks slightly allowed the
water infiltration, but the sensor did not totally function (linearity: 35.8% FS). For the better
application, the sensors required nanostructured upper electrode film (ideal pore size: 10–50 nm),
which were prepared via the chemical dealloying.
In the first challenge, chemical dealloying including low-temperature coarsening was
employed. The sensor fabrication process was described using a schematic sequence. Moreover,
initial Cu–Cr alloy composition for the chemical dealloying was identified in the author’s
combinatorial analysis; the author selected Cu72Cr28 because this composition yielded favorable
nanoporous film properties (residual Cu composition: <10.0 at.%, final pore size: avg. 36 nm) .
Unfortunately, the author learned that thermal coarsening process shrank polyimide films,
therefore Cu–Cr films fixed on polyimide films cracked throughout the film surface. Finally, the
so unstable Cu–Cr films were easily delaminated from the sample during the dealloying step.
Furthermore, the survived sensor showed the poor responsiveness, as well as non-linearity (35.8%
FS). Based on the results, the author utilized the chemical dealloying with no requirement of
thermal coarsening.
In order to assess the pore size and sensor performance dependence, the author selected
Cu82Cr18 and Cu80Cr20 for sensor fabrication conditions, which were referred to as sensor A and
B, respectively. While sensor A had favorable nanoporous electrode film with 20–40 nm pores,
sensor B had unclear nanostructured electrode films (estimated pore size was less than 20 nm).
The author clarified that the pore size highly depended on each sensor performance; hysteresis in
air was 7.4 % FS for sensor A and 13.3% FS for sensor B, and 90% response time in oil was 8
min for sensor A and 10 min for sensor B as compared to 12 min for the commercial reference
sensor.
Summary, the author successfully realized the superior moisture sensors for oil via novel
chemical dealloying of Cu–Cr alloys with compositions that were optimized by a combinatorial
method. To the best of our knowledge, this is the first such study. Moreover, this novel transparent
nanoporous film is further expected to be useful as a nano-filter, catalyst, or absorbent material
and in other MEMS.
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6.2 Future works
The author has successfully designed the outstanding sensor via challenging chemical
dealloying, and almost accomplished the research goals. This study, however, remained some
problems, and the research is now ongoing. The remained research tasks are as follows:

(1) Improving heat resistance property of sensor
As mentioned in chapter 5, the fabricated sensors exhibited poor heat resistance, in which the
sensor hysteresis became larger with increase of measuring temperature. This negative sensor
property have resulted from the film cracking appeared on the upper nanoporous electrode film
filter. The desired nanostructure for films is a 3D interconnected network of Cr particles and open
pores, with no film cracks. In order to eliminate film cracks, the author proposes further
controlling of initial alloy composition or film thickness. There are some research that setting the
initial alloy composition could mitigate the as-deposited film stress, thereby may avoid cracking
in dealloyed films.
The established combinatorial approach by the author will promise the development of
nanoporous films. Moreover, the author is now interested in other binary alloys for chemical
dealloying. In other words, there are still a lot of possibilities to improve the sensor property.

(2) Demonstration of filtration performance
In this contribution, the data did not quite show the water filtration procedure in oil. In this
study, the filtration performance was evaluated based on the sensor performance in air and oil.
However, the evaluation focusing nanofilters is more promising and desirable. For example, it
may be ideal that water removal from oil would be determined based on water concentration in
oil, where oil including water is flushed away through the prepared membrane.
For another method, dyed water by water-soluble colorant will be helpful to visually judge the
separation of water from oil. Summary, filtration property with respect to nanoporous materials
are more needed.

(3) Effect of oil type on sensor performance
In the sensor evaluation, a fresh lubrication oil was used. However, most of them, lubrication
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oil used in mechanical system is generally contaminated by oxidation, gas, dust, metal piece, or
chemical substance. Those adulterants may influence on the sensor responsiveness, therefore, the
author additionally must evaluate sensors in such environment. Moreover, relationship between
sensor performance and oil type must be important information.
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Chemical dealloying of Cu–Cr alloy, as well as that dealloying process as optimized
combinatorial method are very attractive and profound. Therefore, there are still a lot of works.
In this contribution, unexplained phenomena were also remained, which have to be cleared in the
future. The author summarized unsolved tasks below:

(1) Novel combinatorial approach for chemical dealloying
Structure color produced from dealloyed film was alloy composition dependent, as seen from
Fig. 1. Although the success rate was extremely low, Cu could be more dealloyed from the best
Cu25Cr75 reported in chapter 5. Prolonging dealloying time may dissolve the Cu–Cr film, thus the
processing has to be carefully treated. The author currently judges the Cu dealloying process by
visual observation by oneself. However, this is not systematic and quantitative. For the better
chemical dealloying, dealloying time and final alloy composition need to be well controlled.
The author proposes a novel chemical dealloying system (Fig. 2). Each color information can
be replaced in an RGB value using imaging processing software, which can be also as a function
of alloy composition. Final alloy composition linked to the software can be controllable, and the
combination moving substrate with the above system promises newly developed chemical
dealloying.

Cu15Cr85

Cu25Cr75
Initial state
Cu82Cr18

Cu13Cr87

1 mm
(a)

(b)

(c)

Cu dealloying
Fig. 1 Structure color of dealloyed film depending the level of Cu dealloying; (a) at Cu 25Cr75,
(b) Cu15Cr85, and (c) Cu13Cr87.
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Fig. 2

Newly proposed novel chemical dealloying system.

(2) Investigation of nanoporous structures produced via Cr deposition
This study remained a curious phenomenon upon the chemical dealloying. Fig. 3 shows the
chemical dealloying sequence, and Table 1 summarizes sputtering conditions. A dense Cu82Cr18
film (400 nm thick) was deposited on a polyimide film (4.0 µm thick). The dealloyed dense
Cu82Cr18 film expanded after Cu dealloying, and the film thickness changed from initial 400 nm
to 760 nm. FE-SEM top-view showed approximately 100–300 nm open pores (Fig. 4(a)).
Moreover, FE-SEM side-view revealed that the dealloyed film was comprise of two layer; while
the bottom layer was dense structure, the top layer exhibited porous structure (Fig. 4(b)).
Fig. 5 shows the XRD patterns of the Cu–Cr film before and after the Cu dealloying. After the
dealloying of Cu, peaks corresponding to Cr were newly observed, suggesting that Cr was
deposited on the initial Cu–Cr film. Many parts of this study remained unexplained, and the author
is researching now. This interesting phenomenon may not be “chemical dealloying”?

Cu
Cr
Cu

Polyimide film (4.0 µm thick)
Cu82Cr18 (400 nm thick)

HNO3 (aq)
(a) Co-sputtering

(b) Cu dealloying

Fig. 3 Fabrication process; (a) co-sputtering, (b) Cu dealloying with 22.5% HNO3 for 15 h.
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Table 1

Sputtering conditions in NFTS

Initial alloy composition (at.%)

Cu82Cr18

Sputtering pressure (Pa)

0.5

Sputtering power (W)

Cu target: 223
Cr target: 113

Sputtering time (min)

15

TS distance (mm)

82

Deposition area

FE-SEM images; (a) top-view and (b) side-view of dealloyed Cu–Cr film.

Cr

Intensity [arb. unit]

Fig. 4

3.6 × 5.0

Cu
Cr
Cu

Cu

Cr

Cu

Cr

Cr

After dealloying

Cu

Cu
Before dealloying

40

60

80

100

120

2 Theta [degree]
Fig. 5

XRD analysis before and after Cu dealloying.
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