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Preface

Nanoarchitectonics is a new term for a new concept beyond nanotechnology. In
nanoarchitectonics, nanoscalematerials are assembled in systematicways to generate
new functionalities, which cannot be attained solely by each material. The materials
are well designed and synthesized. However, synergetic effects are key factors for
device performance rather than the properties of individual materials. That is, each
material works as a building block as a member of a nanoscale architecture. We refer
to such research concept as “nanoarchitectonics.”

To explore this new research field, the International Center for Materials Nanoar-
chitectonics (WPI-MANA) was founded in 2007 as one of the first five research
centers within the framework of the World Premier International Research Center
Initiative (WPI), which is sponsored by Japan’s Ministry of Education, Culture,
Sports, Science and Technology. In this project, we have produced nanoscale compo-
nents and integrated them into various dimensional systems that exhibit cutting-edge
functions. Here, we expect that these efforts will lead to scientific breakthroughs and
technological innovations.

In this book, we present the state-of-the-art achievements of the material archi-
tects in MANA, including supramolecules, one- or two-dimensionally controlled
semiconductors, optically and catalytically active nanomaterials, atomic switches,
and molecular assemblies for electronic applications. We hope that this book will
arouse a feeling of curiosity and provide an excellent springboard for youngmaterials
scientists in particular.

Tsukuba, Japan Yutaka Wakayama
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What is Nanoarchitectonics?

Katsuhiko Ariga and Masakazu Aono

1 Initiation of Nanoarchitectonics

These days, scientists and engineers are requested to solve many problems including
how to save resources, how to create energy, how to reduce emissions, how to reduce
environmental impact, and how to efficiently handle information. All these problems
can be solved with one common concept, control of NANO and the related functional
structures. Developing functional materials and systems rationally fabricated with
nanoscale structural precision can save resources, create energy, reduce emissions,
reduce environmental impact, and efficiently handle information. In the coming days,
human society will be supported by science and technology capable of regulating
nanoscale structures. The correspondingmethodology started as nanotechnology and
has now evolved to nanoarchitectonics.

It is said that the termnanotechnologywas initially proposed byRichardFeynman,
who foresaw huge possibilities for science and technology in nanoscale spaces [1].
The social impacts of nanotechnology were again brought up in the 2001 declaration,
the National Nanotechnology Initiative, made by the US president Bill Clinton, in
order to promote the nanotechnological approach in industrial developments. Such
social and political flows have, of course, been supported by various innovations
in instrumental developments for nanoscale observation, such as the invention of
the scanning tunneling microscope (STM) and other scanning probe microscopes, as
well as rapid developments inmicro- and nanofabrication. Scientists are now capable
of directly watching and handling nanoscale objects.

K. Ariga (B) · M. Aono
International Center for Materials Nanoarchitectonics (WPI-MANA), National Institute for
Materials Science (NIMS), 1–1 Namiki, Tsukuba 305-0044, Ibaraki, Japan
e-mail: ARIGA.Katsuhiko@nims.go.jp
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Another conceptually important proposal was made by Kim Eric Drexler, who
described the possibilities in the formation of functional structures through bottom-
up molecular organization in his book entitled Nanosystems: Molecular Machinery,
Manufacturing and Computation [2]. This concept was also supported in actual
developments of science and technology, as seen in various methodologies such as
layer-by-layer assemblies of biomolecules and the programed organization of DNA
origami. However, these scientific movements were separately and rather indepen-
dently developed before Masakazu Aono initiated the novel concept of nanoarchi-
tectonics to unify these potentially complementary scientific disciplines into a single
methodology in 2000 [3, 4]. It can be roughly said that under the nanoarchitectonics
concept, functional materials and systems are architected by organizing nanoscale
units into larger functional objects, similar to the way a carpenter builds things.

Around the same time as the initiation of the nanoarchitectonics concept, that
is, the end of the twentieth century and the beginning of the twenty-first century,
people realized the importance of architectonics on the nanoscale. In 1999, Heath
and coworkers (University of California Los Angeles, UCLA) published an article
entitled Architectonic Quantum Dot Solids [5]. In this article, the term architec-
tonics was described as “having an organized and unified structure that suggests an
architectural design” (Merriam-Webster’s WWW dictionary), as suggested by R. S.
Williams, Hewlett-Packard Labs [1]. The novel conceptual term, nanoarchitectonics,
was first used in the title of a scientific conference, the 1st International Symposium
on Nanoarchitectonics Using Suprainteractions, held in Tsukuba, Japan, in 2000 and
led by Masakazu Aono [6, 7]. This can be regarded as the initiation of the concep-
tual term, nanoarchitectonics (a fusion of nano and architectonics), in the scientific
community. In 2001, the National Institute of Advanced Industrial Science and Tech-
nology (AIST) started a research center under the name of Interfacial Nanoarchitec-
tonics, led by Toshimi Shimizu, also in Tsukuba city. In 2003, UCLA established a
research center namedFunctional EngineeredNanoArchitectonics (FENA). The first
paper with nanoarchitectonics in the title, “Welding, organizing, and planting organic
molecules on substrate surfaces—Promising approaches towards nanoarchitectonics
from the bottom up”, was published by Stefan Hecht (Freie Universität Berlin) in the
same year [8]. Aono named the World Premier International Research Center in the
National Institute for Materials Science (NIMS) the Research Center for Materials
Nanoarchitectonics (WPI-MANA) in 2007. In 2017, RESEARCH FRONTS 2017,
prepared by the Chinese Academy of Sciences (CAS) and Clarivate Analytics desig-
nated nanoarchitectonics as one of the key hot research frontiers in chemistry and
materials science [9].

2 Outline of Nanoarchitectonics

Prior to summarizing nanoarchitectonics, the essence of nanoarchitectonics is
described herein. In addition to the above historical background, nanoarchitectonics
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has scientific innovations over the well-knownmicrotechnology.Wemust realize the
fundamental difference between micro and nano.

From building constructions to small plastic models, visible-size macroscopic
objects are manufactured exactly according to their design drawings and blueprints,
as we well know. This fact can actually be applied to structural fabrication on the
micrometer scale. Even very small structures on the microscale can be exactly
fabricated by advanced lithographic techniques in accordance with what is previ-
ously designed. Therefore, microfabrication (microtechnology) can be said to be
a highly advanced version of macroscopic craftwork. In contrast, fabrications
on the nano- and sub-nanoscales are completely different from those observed
on the macroscopic and microscopic scales. Materials fabrication and structural
construction in the nanoscale or mesoscale region are not always definitive and
are sometimes difficult to achieve in accordance with their design drawings. In
the nanoscale region, uncontrollable and unexpected disturbances and fluctuations,
such as thermal fluctuations, statistical distributions, and quantum effects, cannot
be avoided. In addition, mutual component interactions significantly affect entire
materials systems on the nanoscale. Outcomes such as materials structures and prop-
erties are not a result of simple summation in many cases, and may be the conse-
quence of numerous controllable and uncontrollable interactions. Materials architec-
tonicswith nanoscale components having nanoscale dimensions are developed on the
basis of techniques for atom/molecule fabrication, self-assembly/self-organization,
field-controlled organization, microfabrication, and biological processes and their
integration.

The ways in which nanoarchitectonics is used to create functional materials and
systems can be summarized as below.

(i) Reliable nanomaterials or nanosystems are created by organizing nanoscale
structures (nanoparts) even though there may be some unavoidable unrelia-
bility.

(ii) The main players are not the individual nanoparts but their interactions, which
cause new functionalities to emerge.

(iii) Unexpected emergent functionalities can result from assembling or organizing
a huge number of nanoparts.

(iv) A new theoretical field where conventional first-principles computations are
combined with novel bold approximations can be explored.

These nanoarchitectonics strategies can be applied to a wide range of sciences and
technologies including the productionof functionalmaterials and systems.Therefore,
the nanoarchitectonics concept has been accepted by various research fields including
structural fabrication, materials production, device, energy, environment, catalyst,
biological, and biomedical applications, aswill be discussed in the following chapters
in this book.
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Synthesis of Semiconductor Nanowires

Ken C. Pradel and Naoki Fukata

1 Introduction

Research interest in semiconducting nanowires has exploded in the past two decades.
Because of their high aspect ratio and small dimensions, it is possible to observe some
unique effects and enhanced properties. In order to push thesematerials from a simple
curiosity to something of practical usage, one must go through three steps: synthesis,
characterization and application. The first step is crucial as a stable, reproducible, and
controllable means of synthesis is needed to produce material with acceptable levels
of yield. This point will be the primary focus of this chapter. For characterization,
there are a number of tools at one’s disposal. Microscopy techniques like scanning
and transmission electron microscopy (SEM & TEM) can give information about
the nanowire’s physical and crystalline properties [1, 2]. Meanwhile, techniques like
Raman and photoluminescence spectroscopy can be used to probe thematerial’s elec-
trical properties [3, 4]. Numerous works throughout the years have shown considered
their applicability by looking at features such as biological compatibility, [5–7] in
particular how cells grow and survive in the their presence, and how nanowires can
be used as a tool to probe them. On the side of optoelectronics, nanowires can be
used to enhance the efficiency of photovoltaics [8] by reducing reflection, improving
light trapping and allowing for band gap tuning.

While a number of viable techniques to synthesize nanowires exist, the scope of
this chapter will be limited to twomain ones, vapor–liquid-solid (VLS) and solution-
based techniques. VLS growth will be focused on owing to its long and interesting
history, which dates back over 50 years to when Wagner and Ellis first demonstrated
this technique with the growth of “Si whiskers.” [9] Solution methods are of interest
as they provide a low-temperature, low-cost, and high-yield means of producing

K. C. Pradel · N. Fukata (B)
International Center for Materials Nanoarchitectonics (WPI-MANA), National Institute for
Materials Science (NIMS), 1-1 Namiki, Tsukuba 305-0044, Ibaraki, Japan
e-mail: FUKATA.Naoki@nims.go.jp

© National Institute for Materials Science, Japan 2022
Y. Wakayama and K. Ariga (eds.), System-Materials Nanoarchitectonics,
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nanowires,making thema strong candidate for applications in commercial devices. In
this chapter, when multiple materials are discussed at length in association with VLS
and solution growth, the focal point of each technique will be silicon (Si) and zinc
oxide (ZnO), respectively, and doping techniques to give them added functionality.
The former needs little introduction as Si is, without a doubt, the most widely studied
and best understood semiconductor and is the basis of so much of the technology we
use today. ZnO, on the other hand, has many exciting properties but has seen limited
applicability owing to the lack of a stable p-type dopant. In the section focusing on
ZnO, particular attention will be paid to the growth and applications of antimony
(Sb)-doped ZnO grown via solution methods.

2 Si and Ge Nanowires

2.1 VLS Growth

Using VLS growth, various pure and compound semiconductor nanowires can be
grown [10]. A variety of techniques for nanowire growth all fall under the umbrella
term ofVLS. Breaking down the term into its component terms, the process generally
involves gaseous Si (vapor) dissolving into a gold (Au) catalyst droplet (liquid) and
freezing out at the interface with the substrate (solid). The more specific names of
such techniques generally come from how the Si vapor is formed, with the more
common ones being chemical vapor deposition (CVD), molecular beam epitaxy
(MBE), and laser ablation. Later, the pros and cons of each of these techniques will
be compared among each other. Before that, it is important to discuss in detail what
occurs during the VLS process.

The most commonly used catalyst for the VLS process is Au, which can be
explained by the Si-Au binary phase diagram (Fig. 1) [11]. The key feature of this
phase diagram is the eutectic point at 19 at.% Si and 590 K, which is much lower
than the melting points of pure Si and Au. By heating the system to above this point
and introducing a constant supply of Si to the system, one can push the system across
the liquidus line into the Si+ liquid region, which results in the Si precipitating out
into the substrate. Part of what makes Au such an ideal catalyst is that it has a high
solubility of Si at the eutectic point, indicating that the energy needed to dissolve Si
is not very high. Furthermore, Au has a low vapor pressure below 800 °C, removing
concerns over evaporation of the seed layer during growth.

Despite these advantages, there is active research being performed on replacing
Au as the catalyst in this process. The primary reason is that Au is known to create
deep-level defects in Si, which could act as charge-carrier recombination centers,
decreasing the carrier mobility, lifetime, and diffusion length. This could kill the
material’s effectiveness in applications such as photovoltaics. When considering
alternative catalysts, there are a few factors to consider. The first is the absence of
a silicide phase. To properly precipitate out Si nanowires, it is important to avoid
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Fig. 1 Au–Si phase diagram illustrating differences in the position of the liquidus line based on
the size of the Au droplets. Reprinted from [3] by The Author(s) licensed under CC BY-NC-ND
3.0 with permission from Nature

extraneous phases. A high Si solubility in the metal at the eutectic point is also highly
desirable. Of the possible catalysts, the one that has received the most attention is
aluminum (Al) due to the Al-Si phase diagram being similar to that of Au–Si. One
group found that by performing growth from 430 to 490 °C, which is below the
eutectic temperature (577 °C), vapor–solid-solid (VSS) growth of Si nanowires with
an Al catalyst could be achieved, although all the wires showed some tapering [12].
Another group expanded on this work and found that in this temperature range it was
possible to achieve controllable morphology and nanowire density [13]. However,
the growth was highly dependent on the quality of the Al seed layer, and special care
was needed to avoid oxidation, an issue that does not concern Au seeds.

2.2 Si Nanowire Growth Techniques

As mentioned earlier, there are several popular techniques for treating the material
source. Interestingly, many of these techniques are commonly used for depositing
semiconductor films but have found applications in nanowire growth with a metal
contaminant acting as a seed. Here are a few examples involving Si nanowires. CVD
starts with a gaseous Si gas source, such as a silane gas, which is broken down
into its component parts at an elevated temperature, resulting in growth [14]. To
avoid forming SiO2, a good vacuum is needed. One advantage of this method is
that because gaseous sources are used, the doping concentration can be controlled
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in situ by adjusting the partial pressure of the dopant gas, allowing controlled doping
profiles along the axis of the nanowires. However, one downside of this method is
that it is occasionally difficult to control the orientation of the nanowires, especially
for diameters below 50 nm.

MBE involves heating up a high-purity Si source until the Si begins to evaporate.
The gaseous beam of Si is directed at the substrate surface, where nanowires are
catalyzed and grown [15].MBEoffers excellent controllability in terms of orientation
and doping as beams of different elements can be easily switched on and off. However
the nanowire diameter is more difficult to control due to the Gibbs–Thomson effect.
Furthermore, an ultrahigh vacuum is needed and the growth rate is low compared
with CVD.

Laser ablation is a somewhat unusual technique as it forgoes many of the conven-
tions of the previous two reviewed growth techniques [16, 17]. A quartz tube is
placed inside a tube furnace with a target made from pressed Si powder mixed with a
small amount of a catalyst such as iron (Fe) or nickel (Ni). Argon (Ar) gas is flowed
through the tube furnace, which is heated to 1200 °C. An excimer laser ablates Si off
the target, which flows down the tube and is collected on a cooled piece of copper
(Cu), forming a spongy mesh of tangled nanowires, unlike CVD and MBE, in which
the nanowires grow aligned on a Si substrate. The growth rate for these nanowires is
quite high, from 10 to 80 µm/h, and very thin nanowires can be formed with diam-
eters of less than 10 nm. The proposed growth model is that the Si and Fe vapors
condense into Si-rich nanoclusters as they cool through the buffer gas. Because of
the elevated temperature of the tube furnace, the nanoclusters stay in a liquid state
and nanowires precipitate out of the liquid as it continues to collect more Si vapor.
Eventually, growth stops when the nanowires leave the hot zone of the tube furnace
and are collected on a Cu cold finger. Doping can be controlled by changing the
composition of the target used for ablation, and the doping concentration has been
estimated to be on the order of 1019 cm−3 using electron spin resonance (ESR) and
Raman spectroscopy [18, 19].

2.3 Si Nanowire Doping

The ability to easily dope semiconductors is part of what makes them such an inte-
gral part of our modern lives. As mentioned when discussing the previous growth
techniques, the various VLS techniques for synthesizing Si nanowires can control
the doping in the wires, with the most commonly used dopants for p- and n-type Si
being boron (B) and phosphorus (P), respectively. In order to effectively apply these
doped wires, it is imperative to develop techniques to characterize them. Raman
spectroscopy was found to be effective for characterizing B doping in Si nanowires
grown via laser ablation [20]. Si is defined by an intense peak around 520.1 cm−1,
which is due to its optical phonon peak (Fig. 2a). However, in B-doped samples,
additional peaks are observed around 618 and 640 cm−1, which match the positions
and intensities of local vibrational peaks in B-doped bulk samples [21] (Fig. 2b).
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Fig. 2 a Raman peaks for Si nanowires grown via laser ablation using targets with 0.5 and 10%
B. b Magnification of the Raman peaks corresponding to the bonds between Si and 11B and 10B
isotopes. (c) Dependence of the Raman peak shape on the excitation wavelength [20]

Furthermore, Fano broadening, the coupling between discrete optical phonons and
the continuum of interband hole excitations [22], is observed, causing the optical
phonon peak to broaden due to the presence of free holes. To confirm that this is
caused by the Fano effect, three different excitation wavelengths are used (Fig. 2c).
At higher wavenumbers, the amount of broadening increases with increasing exci-
tation wavelength, which is characteristic of the Fano effect induced by heavy B
doping. While it is possible to accurately deduce the free hole concentration in bulk
Si using Raman spectroscopy based on the degree of peak broadening and previous
results from the literature, this is more challenging for nanowire samples owing to
phonon confinement by the nanowire structure. In previous works [20], the doping
level was estimated by comparing the Raman spectrum with that of B-ion-implanted
bulk Si, and from the much higher intensity of the B local vibrational peaks and the
increased Fano broadening, it was confirmed that the B concentration was over 1019

cm−3.
While Raman spectroscopy can also be used to characterize p-type doping in Si

nanowires, it is not the most appropriate technique for n-type doping (it is worth
noting that it can be used to characterize both kinds of doping in germanium (Ge)
nanowires (Fig. 3) [23]). Transmission electron microscopy (TEM) techniques such
as energy-dispersive X-ray spectroscopy (EDX) can give rough estimates of doping
concentrations but do not reveal how much of the dopant is electrically active
(Fig. 4a). Electron paramagnetic resonance (EPR), also known as electron spin reso-
nance (ESR) and electron magnetic resonance (EMR), is a technique for character-
izing unpaired electrons and can be used in both solid and liquid materials [24]. By
deconvoluting the signal in Fig. 4b, g values of 1.998 and 2.006 are obtained, the
former only being observed for the P-doped sample. This corresponds to conduc-
tion electrons in Si, showing that n-type doping was successful. The common signal
at 2.006 is likely due to the surface state of the nanowires and originates from the
native oxide. From the linewidth of the ESR signal, the doping concentration can be
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Fig. 3 Raman spectra of (a) B-doped p-type and (c) P-doped n-type Ge nanowires. The insets
(b) and (d) highlight the characteristic local vibrational peaks of their respective dopants

estimated by comparing it with other values from the literature (Fig. 4c). From this,
the authors concluded that the P concentration in the Si nanowires was about 1019

cm−3.

3 Oxide Nanowires

3.1 ZnO and Solution Growth

There is a wide variety of techniques for synthesizing ZnO nanowires, each with
their own strengths and weaknesses. Similarly to the case of Si, VLS and VSS
techniques have been studied [27], but they have the same limitation of requiring high
temperatures of over 900 °C to perform growth. MBE has also been used to produce
high-purity single-crystalline ZnO nanorods [28]. However, it is a costly and slow
process and requires a high vacuum to operate properly. The hydrothermal method
has proven to be a viable alternative to these methods and has several advantages
over them [29]. First, it has a low cost as the precursors are readily available, and no
specialized equipment is needed. Next, it can be performed on a number of different
substrates, most importantly polymers, owing to the low growth temperature (65–
95 °C), allowing applications in flexible and implantable devices.Wafer-scale growth
has also been demonstrated, showing the scalability of this method [30]. Finally,



Synthesis of Semiconductor Nanowires 15

Fig. 4 a EDX spectra for Si nanowires doped with P grown via laser ablation. b ESR spectra of
undoped and doped Si nanowires, with the signal from the doped sample deconvoluted into two
components. c Correlation of ESR linewidth with P concentration in bulk P-doped Si. Refs. 15 and
16 refer to the work by Maekawa and Kinoshita [25] and Quirt and Marko [26], respectively [20]

adjusting growth parameters such as temperature, time, and precursor concentrations
enables effective tuning of the nanowire dimensions [31].

In its simplest form, the hydrothermal synthesis of ZnO nanowires is performed
by mixing a zinc salt, such as zinc nitrate or zinc chloride, with an equal molar part
of hexamethylenetetramine (HMTA) in water. A substrate with a seed layer is placed
in the solution, and the solution is heated for several hours. HMTA acts as a weak
base, which slowly hydrolyzes water to provide oxygen as shown in the following
reactions [32]:
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(CH2)6N4 + 6H2O ↔ 4NH3 + 6HCHO (1)

NH3 + H2O ↔ NH3 · H2O (2)

NH3 · H2O ↔ NH+
4 + OH− (3)

The resulting OH− anions react with the Zn2+ cations from the salt to form ZnO
as follows:

Zn2+ + 2OH− ↔ Zn(OH)2 (4)

Zn(OH)2 ↔ ZnO + H2O (5)

The growth rate is highly dependent on the pH of the solution, and one group
demonstrated that it reaches a maximum at a pH of 10.6 [33]. At higher pH values,
it is believed that secondary reactions, such as the dissolution of ZnO, slow down
growth.No additional additives are required asZnOnaturally formsnanowires. These
nanowires grow preferentially along the [0001] direction [34], as doing sominimizes
the total surface area by reducing the area of the high-energy (0001) surface.

To encourage aligned growth, a seed layer is added to the substrate. Some
commonly used seed layers are gallium nitride (GaN), Au, and ZnO. GaN produces
nicely aligned vertical nanowires due to good lattice matching [36]. When combined
with a mask defined using an electron beam [37] or laser interference lithography
[35, 38], large patterned arrays of wires are produced (Fig. 5). However, sapphire
substrates coated with GaN are expensive and rigid, limiting the scalability. While
Au can be sputtered onto a variety of substrates, and it can double as an electrode
for electronic applications, thermal annealing is required to improve the crystallinity
of the surface to promote growth [39]. Despite this, the growth density remains low.
ZnO deposited through physical vapor deposition is an effective seed layer as it natu-
rally has the same lattice as the subsequent nanowires [40]. The seed layer thickness
and doping have also been shown to affect the nanowire growth rate and alignment
[41]. Growing a thicker seed layer also causes the ZnO grains to become larger,
allowing higher-diameter wires at the cost of density. Larger grains also increase the
surface roughness, which causes the wire alignment to deteriorate.

Asmentioned previously, the growth environment plays a large role in determining
the wire dimensions [31]. Temperature was found to perhaps be the most impor-
tant factor. At very high or low temperatures, the growth density of the nanowires
decreases due to the basic kinetics of nucleation and growth. At low temperatures, the
Zn ions cannot easily diffuse in solution, resulting in the formation of larger but fewer
nuclei. Conversely, at high temperatures, the precursor material has a higher affinity
to existing nuclei, resulting in increased growth, but at the cost of nucleation events.
Increasing the concentration of zinc nitrate and HMTA leads to increased deposition
density until a saturation point is reached, which can be explained by nucleation and
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Fig. 5 a & b Top and c & d 45°-tilted view of large-scale ZnO nanowire arrays grown on a GaN
substrate patterned via laser interference lithography. The nanowire diameter and length are uniform
over the large arrays with few observable defects [35]

growth kinetics. At a higher concentration, more nucleation is needed to balance
out the increased chemical potential. However, once the saturation point is passed,
the growth of existing nanowires is more likely than a new nucleation event. By
studying the effect of the growth time, one can observe the process flow of nanowire
growth [42]. At first, lateral growth dominates, which is followed by axial growth
while the nanowire diameter remains constant. Eventually, growth continues in both
directions, causing the wire to become longer and wider. The growth rate in each
of these directions can be controlled through additives. Sodium citrate can be used
to promote lower-aspect-ratio nanowires [43]. This is attributed to the citrate ions
binding preferentially to the (0001) surface, which inhibits lateral growth in favor of
axial growth, forming stacked ZnO plates at a sufficiently high concentration instead
of nanowires. Using zinc chloride or acetate as the Zn source has been shown to have a
similar effect, and ZnO nanosheets [44] and films [45] have been producedwith these
chemicals, respectively. Polymer additives such as polyvinyl alcohol (PVA) [46] and
polyethylenimine (PEI) [30] have the opposite effect as they bind to the

(
0110

)
and

(2110) faces, promoting higher-aspect-ratio nanowires. When used in conjunction
with ammoniumhydroxide, PEI can be used to growultrahigh-aspect-ratio nanowires
[47]. During growth, most of the precursor is lost to homogeneous nucleation and
precipitates in the solution container rather than growing on the substrate surface.
While increasing the pH should cause ZnO to precipitate out, the ammonia groups
form a complex with the Zn2+ ions, inhibiting nucleation [48]. As the solution is
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Fig. 6 Long ZnO nanowires grownwith the assistance of ammonium hydroxide and PEI. The scale
bar is 5 µm for all images. The nanowire lengths are a 11, b 17, c 22, d 27, and e 33 µm [47]

heated, the ammonia slowly evaporates, releasing Zn2+ and allowing the reaction
to progress, which has enabled the realization of nanowire arrays with nanowires
having a length of over 30 µm (Fig. 6) [47].

3.2 P-Type Doping of ZnO

The successful p-type doping of ZnO has remained a controversial field of study for
several years [49, 50]. As-synthesized ZnO is naturally n-type due to the formation
of point donor defects such as Zn [51] or hydrogen [52] interstitials. Previously,
oxygen vacancies were also thought to be a cause of n-type conduction in ZnO due
to their low formation energy, but first-principles calculations have disproven this;
oxygen vacancies act as a deep donor instead [53]. Further n-type doping can be
achieved through doping elements such as Al [54], and heavily Al doped ZnO has
been proposed as a potential replacement for indium-doped tin oxide (ITO) as a
transparent conductor in the ever growing number of flat panel displays [55, 56].
For a II-VI semiconductor, group I or V elements should act as p-type dopants in
ZnO. However, with the addition of acceptor dopants comes the risk of inadvertently
introducing compensating donor defects. MBE and VLS nanowire growth have been
used to achieve p-type ZnO [50, 57–62] but, as mentioned previously, here we focus
on solution-based methods.
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Group I elements such as lithium (Li) have been used to produce hydrothermally
grown p-type ZnO nanowires [63] due to their low acceptor energy. In the as-grown
nanowires, Li ions were found to primarily form interstitial defects. While Li should
act as an acceptor in Zn sites (Li1−Zn ), it is more likely to form an interstitial due to
its smaller atomic radius, making it act as a donor (Li1+i ). By annealing the sample
in oxygen at 500 °C, the Li ions can migrate to the Zn sites, producing p-type
conductivity. By growing the nanowires on an n-type seed layer, a p-n homojunction
was produced and the expected rectification behavior was observed.

Potassium (K) has also been used to produce p-type ZnO nanorod films [64,
65]. When a small concentration of dopant was added during the growth, Hall effect
measurementwas successfully used to detect p-type conduction.However, increasing
the dopant concentration caused the free hole concentration to decrease until the
sample became n-type again. At lower dopant concentrations, most of the K ions
entered the Zn sites, forming acceptors. However, asmoreKwas added,more of them
formed interstitials, which canceled out and eventually overwhelmed the acceptor
dopants. By annealing the ZnO to outdiffuse hydrogen and K interstitials, a higher
hole concentration was eventually achieved [65].

Group V elements such as P [66, 67] have also been used to achieve p-type
conduction in ZnO using ammonium phosphate (NH4H2PO4) as the dopant source.
It has been theorized that P is doped through the formation of Zn3(PO4)2, which is
incorporated into the nanorods during growth [66]. Annealing the sample causes P
atoms to be released,which formPZn-2VZn acceptor complexes. A later study showed
that the dopant concentration was improved by adding ammonium hydroxide to the
solution [67]. As Zn3(PO4)2 is more soluble than ZnO in a basic solution, increasing
the solution pH allows more P ions to be released. In both cases, homojunction
structures were produced by growing a layer of p-type nanorods on top of a layer of
n-type nanorods, and the rectification behavior was measured.

Among the group V elements, Sb has shown the highest level of stability as a
p-type dopant in ZnO. As Sb has a much larger atomic radius than oxygen, one
theory suggests that the Sb enters the Zn site instead of oxygen, forming a SbZn-
2VZn complex and realizing p-type doping [68]. Sb atoms can be incorporated into
the ZnO lattice through their coordination with glycolate ligands. During growth,
antimony glycolate is absorbed onto the growth surface of the nanowires, and the
glycolate ligands desorb, leaving the Sb ions behind, while normal ZnO growth
continues [69]. Single-wire field-effect transistors show p-type conduction in doped
wires, even without annealing. While similar carrier concentrations were observed
for unannealed and annealed samples, the annealed sample had an improved carrier
mobility, increasing from 0.03 to 1.2 cm2V−1 s−1. A follow up study used scanning
transmission electron microscopy (STEM) to show the formation of head-to-head
basal plane inversion domain boundaries as well as voids inside the nanowires [70].
ZnO naturally grows much faster along the positive c-axis than along the negative
c-axis, so the inversion domain boundary slows down growth in that direction in that
region, leading to the rest of the nanowire growing around it, forming voids. From
density functional theory calculations, this group [70] determined that an extra basal
plane of oxygen atoms acted as electron acceptors and were the true source of the
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nanowires’ p-type characteristics. A recent study on the void structures found that
theymigrate and impinge upon each otherwhen the nanowires are annealed, resulting
in the larger voids observed in these works (Fig. 7) [71]. Furthermore, microelectron
diffraction was used to identify the phase below the voids as a Zn–Sb alloy in the
form of Zn7Sb2O12 rather than simply a planar precipitate of Sb (Fig. 7c). Before
annealing, these voids also contained water, which shows the possibility of trapping
other aqueous materials inside them. This solution-based technique has been the
subject of a number of other studies as ZnO nanowires grown by this technique have
shown stable p-type conductivity for an unprecedented 18 months [70], making it
one of the more promising doping methods for p-type ZnO nanowires.

TheWang group fromGeorgia Tech followed up on this solution-based Sb doping
technique and found numerous improvements and advancements for the system.
First, they found that by adding ammonium hydroxide to the solution, nanowires up
to 60 µm in length could be grown while still maintaining the p-type conduction and
void structures observed in previous work [72]. Wires of this size were necessary for
them to demonstrate the piezotronic effect [73], a strain-based sensing technique that
combines the piezoelectric and semiconducting properties of ZnO. Furthermore, in
this work they were able to demonstrate that a simple piezoelectric nanogenerator
[74] with an output of about 3 V could be fabricated. To further prove the viability
of this material, homojunctions with n-type ZnO were fabricated. An axial junc-
tion was produced by growing densely packed nanowire films on top of each other
[75]. By forming a p–n junction, the piezoelectric output was enhanced because the
formation of the depletion region lowered the free charge carrier concentration in
the bulk material, which had a deleterious effect on the nanogenerator performance.
Ultimately, the nanogenerator was integrated into flexible silicone rubber that was
mounted on a human wrist to detect hand gestures based on the movement of the
tendons controlling the fingers.

To show the potential of Sb doping for optoelectronic devices, core–shell homo-
junctions [76] and heterojunctions with Si nanowires [77] were fabricated. For the
homojunction wires, an array of 50 nm nanowires was grown, followed by a shell

Fig. 7 a HAADF STEM image of a void in solution-grown Sb-doped p-type ZnO nanowires. The
areas where nanobeam electron diffraction was performed are circled in yellow. b NBD pattern of
the area above the void showing that only ZnO is present. c NBD pattern of the phase under the
void with overlapping ZnO and Zn7Sb2O12 phases present [71]
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layer of the opposite doping type, so that both p-core and n-shell nanowires and n-core
and p-shell nanowires could be grown. By using a high-concentration growth solu-
tion for the shell layer, the shell was densely packed, forming a bulk homojunction
with a higher surface area than a typical planar structure. Using TEM, the aforemen-
tioned void structures were observed exclusively in the p-type region, confirming
successful doping. The successful formation of a p–n junction was confirmed by
using a UV lamp with wavelengths of 365 and 254 nm to measure the photoresponse
of the device, and responses of 0.425 and 0.318 A/W, respectively, were observed
at a reverse bias of 5 V, the same order of magnitude as a commercial Si-based
photodiode.

The formation of a heterojunction structure was especially significant as it showed
that p-type ZnO can interact sufficiently with other semiconductors, expanding its
practical applications beyond simple ZnO-only systems. For this structure [77], Si
nanowires were first formed from an n-type substrate using nanoimprint lithog-
raphy and the Bosch process (Fig. 8a) [78]. p-type ZnO wires were subsequently
grown, completely backfilling the space between the Si nanowires (Fig. 8b, c). ZnO
nanowires grew perpendicularly from the surface of the substrate and also from the
sides of the nanowires as observed via SEM and confirmed with XRD. Because the
latter wires grew parallel to the substrate, a distinct (110) peak was observed, which

Fig. 8 a n-Si nanowires formed via nanoimprint lithography and the Bosch process. b Top and
c side views of p-ZnO/n-Si nanowire heterojunction structures formed by solution growth. The inset
in (b) shows a photograph of the sample. d Photoresponse IV curves of the nanowire heterojunction
irradiated by a 442 nm laser at different power levels [77]
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is associated with the sides of the ZnO nanowires. The photoresponse was measured
using a 442 nm laser under different power levels ranging from 0.5 µW to 1.2 mW
(Fig. 8d). The response time of the photodetector was less than 10 ms, which was
the detection limit of the authors’ characterization setup. The current varied with the
laser power, as expected, but the overall responsivity at a driving voltage of 1 V was
about the same, 1.02 A/W, which is much higher than that in previous reports on
ZnO/Si heterojunction structures [79–81].

4 Summary and Outlook

In conclusion, a look back at the research done on these two materials has yielded
an overwhelming number of results, which have only been examined to a limited
extent here. Hopefully, this review can serve as a starting point, which will inspire
the reader to look into synthesis techniques for materials more closely related to their
interest. Naturally, much of what has been covered here for Si can also be applied to
other group IV semiconductors such as Ge, which has also been subject to a large
amount of research in its own right. The case of ZnO is an interesting one as stable
p-type ZnO is still relatively new, so some fundamental measurements to determine
its carrier type, such as Hall effect measurements, still have not been done. Thus,
while some applications have been demonstrated, there are still large gaps in our
knowledge about ZnO. There is still much fundamental work to be done with this
material before research with concrete applications in mind can hopefully be carried
out.
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Nanoparticle Biomarkers Adapted
for Near-Infrared Fluorescence Imaging

Naoto Shirahata

1 Introduction

The development of biocompatible nanoparticles adapted for in-vitro and in-vivo
fluorescence imaging is a research area that is currently attracting considerable
interest across a wide range of fundamental studies and biomedical disciplines [1, 2].
For in-vivo imaging, the use of fluorescent materials having excitation and emission
bands in the near-infrared (NIR) spectral region, especially in the first (NIR-I) and
second (NIR-II) biological windows (see Fig. 1), is of vital importance because of a
lack of endogenous absorbers in this spectral range [3, 4]. Human tissues aremade up
of several organic molecules that naturally absorb (DNA, collagen, elastin, proteins,
nicotinamide adenine dinucleotide (NADH), and flavin adenine dinucleotide (FAD))
and emit (NADH, FAD, proteins, and DNA) light in the ultraviolet (UV) to visible
wavelength region, yielding auto-fluorescence from the tissues, which is strong in the
400–600 nm range and weak in the 700–1700 nm range (see Fig. 2) [5–7]. To avoid
auto–fluorescence that interferes with the clear imaging of tissues, optical commu-
nication in the NIR spectral range is necessary. However, the organic dyes including
fluorescent proteins available for NIR fluorescence imaging are rather limited, and
their poor photostability also hinders their application for long-term in-vitro and
in-vivo bioimaging [8].

Fluorescent inorganic nanocrystals offer substantial advantages over organic dyes
such as efficient NIR emission, broad absorption spectra coupled to narrow and size-
tunable emissions, and exceptional resistance to both photobleaching and chemical
degradation. The clinical translation of these nanocrystals has been impeded owing
to concerns regarding the biodegradability of such materials, the toxicity of degra-
dation by-products, and/or the toxic characteristics of the nanomaterials themselves
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Fig. 1 Absorption
coefficients (on a log scale)
of oxygenated blood,
deoxygenated blood, fatty
tissue, and water as a
function of wavelength.
Reprinted from [4],
Copyright 2012, with
permission from MDPI

Fig. 2 a Reduced scattering
coefficient, ms, plotted as a
function of wavelength in the
range of 400–1700 nm for
various tissue types
including the skin (black),
brain (green), skull (blue)
and subcutaneous tissue
(red). b Auto-fluorescence
spectrum of ex vivo mouse
liver, spleen and heart tissue.
Reprinted from [4],
Copyright 2012, with
permission from MDPI

[9–12]. Therefore, the use of NIR-emitting inorganic nanocrystals including metal
nanoclusters, semiconductor quantum dots (QDs), rare-earth (RE)-doped ceramics
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and perovskite nanoclusters has attracted a great deal of attention for optical commu-
nication in the biological window [13, 14]. In this chapter, recent advances in NIR-
light-emitting, water-borne nanoparticles of inorganic crystals with low cytotoxicity
towards biomedical applications including fluorescence imaging are demonstrated.

2 Nanoparticles

Fluorescent inorganic nanocrystals are the main component of the nanoparticle
biomarkers described in this article. In principle, bioimaging can be achieved by the
detectionof light emission from the inorganic nanocrystals involved in the biomarkers
using a confocal fluorescence microscope or a photoacoustic effect microscope.
Hence, the inorganic nanocrystals have to exhibit two important characteristics, i.e.,
optical absorption and emission. The bandgap energy of the crystal must be designed
to achieve a sufficiently high absorption coefficient for the light used for excitation.
Simultaneously, high luminescence efficiency enabling detection through the micro-
scopes has to be achieved. In this article, two different light emissionmechanisms are
considered: one is the radiative recombination of photoexcited carriers and the other
is light emission from active centers that are excited by energy transfer (ET) from
photoexcited carriers. The luminescence wavelength is determined by the energy
band structure of the matrix in the former case and by the electronic structure of the
active center in the latter case. Regardless of the luminescence mechanism, one of
the most important issues is the termination of nonradiative recombination to obtain
high luminescence efficiency.

Inorganic nanocrystals are usually insoluble in water owing to a lack of surface
polarity. A typical molecular design giving water solubility and targetability is
presented in Fig. 3. Water solubility is given by the chemical modification of
the nanocrystal surface with amphipathic molecules or self-assembled monolayers.
Self-assembled monolayers with terminal carboxyl or amine groups are conven-
tionally used. It is known that a self-assembly of amphipathic molecules forms
a micelle in water or an inverted micelle in a nonpolar organic solvent. By
taking advantage of self-assembly, chemists have prepared a biomarker with a
nanocrystal/monolayer/inverted-micelle core/shell/shell structure. Furthermore, in
some cases, the polar surfaces are functionalized with biomolecules including an
antibody, DNA aptamer or proteins as illustrated in Fig. 3. This section reviews two
types of nanoparticles with RE-doped nanocrystals and colloidal QDs working as
cores that can be used as emission source.

2.1 Rare-Earth-Doped Nanoparticles

Nanoparticles with RE dopant are a new class of fluorescent biomarkers that work in
the NIR wavelength range. The abundant energy-level structures in 4f configurations
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Fig. 3 A typical biomarker consisting of core/multi-shell nanostructures, and its cross-section view

and Laporte-forbidden f-f electronic transitions of RE ions result in a large Stokes
shift between optical absorption and emission, sharp emission bandwidths, long PL
decay time (~microsecond scale), tunable PL spectra and good photostability, which
render them particularly useful for bioimaging applications [15–17]. The concept of
optical communication in the biological window was reported in 2008 by Prasad and
colleagues [18]. Since then, nanoparticles doped with the Tm3+–Yb3+ couple have
been widely adopted to achieve ~800 nm emission by upconversion (UC) ET from
Yb3+ upon excitation using low-cost 980 nm laser diodes [19–24]. It is known that
the nonradiative ET of RE ions, on the one hand, facilitates the effective sensitiza-
tion of some RE ions by others (e.g., in the case of the Tm3+–Yb3+ couple) but, on
the other hand, greatly reduces the emission yields (i.e., concentration quenching
and nonradiative cross-relaxation of RE ions). As a result, a careful design of the
doping routes of RE ions in the targeted material systems is important to suppress the
energy losses caused by electronic transitions between RE ions, especially when the
performance characteristics of RE-ion-doped materials are approaching their phys-
ical limits. Zhou et al. reported simultaneous UC and down-shifting (DS) NIR emis-
sions within the same nanoparticle [25]. In their study, a hexagonal-phase NaGdF4
crystal (see Fig. 4a) was chosen as the host structure for RE ion doping owing to
its outstanding properties including a photon energy as low as that of NaYF4. As
illustrated in Fig. 4b, a pair of Tm3+ and Yb3+, which is efficient for UC NIR-to-NIR
emission was doped in the host structure. On the other hand, Nd3+ was doped for
DS NIR-to-NIR emission because of its characteristic emission peak at ~1060 nm
when excited at 740 nm. Interestingly the emission intensities based on UC and DS
were very low for the tri-doped nanoparticles (NTY in Fig. 4b) because the Tm3+ UC
luminescence is quenched in the nanoparticle, suggesting that the quenching of the
Tm3+ luminescence is strongly correlated with the presence of Nd3+ ions. According
to the energy level diagrams of Nd3+, Tm3+ and Yb3+, ET occurs as a result of the
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Fig. 4 a Crystal structure of
β-NaGdF4. b Illustration of
the spatial structure of NTY
and N@TY. c Cross section
of the core − shell structure
with spatial doping.
Reprinted from [25],
Copyright 2013, with
permission from American
Chemical Society

high population density in the donor level (Tm3+) and the strong absorption transi-
tion in the acceptor-level (Nd3+). In the case of the DS mode, the quenching of Nd3+

emission is not solely due to the ET from Nd3+ to Yb3+, but it is also a result of the
inverse process of the ET mentioned above, that is, from Nd3+ to Tm3+. As a result,
efficient emissionwas not observed. Achieving efficient emission requires dopants of
Tm3+ and Yb3+ ions which are spatially separated fromNd3+ in a single nanoparticle.
To achieve the spatial separation, the core–shell nanostructure illustrated in Fig. 4b
(N@TY) is used. Simultaneous UC and DS with high PL intensities were observed
for the core–shell nanoparticles with Tm3+ and Yb3+ doped in the shell and Nd3+

doped in the core (see Fig. 4c).
In general, inorganic UC is a powerful technique for optical communication in

the biological window [26]. Four UC processes are shown in Fig. 5. In the panels, the
length of the violet arrow corresponds to the energy gap for UC emission. Panel (a)
illustrates excited state absorption (ESA). ESA occurs under the sequential absorp-
tion of two or more photons by a single optically active lanthanide ion (e.g., Er3+,
Nd3+ or Tm3+) with ladder-like energy levels. Typically, electrons are promoted to an
intermediate energy state positioned between the ground state and the upper energy
level as illustrated in panel (a). The electrons transit from the intermediate energy state
to the upper energy state by absorbing more photon energy. The radiative relaxation
of electrons yields UC emission. Panel (b) illustrates energy transfer upconversion
(ETU). This process is similar to ESA in terms of photon energy absorption in the
intermediate energy state, while it differs from ESA in that it occurs by ET between
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Fig. 5 Proposed typical UC processes: a excited state absorption (ESA); b energy transfer UC
(ETU); c photon avalanche (PA). d Energy migration-mediated UC (EMU) involving the use of
four types of lanthanide ions and a core–shell design. Reprinted from [27] Copyright 2015, with
permission from Royal Society of Chemistry

two neighboring lanthanide ions. In this process, ions (I) and (II) illustrated in the
panels absorb the same photon energy for the transition to the intermediate state. By
nonradiative energy-transfer between the ions, one of the excited electrons (ion II) is
promoted to a higher energy state for UC emission, while the other electron (ion I)
relaxes back to the ground state. Panel (c) illustrates photon avalanche (PA), which
is widely known as an unconventional process for UC emission. The PA process
is based on the combination of the two mechanisms mentioned above. It requires
an excitation power exceeding a certain threshold for pumping. Panel (d) illustrates
energy-migration-mediated UC (EMU). This process does not take advantage of the
intermediate energy state of a lanthanide ion. It involves the use of four types of
lanthanide ions and a core–shell structure. The ions without long-lived intermediate
energy states (Ln3+ =Eu3+, Tb3+, Dy3+ and Sm3+) become activators to generate effi-
cient UC luminescence in the core–shell nanoparticles, which benefit from the energy
migration effect of a dopant located in the host lattice [27]. A high concentration
of dopant ions seems to be necessary for efficient UC phenomena, but the intensity
of optical absorption, the critical distance between the donor and the acceptor, and
the radiative efficiency are dependent on the dopant concentration. Therefore, a high
concentration of dopants usually results in PL quenching. For example, the optimum
concentration of Tm3+ dopant in the NaYF4 host structure has been found to be
in the range of ∼0.2–0.5 mol% at excitation irradiance below 100 W cm−2 (with
∼20–40 mol% Yb3+) [27].



Nanoparticle Biomarkers Adapted for Near-Infrared Fluorescence Imaging 33

2.2 Quantum Dots

QDs of semiconductors are an attractive class of fluorescent biomarkers owing to
their superior optical properties including narrow PL spectra without long emission
tails, continuous tunability over the NIR-I (λem = 700–950 nm) and NIR–II (λem

= 1000–1700 nm) windows, PL quantum yields exceeding 30%, and PL lifetimes
longer than that of autofluorescence. Furthermore, the development of water-soluble
QDs adapted for multi-photon excitation opens the way towards minimal tissue
absorbance and a large penetration depth for in-vivo study. This subsection describes
the in-vitro and in-vivo imaging of NIR-emitting QDs in the region of 650–900 nm
and 1000–1450 nm. The optical performance characteristics of the QDs of group
I-VI, I-III-VI2, III-V and IV semiconductors shown in Table 1 are highlighted. The
PL wavelengths used for cellular imaging are tuned in the NIR-I and/or NIR-II range
by taking advantage of the effects of quantum confinement (QC). The surfaces of
the QDs are functionalized with organic ligands to give them solubility in water.
For this purpose, chemists have usually used an amphiphile, which is a chemical
compound having both hydrophilic (water-affinity, polar) and lipophilic (fat-affinity,
less nonpolar) properties. In particular, polyethylene glycol (PEG) forms a micelle
in water and completely envelops assemblies of QDs to give them solubility in water.

2.2.1 Group I-VI QDs

As an example of a group I-VI semiconductor QD, silver sulfide (Ag2S) has been
broadly studied. Ag2S QDs exhibit size-dependent PL bands peaking in the NIR-I
and NIR-II regions [28]. Gui, et al. reported the cation exchange between visible-
light-emitting QDs of cadmium sulfide and Ag+ ions [29]. The hydrophilic Ag2S
QDs prepared by Javidi et al. showed low cytotoxicity to both human A549 and Hep
G2 cell lines at concentrations of 6.25–200 μg/mL [33]. As Ag2S QDs have low
ability to produce reactive oxygen species, low cytotoxicity and good biocompat-
ibility are observed [30]. According to a study by Zhang et al., Ag2S QDs, which
demonstrates low toxicity in terms of cell proliferation, apoptosis and necrosis, ROS,
and DNA damage, have good potential for in-vivo imaging, disease finding, and
cancer diagnosis with clearance from the body [39]. According to blood biochem-
istry, hematological analysis, and histological examinations, PEGylated-Ag2S QDs
administrated to mice for up to 2months at doses (of 15–30mg/kg body weight show
low toxicity) [40]. Qin et al. reported a fluorescence-CT dual-mode biomarker devel-
oped using DSPE-PEG2000-FA and other amphiphilic molecules to coat Ag2S QDs
and iodinated oil nanoparticles simultaneously. Their in-vivo experiments revealed
that the biomarker has a rather long circulation time (blood half-life of 5.7 h), and
histopathological tissue tests indicated that it is not damaging to the normal function
of essential organs [41]. Tan et al. produced NIR fluorescent Ag2S QDs in cultured
HepG2 cancer cells [36]. QD precursors were delivered into the cells, where they
reacted to produce QDs under the action of endogenous glutathione [36]. As a result
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Table 1 Summary of representative QDs and their surface modifications, PL peak positions, and
biomedical applications. Reproduced from [12] Copyright 2019 The Author(s) under CC BY 4.0.
Published by Informa UK Limited, trading as Taylor & Francis Group

Types of QDs Surface coating PL peak
(nm)

Applications Ref

I-VI Group

Ag2Se polyethylene glycol (PEG) 1300 Blood
Clearance and
bio-distribution

[31]

Ag2Se Multidentate polymer 950–1250 In-vivo
fluorescence
images

[38]

Ag2Se C18-PMH-PEG 1300 In-vivo imaging
of live mice

[93]

Ag2S Glutathiose 1015 Nitric oxide
delivery and
fluorescence
imaging

[36]

Ag2S Dihydrolipoic acid 1000 -
1400

Early stage
tumor diagnosis

[94]

Ag2S carboxylic acid group 825 EGFR targeted
tumor imaging

[95]

I-III-VI Group

CuInS2 RNase A capped CuInS2 700–800 In-vivo imaging [44]

AgInS2 multidentate polymer 820 In-vivo imaging [96]

III-V Group

InAs core–shell Phospholipid
Nanosomes
Composite particles

1280
1300
1280

Multicolor
imaging
Quantitative
metabolic
imaging
Blood flow
maps

[50]

InAs/InP/ZnSe MPA 800 Tumor
detection in
living mice

[51]

IV Group

Carbon S, Se-codoped 731 & 820 Fluorescence
imaging and
photothermal
therapy

[90]

Carbon Poly(vinylpyrrolidone) 750 In-vivo NIR
fluorescence
imaging

[91]

(continued)
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Table 1 (continued)

Types of QDs Surface coating PL peak
(nm)

Applications Ref

Carbon PEG-800 600–900 Photothermal
cancer therapy

[97]

Carbon Fluorescein isothiocyanate 683 Two-photon
fluorescence
bio-imaging

[88]

Si Pluronic F127 650 Two-photon
fluorescence
cell imaging

[52]

Si 4,7-di(2-thienyl)-2,1,3-benzothiadiazole 900 Two-photon
Absorbing
Antenna

[75]

Si Boron (B) and phosphorus (P) - codoped 600–1200 Time-gated
fluorescence
imaging in the
second
near-infrared
window

[76]

of the QD precursors delivered into cultured hepatoma carcinoma cells, QDs with
sufficient emission efficacy for in-vivo imaging were effectively synthesized with
the aid of endogenous glutathione in the cells. A study of multiple nanodiagnostics
and multicolor imaging in an in-vivo environment was reported by Jiang et al. who
synthesized emission-tunable Ag2S QDs (λem = 690–1227 nm) by controling their
diameters from below 1.5 nm to 4.6 nm [99].

Silver selenide (Ag2Se) also works as a fluorescent biomarker (λem = 1000 −
1400nm). Figure 6 shows the typical PL tunability ofAg2SeQDsat room temperature
in the NIR-II region [38]. Ge et al. studied the biodistribution and clearance of Ag2Se
QDs in mice [37]. According to their paper, ICP-MS studies and biodistribution
fluorescent images of the QDs in mouse organs confirmed that they could be cleared
rapidly from the mouse body, typically by renal excretion, without accumulation.
Furthermore, they claimed that pathological and biochemical analyses, and body
weight results also showed that the QDs do not cause significant toxicity in the
in-vivo environment. PEGylated Ag2Se QDs exhibit blood clearance, distribution,
transformation, excretion, and low toxicity in mice after intravenous injection [31].
These QDs preferentially accumulate in the spleen and liver although they are almost
completely transformed and cleared within 1 day. Ag+ ions liberated from the QDs
are excreted as waste products such as in the feces and/or urine, whereas Se2− ions
are excreted at a low-rate, resulting in the low toxicity of PEGylated Ag2Se QDs
[32].
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Fig. 6 PL spectra of
MDP-capped Ag2Se QDs
synthesized with different
reaction times (S1-S5),
corresponding to 0.5, 1, 1.5,
2 and 3 h. Reprinted from
[38], Copyright 2014, with
permission from American
Chemical Society

2.2.2 Group I-III-VI2 QDs

Group I-III-VI2 QDs include CuInS2 Cu(InGa)Se2 and AgInS2. These ternary
compounds consist of environmentally benign elemental components and show
potential for biomedical use because of their low toxicity [11, 42]. Moreover, the
band structures of these QDs can be conveniently modified through alloying. For
example,NIR-emittingAgInS2/ZnSQDs can be synthesized by heating aAg/In/Zn/S
solution and ending the reaction at 165 °C [43]. This paper showed that the zinc
concentration and temperature strongly influence the structural parameters of QDs
including the crystallinity and defect density. Cytotoxicity tests of AgInS2, AgZnInS,
AgInS2/ZnS and AgZnInS/ZnS QDs show their use for clinical diagnosis [34].
Ag2Te and Ag2Te/ZnS core–shell QDs work as biomarkers with low toxicity which
are available in the 900–1300 nm range [35]. As shown in Fig. 7, CuInS2 QDs
exhibiting the tunability of PL peak energies in the NIR-I range are good lumines-
cent biomarkers for the gastrointestinal system [44]. Cu-doped Zn–In–S (CZIS) QDs
with a ZnS shell were subjected to a cytotoxicity test to confirm their nontoxicity
[45]. Fahmi and Chang. prepared AgInS2-ZnS QDs and showed their high disper-
sity in water by covering their surfaces with oleylamine without any surfactant or
polymer for cancer cell staining [46]. The addition of folic acid for conjugation with
the oleylamine-cappedQDs provides targeting capability for HeLa andMCF7 cancer
cell staining.

2.2.3 Group III-V QDs

Indium arsenide (InAs) and indium phosphide (InP) are included in this category.
Highly crystalline, surface-passivated, and monodispersed InAs QDs have superior
PL spectra to otherQDs in theNIR range (λem = 700–1400 nm). Such InAsQDswere
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Fig. 7 a PL spectra of RNase A-CuInS2 QDs at different reaction temperatures. b Mouse after
treatment with the RNase A-CuInS2 QDs. Reprinted from [44], by The Author(s) licensed under
CC BY-NC 3.0 with permission from Royal Society of Chemistry

synthesized through self-focusing of the size distribution. Several papers showed
the high optical performance of InAs QDs. For example, the maximum value of
their PL quantum yields (QYs) was close to 90%, and they exhibited photostability.
Furthermore, the narrow PL spectral linewidths observed are preferred for in-vivo
multifunction imaging. Cu-doped InP QDs were synthesized by the epitaxial growth
of a ZnSe diffusion barrier for the dopants. Although InP/ZnSe QDs are visible-
light-emitters, they change into NIR emitters upon impurity doping. For example,
Cu-doped InP/ZnSe QDs can cover the NIR spectral range (λem = 650–1100 nm)
as shown in Fig. 8. As expected, PL tunability was achieved by varying the size of
the InP core [47]. Allen et al. prepared water-soluble InAs (ZnCdS) QDs with bright
and stable PL bands peaking in the NIR region [48]. Group III-V QDs do not contain
toxic elements such as Pb, Hg and Cd, and exhibit superior optical performance
for light emission on the basis of the QC effect. However, studies of III-V QDs are
limited owing to complications in their synthesis. InP QDs are good fluorescence
biomarkers for bio-imaging [49]. According to Bruns et al. InAs-based core–shell

Fig. 8 PL spectra of InP and
Cu-doped InP QDs.
Reprinted from [47],
Copyright 2009, with
permission from American
Chemical Society
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Fig. 9 In-vivoNIRfluorescence imagingof 22B tumor-bearingmice (arrows) injectedwithQD800-
MPA and QD800-COOH. Reprinted from [51], Copyright 2010, with permission from Wiley

and core–shell–shell QDs are a flexible class of materials for functional biological
imaging in the short-wave IR (SWIR) range [50].Moreover, InAs-basedQDs display
a high QY and stable PL compared with the previously reported SWIR biomarkers.
Gao et al. reported the use of 22B and LS174T tumor xenograft models, and in-
vivo and ex-vivo imaging studies showed that a large amount of QD800-MPA is
accumulated in the tumor part, which is essential for tumor detection in living mice
as shown in Fig. 9 [51].

2.2.4 Group IV QDs

Group IV QDs include carbon dots, graphene dots, silicon (Si) nanocrystals and
germanium (Ge) nanocrystals. Bulk crystalline Si is an environmentally friendly
semiconductor with a room-temperature bandgap of 1.14 eV. It is highly recyclable
and has been used as a fundamental material of semiconductor integrated circuits,
which support our modern, highly sophisticated information society. However,
since Si has an indirect transition-type band structure, its PL QY is extremely low
(<~0.0001%). The effects of QC lead to the relaxation of the momentum conserva-
tion by the uncertainty principle (�χ�ρ ≥ è/2), which allows zero-phonon optical
interband transitions. This theory predicts the appearance of PL peaks with a tail
on the low energy side. This tail continues until ~1.1 eV, which is equal to the bulk
bandgap for crystalline Si. However, most of the NIR PL spectra reported recently
show a homogeneous and Gaussian-like shape without long emission tails [52].
Although the PLQYs of hydrogen-terminated Si QDs are as low as ~5%, merely
substituting the surface hydrogen atoms with alkyl chains, which yields a covalent
carbon–silicon linkage, increases the PL QY up to ~60% [53]. Furthermore, the PL
peak energy in the NIR-I range can be tuned even after the substitution of surface
ligands [52]. Presently, the high PL QY is postulated to arise from an increase in
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radiative recombination rate [54], a marked reduction in the number of non-radiative
channels [55, 56], or a bandgap modulation from indirect to direct transitions [57].
Impurity doping into the diamond cubic Si lattice enables PL tunability in the NIR-II
range [58]. A long PL lifetime on themicrosecond scale, which is characteristic of the
diamond cubic Si lattice structure, overcomes the shortcoming of auto-fluorescence
[59]. NIR-emitting Si QDs have been prepared by the non-thermal plasma or thermal
disproportionation of hydrogen silsesquioxane (HSiO1.5), followed by hydrofluoric
acid etching to liberate the Si QDs from the oxide matrix [60–65]. In most of the
studies, HSiO1.5 purchased from Dow Corning (trade name FOx-17) was used for
QD synthesis [62, 66], but a similar compound has been derived from the hydrol-
ysis of trichlorosilane or triethoxysilane [63, 67]. Wang et al. reported the first ever
biomedical use of Si QDs as a fluorescence label for DNA [68]. Since then, Swihart
and co-workers have further studied Si QD biomarkers [69]. It has been reported
that cell cytotoxicity is strongly influenced by surface terminal groups [70, 71]. In
particular, a low cell viability is known for an amine-terminated surface, while a
carboxyl-terminated surface exhibits less toxicity to cells than amine-terminated one
becausemost living cells are charged inminus. Inmany cases, amphiphilicmolecules
such as Pluronic F127 or PEG are employed to encapsulate the core of Si QDs owing
to their electronically neutralized surfaces, yielding high hydrophilicity and biocom-
patibility [52, 72, 73]. Si QDs exhibit low absorption efficiency to red-to-NIR light.
Therefore, it is difficult to achieve NIR–NIR excitation–emission bio-imaging in a
single-photon excitation environment. To overcome this difficulty, He et al. reported
the possible compatibility of the multiphoton excitation technique with Si QDs [74].
Chandra et al. developed water-borne Si QDs adapted for two-photon excitation and
used them to provide the first direct evidence of NIR-to-NIR excitation–emission
imaging [52]. Furthermore, HiLyte Fluor 750 amine was linked via an amide link to
SiQDs preparedwith Pluronic-F127-COOHas the first demonstration of a functional
NIR-emitting water-dispersible biomarker of Si QDs [52]. Ravotto et al. presented a
light-harvesting two-photon antenna using the emission of Si QDs [75]. This result
revealed their potential for bioimaging applications, such as deep tissue imaging
with –high resolution, and low photodamage– coupled with the bright, long-lived,
and oxygen-insensitive NIR luminescence of Si QDs [75]. By taking advantage of
the microsecond-scale PL lifetime, time-gated fluorescence imaging in the NIR-II
window has also been investigated for the observation of biological tissues tagged
with SiQDs [76]. Si exhibits high chemical affinity for covalent linkageswith carbon,
oxygen, and nitrogen, which can produce various organic derivatives hybridized at
the molecular level [77]. A well-designed ligand working as a molecular wire is
expected to decrease the magnitude of the potential energy barrier between NCs and
monolayers, leading to efficient electronic conduction.

Bulk Ge crystal is also a typical indirect–bandgap semiconductor with a narrow
bandgap of 0.67 eV at room temperature. As predicted, Ge QDs exhibit poor optical
performance because of their indirect-bandgap character. However, photogenerated
carriers confined in a tiny Ge crystal with a diameter smaller than the bulk exciton
Bohr radius (~11.6 nm) induce a change in energy structure for light emission. This
situation allows the overlapped wavefunctions of spatially confined carriers, leading
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to zero-phonon optical interband transitions for recombination as a result of the
relaxation of the k-selection rule due to the Heisenberg uncertainty relation [78].
Since the discovery of yellow fluorescent Ge QDs in 1993, there have been many
papers showing that size-controlled structures result in emission tunability over the
whole visible-wavelength range [79, 80]. In contrast, a few papers reported the colors
of fluorescence in the NIR wavelength region [81–83]. Ruddy et al. reported Ge QDs
(2.3− 11.3 nm) synthesized by the reduction of GeI4/GeI2 mixtures [84]. Their QDs
exhibited NIR absorption (1.60 − 0.70 eV) and corresponding band-edge emissions
on the basis of QC effects [84]. To date, continuous tunability in a biological window
in the λem = 900–1600 nm range has been achieved, but the QYs of these NIR
emissions are too low (~5%) for the QDs to be adapted for fluorescent biomarkers.

Carbon QDs (CQDs) show good PL properties [85–87]. CQDs that exhibit strong
absorption at around 600 to 900 nm while emitting NIR light are suitable for in-vivo
imaging, favored uptake, and accumulation at tumors [88]. The NIR-emitting CQDs
adopted for two-photon excitation exhibit high water solubility, low-cytotoxicity, a
narrow spectral emission, and a PL QY as high as 16.8% [89]. Biomimetic synthesis
is used to obtain CQDs. For example, NIR-emitting CQDs (λem = 680 nm, PLQY=
15%) synthesized from spinach as a precursor are excellent labeling agents for lung
cancer cells (A549) excited at 543 nm [90]. Impurity doping sometimes enhances
the photothermal performance. S-, and Se-codoped CQDs exhibit PL bands peaking
at 731 and 820 nm, and a photothermal conversion efficiency of ~58% [90]. The
CQDshave a two-photon absorption cross-section (~30,045GM). From these results,
it was claimed that CQDs are useful for phototheranostic agents, and for the two-
photon excitation fluorescence imaging, and photothermal therapy of cancer cells. As
CQDs show band-edge emission character, optical communication in the NIR range
can be achieved on the basis of a single photon excitation technique. Furthermore,
more recently, Li et al. have observed multiphoton-induced fluorescence in dimethyl
sulfoxide (DMSO) under the excitation of light peaking in theNIR-IIwindow [91]. In
their paper, poly(vinylpyrrolidone) (PVP) modified CQDs were used for the in-vivo
imaging of the stomach of a living mouse.

3 Toxicological Studies

The biomedical use of inorganic nanocrystals has raised concern about their toxicity
within living organisms. Table 2 shows a summary of typical toxicological studies on
different QDs [92]. Various in-vivo models were demonstrated for each assessment.
As expected, QDs containing Cd and Pb show high toxicity in every case. The
high cytotoxicity of Ag2Se QDs is unexpected, although they show good NIR PL
performance based on the effect of QC. The advantageous PL performance offered
by the QDs cannot outweigh the potential risk associated with the accumulation of
their constituent elements in the human body. PbSe QDs exhibit nontoxicity to cells
up to a concentration of 100 μg/mL. It is predicted that PbS QDs will also show
similar toxicity. On the other hand, PbS/SiO2 core − shell QDs are nontoxic up to a
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concentration of 220μg/mL in a cell culture owing to the presence of a nontoxic shell
(i.e., SiO2), and this concentration is as high as that of Si QDs. However, contrasting
results were obtained for toxicity between PbSe/SiO2 and Si when mice were used
for the test. The concentration of PbS/SiO2 core–shell QDs (~25mg/kg bodyweight)
when used as a nontoxic biomarker was very low in a nonhuman primate study of
QD toxicity. However, Si QDs demonstrate non-toxicity even at 380 mg/kg body
weight, which is 15 times larger than the limitation of PbS/SiO2 QDs (~25 mg/kg
body weight). This comparison indicates that covering toxic cores with less-toxic
materials could not be the answer to the toxicity problems. In addition, the presence
of heavy-metals in these QDs makes them a potential risk to the environment as their
use increases and the products reach their end of life. Pb-based QDs also emit high
intensity light up to the NIR-II region, which researchers used at a low concentration
for bio-imaging after surfacemodification.Because of the limitations ofQDsworking
in the NIR-II wavelength range, it is desirable to improve the PL performance for Ag-
based QDs. There are many papers reporting the cellular cytotoxicity of Ag2S QDs
being lower than those of Cd-, Pb-, and Hg-based QDs. It has also been reported that
CuInS2 andAgInS2 QDs aremore biocompatible than other toxic QDs such as HgTe,
CdHgTe, CdTeSe, CdTeSe/CdS, PbS, and Au/PbS QDs. InAs-based core–shell QDs
do not show high cytotoxicity and are rapidly eliminated through renal clearance
which reduces their potential toxicity to the body. Si and Ge QDs are non-toxic to
the human body and they emit light in the NIR region. For Si QDs, the drawback
is a low photoabsorption coefficient because of their energy structure, which retains
the indirect bandgap nature observed for bulk crystals. Surface chemistry allowing
efficient fluorescence resonance ET between surface ligands working as absorbers
and Si QDs is expected to solve this problem.

4 Summary

This chapter showed the recent progress in the development of NIR-emitting
biomarkers of inorganic nanocrystals towards fluorescence imaging for therapy. The
tremendous efforts invested in the colloidal synthesis and further functionalization of
water-borne NIR-emitting QDs with different chemical compositions was described.
Nanoclusters of metals including gold are also accessible to the biological window,
but the present chapter omits their discussion to focus on the advantages of semi-
conductor QDs and RE-doped ceramics nanoparticles. By controlling (i) the size of
the QDs and/or (ii) the compositional ratio of alloys, the accessible emission wave-
lengths could be extended to the NIR-I and NIR-II windows. Furthermore, the QDs
have unique optical properties such as a large multiphoton absorbance cross section,
yielding the multiphoton absorption of NIR light and resulting in successful multi-
photon imaging and upconverted emission imaging. According to this scenario, QDs
with optical absorption maxima in the UV range have acquired similar importance
to the NIR-to-NIR excitation—emission fluorescent biomarkers.
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Group IV QDs have the potentials to be used as nontoxic and biocompatible
biomarkers. Unlike the QDs of compound semiconductors, the QDs of Si and Ge
exhibit a high chemical affinitywith carbon to form a covalent linkagewith an organic
ligand (i.e., C-Si or C-Ge bonds). The covalent linkage results in high dispersity in
aqueousmedia or organics, enabling them to be purified by various column chromato-
graphic processes. Biochemists can avoid the problem of autofluorescence, which
disturbs high-resolution imaging, by using biomarkers of Si or Ge QDs because they
exhibit slow PL decay relaxation at a microsecond scale. The disadvantage in their
use as biomarkers is that these QDs require UV light for excitation which exhibits
a high phototoxicity. In other words, Si and Ge QDs must have a low light absorp-
tion coefficient in the visible—NIR wavelength range. Therefore, the use of a two-
or three-photon excitation technique is one way to avoid the use of UV light [52].
Recently, by taking advantage of surface ligand chemistry, Ceroni and co-workers
achieved efficient NIR-emission with a single photon under visible—light excitation
conditions [98]. In their proposed molecular system, the strong absorption of visible
light is responsible for the attachment of the organic ligand to the QD surface. The
efficient ET from the ligand to the QD allows the radiative recombination to achieve
the strong fluorescence. Thus, the fluorescence resonance energy transfer (FRET)
mechanism is also an attractive photoexcitation method for group IV QDs. These
distinguishing features observed for the NIR-emitting QDs described herein will
expand their use to various pathways for bright imaging with high contrast, including
photothermal cellular imaging under in-vitro and in-vivo environment.

References

1. Michalet X, Pinaud FF, Bentolila LA, Tsay JM, Doose S, Li JJ, Sundaresan G, Wu AM,
Gambhir SS, Weiss S (2005) Quantum dots for live cells, in-vivo imaging, and diagnostics.
Science 307:538–544

2. Resch-Genger U, Grabolle M, Cavaliere-Jaricot S, Nitschke R, Nann T (2008) Quantum dots
versus organic dyes as fluorescent labels. Nat Methods 5:763–775

3. Weissleder RA (2001) Clearer vision for in-vivo imaging. Nat Biotechnol 19:316–317
4. Quek C, Leong KW (2012) Near-infrared fluorescent nanoprobes for in-vivo optical imaging.

Nanomaterials 2:92–112
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1 Mesoporous Materials

1.1 Background

Porousmaterials including zeolites and activated carbons have been utilized as adsor-
bents and separation membranes owing to their large specific surface areas derived
from the numerous pores inside these materials. They are classified into three cate-
gories depending on their pore size (diameter), namely, microporous, mesoporous,
and macroporous, which possess <2 nm, 2–50 nm, and >50 nm pores, respectively
[1]. Macroporous materials are highly accessibile even for large molecules, but have
a small surface area. Meanwhile, microporous materials have a large pore density
with a narrow pore size distribution, but they cannot provide high accessiblity to
large molecules. Therefore, mesoporous materials with intermediate pore sizes have
attracted much interest and have been utilized as catalysts (and their supports) [2–5],
drug delivery systems (DDSs) [6, 7], and adsorbents [8, 9].

Mesoporousmaterials can be produced by surfactant-based synthesiswith electro-
chemicalmethods. Since the first synthesis of orderedmesoporous silicawas reported
in the 1990s, a number of studies on mesoporous silica [10, 11], carbon [12, 13], and
metal oxides [14, 15] have been reported. Furthermore, several approaches have been
developed for the orientation control of tubular nanochannels. Themacroscopic-scale
control of nanochannels is important for innovative applications such as molecular-
scale devices and electrodes with enhanced diffusion of guest species [16]. Among
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the mesoporous materials, mesoporous metals have been considered to be the most
promising materials since they have the advantages of both mesoporous structures
and metallic properties, such as a robust framework and superior thermal/electrical
conductivity. Owing to their metallic frameworks, mesoporous metals with high
electroconductivity and high surface areas hold promise for a wide range of elec-
trochemical applications [17]. A high specific surface area derived from numerous
pores is the most advantageous trait of mesoporous metals, leading to the improved
mass activity of metal catalysts, which is crucial especially in the use of precious
metals. Previous studies have shown that there are abundant catalytically active sites
on the surface of mesoporous metals. Thus, mesoporous metals have been widely
used as promising catalysts for energy applications.

There are two methods of synthesizing mesoporous metals [17]. One is a hard-
templating method where inorganic materials, silica in most cases, are used as a
sacrificial template. The other is a soft-templating method where self-assembled
molecules act as a pore-directing agent. In particular, the soft-templatingmethodwith
the use of lyotropic liquid crystals (LLCs) has traditionally been employed to generate
2D hexagonal-ordered mesoporous structures. However, the highly viscous LLC
solution restricts its wide and flexible application to various reaction systems, and the
pore diameter is also relatively small. Recently, our group has proposed a newconcept
on the synthesis of mesoporous metals. We use a low-concentration solution of block
polymer micelles so that we can easily handle and control the system. Furthermore,
the pore diameter can be controlled by tuning themolecularweight of the initial block
polymer. To date, a number of mesoporous metal nanoparticles and films have been
synthesized by chemical reduction and electrochemical deposition, respectively. On
the other hand, the possible compositions are limited to noble metals or their alloys
with other metals that can be relatively easily reduced. In this section, we summarize
a recent advance in this emerging research area of mesoporous materials.

1.2 Traditional Ways of Preparing Mesoporous Metals

Templating methods are the main route for the preparation of mesoporous metals,
and there are two types of methods. One is called the hard-templating method where
inorganic materials, especially silica, are used as templates. In this method, metals
are deposited in the confined space of structured templates, and after removing the
templates, replicas of the original templates can be obtained (Fig. 1). As one of the
pioneering works, Ryoo et al. reported a network of interconnected Pt nanowires
obtained by flowing H2 to reduce Pt precursors in the spaces of mesoporous silica
(MCM-41) [18]. In thismethod, the final structure is an inverted replica of the original
hard template, and so far, various kinds of nanostructure including nanoparticles,
nanowires, and nanowire networks have been generated with structured silica such as
MCM41, SBA-15, KIT-6, MCM-48, and nanoparticles [19–23]. While the structure
can be controlled by tuning the morphology of the templates, this method requires a
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Fig. 1 Hard-templating synthesis of mesoporous materials

Fig. 2 Traditional soft-templating synthesis of mesoporous metals

multistep process involving the preparation of a hard template. Moreover, irregular-
shaped mesoporous metals are formed because of the difficulty of controlling the
metal deposition inside the template.

On the other hand, the soft-templating method, which uses self-assembled
micelles as a template, is a simple process where the micelle formation and metal
deposition can be carried out in the same pot. In this method, metal precursors
are attached on the hydrophilic unit of micelles and reduced by reducing agents or
external power sources, followed by the removal of the template to obtain the final
mesoporous metal (Fig. 2). The traditional self-templating method employed surfac-
tants such as Brij 56 and CTAB for a soft template with a high concentration (above
30 wt.%). 2D hexagonal-arrayed LLCs (Lyotropic Liquid Crystals) can be formed
in such a high-concentration solution; hence, ordered mesoporous structures can be
obtained. Attard et al. reported the first synthesis of mesoporous metals (Pt nanopar-
ticles) by the soft-templating method [24], and this method has been applied to many
other compositions with various shapes [25–28]. However, the relatively small pore
diameter (~10 nm) and the highly viscous solution have hampered the wide-range
application and easy control of the reaction system, respectively.

1.3 New Discovery in the Syntheses of Mesoporous Metal
Nanoarchitectures

To overcome the limitation of pore diameter and easily handle the reaction solu-
tions, our group has recently proposed a new method of synthesizing mesoporous
metals using block polymers as a template at a low concentration. Block polymers
consisting of hydrophilic and hydrophobic units can act as surfactants and form



54 Y. Ide et al.

micelles. The pore diameter can exceed 10 nm and can be controlled by tuning the
molecular weight of the initial block polymers. To date, our group has studied many
mesoporous metal nanoparticles [29, 30] and films [31–35] by chemical reduction
and electrochemical deposition, respectively. In the former process, metal precursors
are reduced around the micelle by a reducing agent, which is followed by nucleation,
growth, and template removal (Fig. 3a). On the other hand, the latter uses external
electrical power to reduce the metal precursors (Fig. 3b). Therefore, it is much easier
to control the reaction kinetics by adjusting the potential, temperature, pH, and so on,
and even non-noblemetal frameworks can be attained.We believe that this concept of
synthesizing mesoporous metals with a large pore size can open a new field in energy
and environment catalysts such as fuel cells, supercapacitors, CO2 conversion, and
toxic gas remediation.

Fig. 3 Syntheses of mesoporous metal a nanoparticles by chemical reduction and b films by
electrochemical deposition
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2 Layered Inorganic Solids

2.1 Introduction

Layered inorganic solids including layered clay minerals are part of a class of porous
materials that generate expandable 2D interlayer nanospaces that accommodate ions
and molecules. These materials have high chemical and thermal stability and are
inexpensive and relatively easy to synthesize or process; thus, they have long been
used as ion exchangers, adsorbents, and catalysts since the 1960s. Layered inorganic
solids have also been used as scaffolds to design porous materials via different inter-
calation methods [36–44]. On the other hand, during the past 20 years, other classes
of porous materials such as zeolites and metal–organic frameworks (MOFs) that
employ diverse materials and materials design techniques have been burgeoning.

Recently, our group has developed new methods of generating porous materials
from layered inorganic solids such as silicates and titanates [45–61]. These new kinds
of porous material are interesting because they exhibit properties and functions that
are not achievable with conventional porous materials. Here, we present three good
examples.

2.2 Zeolitic Magadiite But with Unique Open Micropores
Within the Layers

Magadiite is a layered silicate that was originally discovered in Lake Magadi, Kenya
in 1967 [62]. It is one of the most frequently used/investigated layered silicates
because it can be easily prepared using simple, scalable hydrothermal reactions.
However, its properties have remainedmysterious, in part because its crystal structure
has never been solved. We have recently reported the first known crystal structure
of magadiite [52]. This structure is highly interesting because it possesses unique
zeolite-like microchannels within the silicate layers. In this section, we will describe
some of the details of the experiments used to solve the structure, and explain its
implications for applications.

The original form of magadiite containing Na cations (called Na-magadiite) was
purchased fromNipponChemical Industrial and usedwithout further treatments. The
protonated form of the material (called H-magadiite) was generated by treating Na-
magadiitewith diluteHCl.We succeeded in solving the local-to-medium-range struc-
ture of Na-magadiite and H-magadiite through analysis of the X-ray pair distribution
function (PDF) with the aid of other characterization methods including composi-
tional analysis, X-ray diffraction (XRD), and solid-state nuclear magnetic resonance
(NMR) spectroscopy. The unit cell was derived from the XRD pattern, while the
crystal structure was solved by the real-space method using the network structure
obtained by the PDF analysis.
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Fig. 4 a Structures of Na-magadiite and H-magadiite. b Single-layer structures of H-magadiite
and octosilicate, and channel structures of 8-membered rings and 10-membered rings in ATN-
type zeolite and MFI-type zeolite, respectively. Color coding: red = O, yellow = Na, blue = Si.
The lengths of the arrows are identical, showing the unique shapes and sizes of micropores in
H-magadiite

The structure of Na-magadiite consists of ~1.2-nm-thick silicate layers, along
which microchannels are filled with Na+ cations coordinated by H2O molecules
(and OH− to compensate for the positive charge of Na+) (Fig. 4a). Treating the struc-
ture with acid removes the Na+ cations, generating open elliptical channels within
the layers of H-magadiite (Fig. 4a). The silicate layer of H-magadiite is ~1.2 nm
thick, which is thicker than other layered silicates such as octosilicate (also called
RUB-18). This was suggested previously and is reasonable owing to the existence
of microchannels defined by eight-membered rings of SiO4 tetrahedra networks.
Compared with octosilicate and other many layered silicates composed of smaller
rings (e.g., four-, five-, and six-membered rings), the eight-membered ring channels
are unique. The channels are accessible to certain molecules and ions as the channels
are formed by Na+ cations coordinated by H2O molecules.

The interlayer spaces of magadiite also generate unique physiochemical proper-
ties. The interlayer space is formed by silicate surfaces covered with silanol groups
like those of other protonated layered silicates, while the surface of the H-magadiite
layers is covered with a large number of silanol groups, twice as many as those on
protonated octosilicate. This leads to relatively strong hydrogen bonding interactions
between layers in H-magadiite (this is supported by solid-state 1H NMR experi-
ments). The strong interactions between layers of H-magadiite suggest that aprotic
solvents and hydrophobic molecules are difficult to intercalate into the interlayer
space.

Indeed, the experimental data revealed that aromatic compounds dissolved in an
aprotic solvent (acetonitrile) adsorbed to themicropores of H-magadiite but not to the
interlayer space. This allows H-magadiite to separate aromatic compounds, which
cannot be achieved with conventional zeolites containing channels with 8- and 10-
membered rings [52, 53]. This specific adsorption ability must originate from the
unique shape of the elliptical 8-membered ring channels (Fig. 4b). For example,
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Fig. 5 Schematic representation of the effective and selective synthesis of benzoic acid from toluene
by TiO2 photocatalysis with the aid of magadiite additive

owing to the specific adsorption ability toward benzoic acid over toluene, benzalde-
hyde, and benzyl alcohol, magadiite could be used as an additive of TiO2 photo-
catalytic systems to oxidize toluene to selectively synthesize benzoic acid (Fig. 5)
[52].

2.3 Intercalation and Alignment of 1D Coordination Polymer
to Create Well-Defined Janus Pores

Pillaring of layered inorganic solids with inorganic nanoparticles or organic
molecules is a way of designing microporous hybrid materials with unique porous
structures in layered materials. A good example of these structures is the so-called
“pillared layered clays”,where the interlayer space of layered clayminerals is pillared
with metal oxide nanoparticles or bulky organic molecules. However, compared
with zeolites and MOFs, well-defined pores still remain difficult to form in these
microporous hybrids.

In addition to pillaring, the intercalation of polymers into layered inorganic solids
has long been sought for many applications. However, little attention has been paid
to the alignment/packing of the intercalated polymers. Here, we report on a new type
of microporous hybrid obtained by packing certain kinds of one-dimensional (1D)
polymer into 2D materials (Fig. 6) [54].

As the polymer component, we selected a 1D coordination polymer (CP)
composed of zinc paddle-wheel units typically observed in MOFs such as MOF-
2 [Zn(bdc), where bdc is 1,4-benzenedicarboxylate]. As the layered solid compo-
nent, we selected the layered silicate HUS-2 [(C5H14NO)4{Si20O40(OH)4}, where
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Fig. 6 Left: Random distribution of intercalated 1D coordination polymers. Right: Aligning and
packing of intercalated 1D coordination polymers to create well-defined micropores (indicated by
a yellow sphere), which is useful for separations including methanol/water separation

C5H14NO is the interlayer choline cation] [63]. HUS-2 was pre-intercalated with
zinc(II) acetylacetonate [Zn(acac)], which interacts with its surface silanol groups.
Thus, the CPs were expected to form exclusively in the interlayer spaces of HUS-2
when the precursor solutions of MOF-2 were added to the reaction.

X-ray PDF analysis was used to determine the local structure of CP/HUS-2
because the crystals were not large enough to measure by single-crystal XRD
analysis. This data was further analyzed by other characterization methods such
as XRD and solid-state NMR spectroscopy. Figure 7a shows that CP/HUS-2 is
composed of 2D-packed layers containing 1D CPs with zinc paddle-wheel units
[Zn2(ac)2(bdc)2(H2O)2] (ac: acetate). The interlayer silanol groups interact with the
associatedH2O of [Zn2(ac)2(bdc)2(H2O)2], forming a 3D structure with the chemical
formula [Zn2(ac)2(bdc)2(H2O)2][Si15O33H6]0.77 (Fig. 7b).

To measure the permanent porosity of CP/HUS-2, the N2 adsorption/desorption
isotherms were measured after the evacuation of the remaining organics such as
solvents. As shown in Fig. 7c, CP/HUS-2 is microporous with a narrow pore size
distribution, similar to zeolites andMOFs. TheBET area (710m2 g−1) andmicropore
volume (0.36 cm3 g−1) are considerably larger than those of pillared layered clays
and comparable to those of zeolites. These results indicate the permanent porosity
of CP/HUS-2. Considering that the intercalated CPs are densely packed next to
each other and the parent HUS-2 scarcely shows porosity, the permanent microp-
orosity must originate from the void space surrounded by the hydrophilic silicate
layers, which have plenty of silanol groups, in addition to the hydrophobic benzene
and methyl groups from the CPs. Thanks to these micropores, CP/HUS-2 exhibited
the efficient and selective adsorption of methanol vapor owing to the cooperative
interactions between the hydrophilic/hydrophobic surfaces of the adsorbent and the
hydroxy/methyl groups of methanol. Also, CP/HUS-2 was successfully used as an
adsorbent for the separation of methanol/water mixtures (Fig. 6), a strongly required
but as-yet challenging technology for energy-effective biofuel purification.



Frontiers in Mesoscale Materials Design 59

Fig. 7 a Local structure determined by PDF simulation and b calculated solvent-accessible void
spaces of CP/HUS-2. Color coding: Zn = gray, Si = blue, O = red, C = brown, H = white. The
void space is represented by the colored ball, and the pores have two types of faces that are exposed
to hydrophobic (yellow) and hydrophilic (green) environments. The dotted lines indicate relatively
strong hydrogen bonds between the silicate layers and CPs. c N2 adsorption/desorption isotherm of
CP/HUS-2, together with those of HUS-2 and MOF-2. The inset shows their pore size distributions

2.4 Conversion Through Nanoparts

Interzeolite conversion has been considered as an effective method of designing new
kinds of zeolites. In this hydrothermal reaction, the zeolite starting materials are
decomposed into small segments (so-called nanoparts) that have the same structures
as the local ones of the starting zeolites. Recrystallization changes the structures and
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Fig. 8 a SEM image of the starting K2Ti2O5. b SEM and c HRTEM images of MPTNF

new types of configuration are adopted. Inspired by this method, we have strategi-
cally converted different nanomaterials, including layered inorganic solids, into new
materials, including porous materials [55–61].

A good example is the conversion of a layered titanate, K2Ti2O5, into a new
microporousTiO2 material,microporous titanate nanofiber (MPTNF) [55].As shown
inFig. 8,MPTNFhas a nanofibrousmorphology (~10nmdiameter and~1μmlength)
and contains numerous microchannels within each nanofiber (unlike a nanotube,
which has only one channel). The BET is up to 240 m2 g−1, which is comparable
to that of state-of-the-art TiO2 nanostructured materials. Considering the similarity
in the local structure between K2Ti2O5 and the product, we concluded that MPTNF
formed via nanoparts, as suggested for interzeolite conversion.

The MPTNF material has two advantageous properties, namely, a relatively
low refractive index (n) and little to no photocatalytic activity (Fig. 9a). Thanks
to these properties, MPTNF can be used as a UV-absorbing transparent coating.
To evaluate its UV-absorbing ability, the MPTNF was embedded in polycapro-
lactam (n = 1.53) and placed on top of a film containing a highly UV-sensitive
organic dye (Rhodamine 101). This sample was then irradiated with intense UV
light from the MPTNF/polycaprolactam side (Fig. 9b). The MPTNF film substan-
tially suppressed the photodegradation of the organic dye as expected, whereas a
similar film containing TiO2 (P25) led to much more photodegradation of the UV-
sensitive dye. TiO2 has a much higher refractive index (n ~ 2.7) than the polymer
matrix and high photocatalytic activity. So far, TiO2 has been extensively used in
sunscreen products (mainly as a UV-blocking material rather than a UV-absorbing
one). For such applications, however, the photocatalytic activity of TiO2 must be
suppressed by appropriate surface modification. Also, the high refractive index of
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Fig. 9 a Immersion tests to estimate the refractive indexofMPTNF.MPTNFwas almost transparent
when dispersed in diiodomethane (n = 1.74). This is due to so-called refractive index matching and
means that the refractive index ofMPTNF is around 1.7. bColor change uponUV light irradiation of
Rhodamine 101 films versus the same films that were coated with polycaprolactam films containing
either MPTNF or P25

TiO2 seriously limits its application as a UV-shielding transparent coating in optical
devices because the aggregate of TiO2 particles is not transparent. Thus, MPTNF
has potential as a more versatile and reliable type of UV-shielding material.

Another example is the conversion of a well-studied layered niobate, K4Nb6O17 ·
3H2O, to a rare niobite, K6Nb10.8O30 (Fig. 10) [61]. This niobite has 1D microchan-
nels occupiedwith K+ cations, while the properties have remainedmysterious owing,
at least partially, to the lack of methods to synthesize this material. The obtained
K6Nb10.8O30 is unique because its size is smaller and its aspect ratio is higher than
those of K6Nb10.8O30 prepared by a conventional complicated method. As expected,
this K6Nb10.8O30 exhibited significantly enhanced adsorption properties.

We can use many layered inorganic solids with different local structures for this
type of hydrothermal reaction. In other words, we can create a variety of nanoparts
and assemble them. Therefore, our series of studies show the potential of the strategic
design of porous materials from layered inorganic solids.
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Fig. 10 Scheme for conversion of K6Nb10.8O30 from K4Nb6O17 · 3H2O through nanoparts, 1D
small segments composed of NbO6 octahedra (indicated by yellow dashed lines). The starting
2D K4Nb6O17 · 3H2O is composed of platy particles, while K6Nb10.8O30 is composed of rodlike
particles reflecting the channel structure. Color coding: Nb = green, K = purple, O = red

3 Nanocrystals and Nanoparticles

3.1 Background

Devices that use electrochemical reactions to generate and/or store energy such as
fuel cells [64], types of capacitor [65], and water splitting systems [66, 67] require
high-surface-area porous electrodes to efficiently drive electrochemical reactions.
Electrocatalysts that use precious metals are currently favored in these technologies,
but their high cost and scarcity limit their large-scale adoption. Researchers have
been developing new types of transition-metal catalyst that are Earth-abundant while
combining good performance with low economic cost. Nanoparticles and nanocrys-
tals have high surface areas and controllable facets that expose numerous active sites
for catalysis and electrocatalysis. Our goal in this research area is to understand the
nanoscale crystal chemistry of manganese oxides and learn how to create composite
mesoscale 3D architectures for (photo)electrocatalysis.
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3.2 α-Mn2O3 and the Creation of a Phase Pure Material

Minerals such as manganese oxides have emerged as catalysts owing to their high
abundance inEarth’s crust [68, 69].Manganese oxides containingMn3+ metal cations
such as α-Mn2O3 possess surface Mn3+O6 octahedral sites with an electron in the
eg orbital and conductive metal–oxygen bonds. Researchers have demonstrated that
transition metal oxide materials including mixed metal perovskites support these
properties and can exhibit high electrocatalytic activities for the oxygen evolution
reaction (OER) and the oxygen reduction reaction (ORR) [70–72].

Bixbyite α-Mn2O3 may be viewed as an intermediate step between simple oxide-
based minerals and the more complex mixed metal perovskite oxides used in techno-
logical applications. It has an 80-atom unit cell with magnetic Mn ions and electron
correlation between the Mn d-orbitals. Its crystal structure has been studied for more
than 50 years, in part because it has an interesting and very subtle orthorhombic
→ cubic phase change at ~27 °C [73]. This phase change is also sensitive to small
amounts of dopants, which tend to drive it toward the cubic phase [74]. The lack of
good crystal structures and the complexity of the unit cell made it difficult to predict
its electronic and magnetic properties [75]. Developing new methods to synthe-
size high-purity α-Mn2O3 is necessary to understand the properties of this prototype
transition metal binary oxide. Recently, researchers have succeeded in measuring the
neutron diffraction patterns of both the cubic and orthorhombic phases of α-Mn2O3

and solved its magnetic ground state [76]. The impact of this phase transition on
the electronic band structure is still unknown, but it will affect all of its applications
since it is near the operation temperature of devices.

We have recently developed two different synthetic wet-chemical methods to
generate high-purity α-Mn2O3 nanocrystals in order to understand their fundamental
electronic properties and then use themas porous electrodes in fuel cells andLIBs [77,
78]. The first method uses a phenomenon called “cation-bridging” to enable docusate
anions to drive the dissolution of LiMn2O3 powder and then assist in recrystallizing
the material into high-purity {100} bound α-Mn2O3 prisms (Fig. 11a). Figure 11b
shows an SEM image of the LiMn2O3 starting material (left) and facetted α-Mn2O3

prisms (right). We found that the prisms were crystalline with nicely defined lattice
fringes, and the edge had little to no amorphous surfaces. Initial powderX-ray diffrac-
tion (PXRD) results showed a tiny peak at ~28°, which matched the crystal structure
of orthorhombic-phase α-Mn2O3 (Fig. 11c; right). Heating the prisms to a high
temperature in air caused this peak to disappear, indicating that heating it caused the
material to transform into the cubic phase. We used pair distribution XRD to closely
examine the bonding arrangements of the as-prepared prisms and prisms that had
been heated to generate their crystal structures. These results show how the structural
change from orthorhombic→ cubic α-Mn2O3 relieves Jahn–Teller distortions on the
Mn3+O6 octahedral sites to make the material more symmetrical (Fig. 11c; left).

This subtle change in bonding arrangement presents a unique opportunity to study
how the electronic structure of thematerial impacts its electrocatalytic activity. Previ-
ously, Gorlin and Jaramillo showed that electrochemically deposited α-Mn2O3 films
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Fig. 11 a Scheme describing the low-temperature hydrothermal synthesis of α-Mn2O3 prisms from
LiMn2O4 powder. The AOT surfactant assists in the dissolution and recrystallization of the prisms.
b SEM images showing the LiMn2O4 powder precursor (left) and α-Mn2O3 product (right). The
scale bar applies to both SEM images. c X-ray structural analysis of the orthorhombic-phase α-
Mn2O3 prisms. The PXRD patterns of the newly synthesized prisms (blue dots) were analyzed with
a Pawley fitting (red curve) and then compared with a simulated pattern based on the orthorhombic
α-Mn2O3 structure. The calculated Bragg peak reflections of orthorhombic- and cubic-phase α-
Mn2O3 are shown at the bottom. The inset pattern shows that an orthorhombic reflection occurs
in the pattern that is not in the cubic phase. Crystal structures of the orthorhombic- and cubic-
phase α-Mn2O3 prisms obtained with X-ray pair distribution function (PDF) analysis show that
the cubic phase has less Jahn–Teller distortion. d LSVs showing the ORR and OER activities
of as-prepared orthorhombic α-Mn2O3 prisms (green curve), cubic-phase prisms (blue curve),
commercial α-Mn2O3 powder (purple curve), and commercial platinum catalyst (red curve)

can serve as efficient electrocatalysts in oxygen electrochemistry [79, 80]. We devel-
oped an electrochemical setup to examine the performance of α-Mn2O3 prisms in
both OER and ORR. Figure 11d shows the linear sweep voltammetry (LSV) curves
and Tafel plots for the heated and unheated α-Mn2O3 prisms compared with those of
commercialMn2O3 aswell as a Pt catalyst.We estimated the overall oxygen electrode
activity (OEA) of the catalysts by taking the voltage difference between the ORR
at −3 mA·cm−2 and the OER at 10 mA·cm−2. The cubic-phase α-Mn2O3 prisms
are 79% more active than commercial Mn2O3 and have roughly the same activity as
the Pt catalyst. Interestingly, they are ~30% more active than the unheated α-Mn2O3

prisms. We attribute this improvement in part to the orthorhombic → cubic transi-
tion, which likely affects the electronic properties of the material. We are currently
studying how such a subtle change in the bonding arrangement caused by the phase
change affects its electronic band structure.
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3.3 Creation of Monodisperse α-Mn2O3 for Porous
Electrodes

The performance of porous electrodes is limited by the size, shape, and material
inhomogeneities of the materials used to construct them [81]. This lack of control
is particularly important in the context of LIBs because it will affect the transport,
adsorption, and intercalation of ions, which ultimately determine both the perfor-
mance and safety of batteries in portable devices. Additionally, achieving better
control of porous materials is the next big step in the creation of more complex
hierarchical nanostructured materials whose properties and functions depend on the
ordering of materials at multiple length scales.

α-Mn2O3 is an important alternative anode material in lithium ion batteries
because it can support a high theoretical capacity. Therefore, we developed a
new method of synthesizing monodisperse α-Mn2O3 octahedra using an approach
inspired by the way organisms generate minerals in nature. In biomineralization
processes, living organisms use a two-step process to precipitate a poorly crystalline
product and then use ordered molecular matrices to initiate the annealing and growth
of high-quality crystalline crystals. We searched for various polymers that would be
a suitable molecular matrix to generate high-quality monodisperse α-Mn2O3 crys-
tals. Polyvinylpyrrolidone (PVP) is a non-ionic polymer that is frequently used in
shape-controlled nanoparticle synthesis methods. It also enables reversible interac-
tions with polarizable anions and cations. So we developed a simple and inexpensive
method using PVP to make monodisperse α-Mn2O3 octahedra on the multigram
scale [78]. Figure 12a shows a scheme of the synthesis. The PVP polymer acts as a
nanoscale reactor to recruit theNO3 oxidizing agent froma solution to drive the oxida-
tion of the Mn+2 precursor. The synthesis goes through two stages, first generating
Mn(+2,+3)3O4 tetragonal bipyramids that eventually undergo a topotactic reaction to
generate Mn(+3)2O3. Figure 12b shows an SEM image of the particles removed in the
middle of this process, showing that the elongated bipyramids eventually transform
into octahedra. After the synthesis ended, we observed monodisperse octahedral
particles with an average edge length of ~300 nm (Fig. 12c).

We took the α-Mn2O3 octahedra samples and made porous electrodes for Li-ion
half-cells, which had a total specific capacity of 831 mA·h·g−1 after the first charge
profile. The half-cell had a voltage plateau of ~1.25 V with a shoulder at 2.25 V
matching the oxidation of Mn into MnO/MnOx. This reaction follows the Mn2+/Mn0

redox coupling mechanism thus the practical specific capacity of the cell is limited to
832mA·h·g−1 rather than the theoretical capacity of α-Mn2O3 (1018mA·h·g−1). The
formation of the initial surface electrolyte interface (SEI) and the partial reversibility
of Li2O formation result in a capacity loss of 44% in the first cycle. Figure 12d
shows the electrochemical rate capability of the α-Mn2O3 electrodes when subjected
to charge–discharge at increasing current densities (100, 200, 400, 800, 1600, and
3200 mA·g−1). The cell exhibited reversible discharge capacities of 791, 682, 646,
618, 560, and 435 mA·h·g−1, respectively. After 100 galvanostatic charge–discharge
cycles at a current density of 100 mA·g−1, it achieved a stable specific capacity of
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Fig. 12 a Scheme describing the polymer-mediated oxidation of the Mn precursor and growth
of Mn3O4 bipyramids that ultimately form monodisperse α-Mn2O3 octahedra. b SEM image of
particles taken at the transition from Mn3O4 to α-Mn2O3. c SEM image of the final product with
monodisperse octahedra. The zoom-in image shows an individual α-Mn2O3 octahedron. d Electro-
chemical rate performance of monodisperse and polydisperse α-Mn2O3. e Galvanostatic cycling
performance at various current densities of monodisperse octahedral α-Mn2O3 single crystals

780 mA·h·g−1 (Fig. 12e). Even after extended cycling at 3.2 A·g−1, the α-Mn2O3

anodes retained a capacity of 425 mA·h·g−1. We examined the α-Mn2O3 anodes
by SEM after 100 lithiation–delithiation cycles, and the particles were roughly the
same shape. This shows that the single-crystal α-Mn2O3 octahedra can accommodate
a huge volume change (>200%) without fracturing or pulverizing. The homogeneity
of the particles reduces the occurrence of hot spots and other heterogeneities that
could lead to device failure.

Heterogeneity greatly affects the performance of porous electrodes. At the
microscale level, heterogeneity in porosity leads to structural instability after
extended galvanostatic cycling. Generating porous electrodeswithmicroscale homo-
geneity increases performance while limiting the possibility of damage due to
hot spots. At the nanoscale level, nonuniform surface terminations make lithium
insertion and extraction vary from particle to particle, resulting in a nonuniform
state of charge (SOC). Our nanocrystals have identical facets that ensure iden-
tical insertion/extraction dynamics. The synthetic methods described in this chapter
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enable the scalable and inexpensive synthesis of high-purity α-Mn2O3 particles with
notable performance in both LIBs and fuel cells. These methods are part of a new
thrust in research and technology to generate a class of hierarchically organized
nanostructured materials that are completely assembled from the bottom up.
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Wavelength-Selective Photothermal
Infrared Sensors

Tadaaki Nagao, Dao Duy Thang, Doan Tung Anh, Satoshi Ishii,
and Toshihide Nabatame

1 Introduction

By designing the size and geometry of dielectric and metallic materials in the
nanometer scale, one can control thermal emission and infrared (IR) absorption with
desired spectral features. In particular, objects that exhibit 100% optical absorptivity
are often referred to as “perfect absorbers” and can constitute important building
blocks for thermal detectors and thermal emitters that exhibit an ultra-narrowband
spectral response or emission peaks at the desired wavelength. Recently, spectrally
selective thermal detection has become of crucial importance for diverse modern
spectroscopic applications, such as multi-wavelength pyrometry, nondispersive IR
gas sensing, biomedical analysis, flame detection, and thermal imaging. Spectrally
selective IR detectors that are based on resonant cavity enhanced (RCE) photode-
tectors exhibit excellent spectral sensitivity and fast responses [1–5]. However, the
requirement for cryogenic cooling makes them bulky, heavy, excessively costly, and
complicated for some applications. On the other hand, pyroelectric and thermopile
detectors have the advantages of room-temperature operation and sharp spectral
responses with flexible tenability in a wide wavelength range. Conventional spec-
trally selective uncooled detectors typically use passband filters mounted in front of
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the sensing element to filter out signals at wavelengths not of interest, resulting in
bulky designs and limited wavelength tunability.

Over the last two decades, the advent of plasmonic metamaterials, which are
artificially structured materials with subwavelength structural units, has offered
great freedom to tailor absorption spectra [6–8]. The absorption wavelength can
be precisely controlled and manipulated by carefully designing the geometrical
parameters of the unit cells. The absorbed thermal radiation is converted into heat,
which is converted into electrical signals by thermal transducers, such as pyroelectric,
bolometric, and thermoelectric transducers.

Figure 1 shows a schematic illustration of such photothermal IR detectors, which
are often referred to as “uncooled IR detectors.” These devices are in contrast to
photoconductivity-type IR detectors, such as quantum well infrared photodetectors
(QWIPs), which are composed of narrow-gap semiconductor quantum wells and
require low-temperature operation to supress unwanted background signals. The
spectral responsivity of QWIPs is predetermined by the electronic sub-band structure
of the quantum well detectors, and tunability of the detection wavelength is not easy
to realize. However, the absorption wavelength and bandwidth of the photothermal-
type IR detectors can be flexibly designed using the artificial nanostructure of the
photothermal module. That is, in photothermal detectors, wavelength selection is
separately carried out using the photothermal module, and then the selected light is
converted into heat to be detected by the thermal detector, which does not have any

Fig. 1 Schematic of thermally isolateduncooledmid-IRwavelength detectorswith highwavelength
selectivity. Three different wavelength-selective perfect absorber designs are shown on the right-
hand side. IR light with a specific wavelength is absorbed by the perfect absorber and heat is
generated in it. Then, the heat is transferred to the thermal detectors (Thermometers) beneath the
absorbers and detected as an electrical signal. Part of this figure is reproduced from Figure 1 in S.
Ogawa, M. Kimata, Materials 10(5), 493 (2017)
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spectral selectivity. In ourwork, we take advantage of a photothermal detector to flex-
ibly design the wavelength selectivity by the nanoarchitectonics approach. As shown
in Fig. 1, the photothermal light–heat converter structure can be varied depending
on the use to provide high wavelength resolution, high directivity, or a wide accep-
tance angle. Owing to the rapid advances in the field of micro-electromechanical
systems (MEMS), plasmonic perfect absorbers can be directly integrated on micro-
machined pyroelectric transducers to create compact, high-performance yet low-cost
multiwavelength detectors that operate at room temperature.

In this chapter, we introduce different types of uncooled IR detectors operative
in the mid-IR region [9, 10]. Firstly, on the basis of metal–insulator–metal (MIM)
plasmonic metamaterial perfect absorbers, we have developed a quad-wavelength
(four detection-wavelength) IR detector with sub-micrometer wavelength resolution
and awide detection angle. Thewavelength-selective sensingmoduleswere designed
as floating membranes above a void space to minimize thermal conduction, thereby
improving the responsivity of the detector [10]. The incident thermal radiation at
the resonance wavelengths generated heat on the upper surface of the zinc oxide
layer, which exhibits high pyroelectricity in thin-film form. Owing to the pyroelectric
effect, a signal voltage was generated at the resonance wavelengths for each absorber
providing a multicolored signal outputs. Secondly, we have developed an uncooled
IR sensor with ultrahigh wavelength resolution and high directivity. The proposed
light–heat converter for the device, which is based on Wood’s anomaly absorption
from a two-dimensional plasmonic square lattice, shows a narrowband polarization-
independent resonance (quality factor Q of 73) with a nearly perfect absorptivity of
as high as 0.99 at normal incidence. The developed IR sensors exhibit four different
narrowband spectral responses at normal incidence in the mid-IR wavelength region.
Finally, a design of a perfect absorberwith a 1D layered cavity structure is introduced,
which is designed to dissipate the incident light field energy in aGires–Tournois (GT)
etalon into the inherent losses of the metal back layer to obtain ultra-narrowband
absorption in the IR region.

These devices can be applied for practical spectroscopic applications, such as
non-dispersive IR sensors, IR chemical imaging devices, pyrometers, and spectro-
scopic thermography imaging. In particular, the on-chip design of the proposed quad-
wavelength pyroelectric detector demonstrated the feasibility of integratingmicrode-
tectors of different selective wavelengths into arrays with high CMOS compati-
bility. This opens the possibility of developing miniaturized and robust multicolor
spectroscopic sensors for next-generation perceptive devices contributing to Society
5.0.
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2 MEMS-Based Architecture of On-Chip
Quad-Wavelength Pyroelectric Infrared Detectors

Here, we exemplify a quad-wavelength pyroelectric detector with four distinct plas-
monic absorbers to selectively detect light in the mid-IR region. For non-dispersive
infrared (NDIR; fixed-wavelength infrared) multigas sensing applications, the four
resonance wavelengths were determined as 3.3, 3.7, 4.1, and 4.5 µm, which corre-
spond to the centers of the absorption bands of CH4, H2S, CO2, and N2O [11, 12].
Spectral selectivity was achieved by coupling incident IR light to resonant modes
of Al-disk-array/Al2O3/Al perfect absorbers with various disk diameters. The top-
patterned resonators were hexagonal arrays of disks used to achieve wide-angle
acceptance andpolarization insensitivity,which are highly desirable formany sensing
applications. We chose Al as the plasmonic base metal because it is abundant on
Earth and it is industry-compatible while still exhibiting low-loss plasmonic prop-
erties in the IR region similar to those of noble metals such as Au and Ag [13].
The model of the Al-disk-array/Al2O3/Al perfect absorber was simulated and opti-
mized using the commercial rigorous coupled-wave analysis (RCWA) package and
the FullWAVE package from Synopsys Rsoft, which is a highly sophisticated tool
for studying the interaction of light and photonic structures, including integrated
wavelength-division multiplexing (WDM) devices [14, 15], as well as nanophotonic
devices such as metamaterial structures [16, 17] and photonic crystals [18]. The
sensing areas were designed as suspended membranes in free space to minimize heat
flow, thereby improving the responsivity of the thermal detector. The electromag-
netic energy at the resonance wavelengths generated heat on the upper surface of the
zinc oxide layer, which we used as a pyroelectric detector in this device. Owing to
the pyroelectric effect, a signal voltage was generated at the resonance wavelengths
for each absorber. The on-chip design of the proposed quad-wavelength pyroelec-
tric detector demonstrated the feasibility of integrating microdetectors of different
selective wavelengths into arrays with good CMOS compatibility. This opens the
possibility of developing miniaturized and robust multicolor spectroscopic devices.

The schematic diagram in Fig. 2a illustrates the design layout of the proposed
quad-wavelength detector. Four individual sensing elements were directly integrated
on the same complementary metal–oxide–semiconductor (CMOS) platform of 0.5
× 1.0 cm2 size to selectively detect IR radiation at four resonant wavelengths of 3.3,
3.7, 4.1, and 4.5 µm. The structural design of a single sensing element is illustrated
in Fig. 2b. From top to bottom, it consisted of an Al-disk-array/Al2O3/Al perfect
absorber structure with an active area of 200× 200µm2, a 300-nm-thick pyroelectric
zinc oxide thin film sandwiched between the Al back plate of the absorber and a
100 nm Pt/10 nm Ti bottom electrode, and a membrane-based CMOS substrate.
A 300-nm-thick layer of silicon nitride was deposited on both sides of the silicon
substrate to ensure sufficient mechanical strength of the membrane structure. The
silicon wafer was 380 µm thick. The width and length of the supporting arms were
20 and 400 µm, respectively. The cross-sectional profile of the unit cell is shown in
Fig. 2c. The Al-disk-array/Al2O3/Al perfect absorber consisted of an Al disk array
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Fig. 2 a Schematic illustration of the proposed quad-wavelength detector. b Illustration of the
structural design of a single sensing element. c Illustration of the plasmonic perfect absorber with
the indicated field lines at resonance (electric field E, red arrows; magnetic field H, blue arrows).
d Exploded view of a single sensing element. (e) Side, top, and bottom views of a single sensing
element

as the resonator, an Al2O3 layer as the middle insulator, and an Al film as the back
reflector. The thicknesses of the three layers were identical and are denoted as t. The
Al disks of diameter d were arranged in a periodic hexagonal array of periodicity
p. After some numerical computations based on RCWA analysis, the optimized
geometrical dimensions for the perfect absorbers were taken as p = 2.0 µm, t =
100 nm, and d= 0.97, 1.25, 1.35, and 1.60µm for the individual sensing elements at
resonance wavelengths of 3.3, 3.7, 4.1, and 4.5 µm, respectively. When incident IR
radiation impinged on the top surface of the device, its external oscillating electric
field induced electric dipoles inside the Al disks, which excited anti-parallel currents
between the disk array and the back reflector. These circular currents produced a
magnetic flux opposing the external magnetic field, resulting in magnetic resonance.
By adjusting the geometrical parameters of the Al disk array, we could tailor the
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electromagnetic response of the structure to the external electromagnetic field to
achieve selective absorption.

The exploded view of a single sensing element is shown in Fig. 2d. It was shown
that the bottom layer of the plasmonicmetamaterial perfect absorberwas also utilized
as the top electrode of the pyroelectric detector. In this design, the zinc oxide layer
was stacked below and in intimate contact with the photothermal plasmonic absorber
to fully exploit the spectrally selective absorption. It is also worth noting that we
chose zinc oxide as the pyroelectric material owing to its advantages of nontoxicity
and compatibility with the semiconductor process. This design is also applicable to
other pyroelectric materials, such as lead zirconate titanate, lithium tantalate, lithium
niobate, barium strontium titanate, and deuterated triglycine sulfate. The side, top,
and back views of the single sensing elements are shown in Fig. 2e, indicating the
micromachined floating membrane design of the sensing element.

To tailor and optimize the spectrally selective absorption, the optical properties of
the plasmonic absorbers were simulated by implementing RCWA (DiffractMOD,
Synopsys Rsoft). Figure 3a shows the simulated reflectivity, transmissivity, and
absorptivity characteristics of the two Al-disk-array/Al2O3/Al perfect absorbers,
which had diameters of 1.25 and 1.6 µm, respectively. As the optimal parameters,
the unit cells had periodic dimensions of 2.0µm, and the thicknesses of the Al disks,
Al2O3 dielectric spacer, and Al back reflector were all 100 nm. Since the continuous
metal back reflector was sufficiently thick to block light transmission, the transmis-
sivity was zero across the investigated wavelength range. With disk diameters of
1.25 and 1.6 µm, the simulated absorptivities at normal incidence were resonantly
enhanced up to 0.99 and 0.94 at the resonance wavelengths of 3.72 and 4.05 µm,
with full widths at half maximum (FWHMs) of 0.44 and 0.63 µm, respectively.

3 Electromagnetic Simulations for Wavelenght-Selective
Photothermal Converter: An Example for an MIM
Perfect Absorber

Tooptimize the resonant behavior of theAl-disk-array/Al2O3/Al perfect absorber and
adopt it for a wavelength-selective photothermal converter, a full-wave simulation
based on the finite-difference time-domain (FDTD) method (using FullWAVE) was
performed at the resonance wavelength of 3.72 µm. The simulated electric field
distribution in the x direction (Fig. 3b) shows that the electric field was localized
at the edges of the Al disks, indicating the generation of induced electric dipoles.
The magnetic field was intensively confined under the center of the top resonator
(Fig. 3c), for which the antiparallel currents were excited in the top Al disks and the
bottom Al reflector (Fig. 3d).

The dependence of the absorption wavelength of the plasmonic absorber as a
function of disk diameter is illustrated in Fig. 4a. The absorption peak was found to
shift almost linearly with the disk diameter. Meanwhile, the resonance wavelength
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Fig. 3 a Reflectivity, absorptivity, and transmissivity characteristics of the plasmonic perfect
absorber at the resonance wavelengths of 3.72 and 4.50 µm. The simulated amplitude plots of
the b electric field in the x direction, c magnetic field in the y direction, and d electric field in the z
direction at the resonance wavelength of 3.72 µm illustrate the highly localized characteristics of
the plasmonic perfect absorber. The refractive index dispersion data of (e) Al and f Al2O3 used in
the simulations were taken from the literature [19]. The figures and the corresponding discussion
are reproduced from ref [20] with permission

was not significantly affected by the variation in the periodicity of the unit cells
(Fig. 4b). Owing to this robust tunability with respect to the disk size, the electro-
magnetic responses of these Al-disk-array/Al2O3/Al structures were engineered to
achieve resonant absorption at multiple desired wavelengths.

Figure 5a shows the simulated incident-angle-dependent absorptivity with the
geometrical parameters p = 2.0 µm, d = 1.25 µm, and t = 0.1 µm. The simulation
results showed that the absorptivity of the proposed plasmonic perfect absorber was
almost completely independent of the incident angle. The absorption still remained
near unity when the incident angle was increased to as large as 85°. Figure 5b shows
the polarization-dependent absorptivity with the geometrical parameters p= 2.0µm,
d= 1.25µm, and t= 0.1µm. The resonances of the plasmonic absorber were almost
unchanged when the polarization angle changed from 0 to 90°. The symmetrical
design typically resulted in wide-angle acceptance and polarization independence,
which are desirable for most sensing applications.
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Fig. 4 a Periodicity dependence with p changed from 0.5 to 2.5 µm while keeping the diameter
and insulator thickness unchanged at 1.25 and 0.1 µm, respectively. b Diameter dependence with
d changed from 0.5 to 2.5 µm while keeping the periodicity and insulator thickness unchanged at
2.0 and 0.1 µm, respectively. The figures and the corresponding discussion are reproduced from ref
[20] with permission

Fig. 5 Simulated absorptivity spectrum as a function of a incident angle and b polarization angle
for an absorber with p = 2.0 µm, d = 1.25 µm, and t = 0.1 µm. The figures and the corresponding
discussion are reproduced from ref [20] with permission

4 CMOS-Compatible Fabrication Process of a Pyroelectric
Infrared Sensor

Here, we show an example of the fabrication process of our photothermal IR detector,
which involves standard photolithography with dry and wet etching techniques.
The microfabrication process of the MEMS-based hybrid plasmonic–pyroelectric
detector is shown in Fig. 6. The device was fabricated on commercial double-
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Fig. 6 CMOS-compatible microfabrication process: a Rapid thermal oxidation of the silicon wafer
and deposition of Si3N4 on both sides; b deposition and lift-off of the Pt bottom electrode; c
deposition and lift-off of ZnO; d deposition and lift-off of Al; e deposition and lift-off of Al2O3;
f E-beam lithography of the Al disk; g dry etching of back side of Si3N4; h wet etching of Si by
KOH; i dry etching of Si3N4. The figures and the relevant discussion in the text are reproduced
from ref [20] with permission

side-polished n-type silicon prime wafers with <100> orientation in cleanroom
facilities.

First, an 80-nm-thick SiO2 insulator was formed by dry thermal oxidation of
the silicon wafer. This was followed by depositing a 300-nm-thick silicon nitride
(Si3N4) layer onto both sides of the silicon substrate by radio frequency (RF) reactive
sputtering using a boron-doped p-type Si target processed in ambient N2 as a reactive
gas with a flow rate of 20 sccm (!-Miller, Shibaura, Tokyo, Japan) (Fig. 6a). This
silicon nitride layer isolates the thermal conduction to the substrate, which enhances
the pyroelectric signal and the overall responsivity of the device. Then the silicon
nitride layerwas subjected to rapid thermal annealing at 1000 °C for 1min. After that,
laser direct writing lithography (µPG 101 Heidelberg Instruments) was performed
to pattern the bottom electrode on top of the silicon nitride layer with a double layer
of resists. The 100 nm Pt/10 nm Ti bottom electrodes were deposited in an electron
beam evaporator at ambient temperatures, followed by a lift-off process in acetone
(Fig. 6b). Then, the sputter deposition of the 300-nm-thick zinc oxide layer was
followed by laser direct writing lithography with a positive photoresist combined
with reactive ion etching (RIE) using CF4 gases (ULVAC CE-300I) (Fig. 6c). Next,
the sputter deposition of the 100-nm-thick Al top electrode was followed by laser
direct writing lithography with a positive photoresist and RIE using BCl3/Cl2 gases
(Fig. 6d). After exposing and developing the pattern, a 100-nm-thick Al2O3 film was
sputtered and then patterned by direct laser writing lithography combined with an
RIE step using CF4 gas (Fig. 6e). The 100-nm-thick Al disk array was patterned by
E-beam lithography and lift-off process (Fig. 6f). The Si3N4 back layer serving as
an RIE mask for the wet etching process of Si was patterned by RIE with CHF3 gas
using a photoresist mask formed by direct laser writing lithography (Fig. 6g). Then,
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wet alkaline etching was implemented on the back side as follows (Fig. 6h). A thin
polymeric ProTEK®B3 protective coating was spun on the front side of the structure
to provide temporary wet-etch protection for the patterned Al-disk-array/Al2O3/Al
resonator during alkaline etching. The Si layer from the back side of each sensor
was completely released by anisotropic wet etching by immersing the structure in a
deep reactive KOH 40% aqueous solution and heating at 60 °C for 10 h. Then, the
polymeric protective coating was removed by immersing it in acetone. Finally, the
RIE of Si3N4 was carried out to form the supporting arms (Fig. 6i). The Si3N4/SiO2

composite layer was used as themembrane to support the zinc oxide pyroelectric film
and absorber. Each sensing element was wire-bonded to the Cu electrodes attached
on a glass plate. The materials and fabrication process of the detector were fully
compatible with the CMOS process.

5 Fabrication and Demonstration of a Quad-Wavelength
Pyroelectric MIM Sensor

Figure 7a shows a photo of a fabricated MEMS-based quad-wavelength hybrid plas-
monic–pyroelectric detector, which had a width of 0.5 cm and a length of 1 cm. It
clearly demonstrates that multiple hybrid plasmonic–pyroelectric sensing elements
were easily integrated on a standard CMOS platform to achievemultiband selectivity
without using any additional bulky optical filters. Figure 7b shows opticalmicroscopy
images of the top and bottom of a single sensing element with an active area of 200
× 200 µm. It verifies that the sensing area was suspended by the long thermal isola-
tion arms. The suspended area remained flat without any additional stress-reducing
process.

Fig. 7 a Photo of a fabricatedMEMS-based hybrid plasmonic–pyroelectric detector. bMicroscopy
images of the top and bottom of the fabricated sensing element. The figures and relevant discussion
in the text are reproduced from ref [20] with permission
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While the thicknesses of the sputtered layers could be precisely controlled by
establishing optimum sputtering conditions and deposition rates, the process of trans-
ferring the shape and size of the Al disk arrays poses further challenges owing to
the complex multistage photolithography of the submicron patterning. The residual
photoresist and nonuniformity may result in degradation from the expected perfor-
mance. Figure 8a–d show scanning electron microscopy (SEM) images of the hexag-
onal arrays of the Al disk resonators with diameters of 0.97, 1.25, 1.35, and 1.60µm.
The Al disk arrays fabricated on top of the membrane structures were well-defined
and homogeneously distributed, indicating that the patterning processwas effectively
implemented. The Al disk arrays were patterned using electron-beam lithography
with sub-10 nm resolution, and there was a tolerance of a few nm (5–10 nm) in the
diameter of the disks.

The reflectance spectrum of each sensing element was measured using a Fourier
transform infrared (FTIR) spectrometer (Thermo Scientific Nicolet iS50, Thermo
Fisher Scientific), coupledwith amicroscope (Nicolet ContinuumFTIRMicroscope,
Thermo Nicolet). The reflectance spectra were normalized by the reflectance from
a gold film. Given that the transmittance was zero for the thick back reflector, the
absorptivity spectra were calculated using the formula A = 1 − R, where A is the

Fig. 8 a–d Scanning electron microscopy (SEM) images of the fabricated disk array patterns at
four resonance wavelengths. e, f Simulated and measured absorptivity of the perfect absorbers at
four resonance wavelengths. gMeasured responsivity of the quad-wavelength detector. The figures
and relevant discussion in the text are reproduced from ref [20] with permission
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absorptivity andR is the reflectivity. The simulated andmeasured absorptivity spectra
are respectively shown in Figs. 8e and f. The reflectance spectra were normalized by
the reflectance from a gold film. The four sensing elements exhibited absorptivity
peaks of 0.92, 0.93, 0.85, and 0.87 at 3.32, 3.74, 4.06, and 4.51 µm, respectively,
which were highly consistent with the corresponding simulated absorptivity peaks of
0.94, 0.99, 0.94, and 0.98 at 3.33, 3.72, 4.05, and 4.50 µm, respectively. The precise
pattern transfer in the fabrication process resulted in small shifts of only a few tens
of nm and slightly lower magnitudes of the absorption peaks. The FWHMs of the
measured absorptivity curves were 0.35, 0.45, 0.49, and 0.68 µm, compared with
those of the simulated curves of 0.30, 0.44, 0.47, and 0.63 µm. Together with the
defined patterns and uniformity observed in the SEM images, the excellent agreement
between the simulated and experimentally measured absorptivity proved the quality
of the optimized fabrication method.

The performance of the detectorwas evaluated bymeasuring its spectral responses
to IR radiation in the range of 2.5–6.0µm.Awavelength-tunable pulsed laser system
was used with the IR laser beam guided to the sensing area of the detector with a
pulse width of 104 fs and a repetition rate of 1 kHz. The output electrical signal was
detected by demodulating the signal with a lock-in amplifier after amplifying it with
a preamplifier. The spectrally selective absorption of laser pulses at resonant wave-
lengths was due to the excitation of highly localized magnetic and electric dipole
resonances,whichwas evidencedby the simulatedfield distributions (seeFigs. 3b–d).
Such strong resonances efficiently confined the electromagnetic energy and provided
sufficient time to convert it into resistive heat within the Al disks and the continuous
Al back plate.Al2O3 exhibited almost no loss in themid-IR region (see Fig. 3f),which
reflects the negligible dielectric losses in the spacer layer at themid-IR frequencies of
interest. The heat at the continuous Al back plate, which is associated with spectrally
selective absorption, was directly transferred to the zinc oxide thin film, which was
among the materials that were electrically polarized owing to their c-axis-oriented
textured crystal structure [21–24]. The zinc oxide film consequently became electri-
cally polarized with changes in temperature, and the electrically polarized zinc oxide
film hence produced a voltage between the Al and Pt electrodes. Pt was chosen as
the bottom electrode because it has been reported that the hexagonal arrangement
of atoms in the (111) plane of Pt facilitates the nucleation and growth of hexagonal
zinc oxide oriented along the [0001] direction [16]. In Fig. 8g, the measured spectral
responsivity curves of the four sensing elements are plotted. The spectral responses
of the four sensing elements were 125, 150, 126, and 128 mV/W at 3.30, 3.71, 4.09,
and 4.54µm, respectively. The excellent measured spectral responses proved that the
detector exhibited low thermal drift and thermal noise owing to the low mass of the
membrane-based design. Themeasured FWHMs of the spectral responses were 0.94,
1.02, 1.10, and 1.20 µm, respectively, which were approximately two times larger
than those of the absorptivity measured using the FTIR spectrometer. The broadened
spectrawas partly attributed to the spectral bandwidth and the beam stability of the IR
pulsed laser that we used. These experimental results clearly demonstrated that the
proposed multispectral hybrid plasmonic–pyroelectric detectors can be fabricated
and easily integrated into existing IR spectroscopic devices, such as miniature NDIR
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sensors, chemical and biological sensors, photoacoustic imaging systems, and ther-
mographic cameras. As an example, on-chip multispectral IR detectors may offer
an opportunity to develop miniaturized and robust photoacoustic computed tomog-
raphy [25, 26]. Specifically, in all-optical photoacoustic imaging systems, shifts in
the wavelengths of light can be detected and analyzed using an array of multispectral
microdetectors.

6 Design of a Quad-Wavelength Pyroelectric Wood’s
Anomaly Sensor

In this section, we present an ultra-narrowband absorber based on the interacton
between surface plasmon polaritons and a metallic grating (Wood’s anomaly) in a
two-dimensional plasmonic square lattice. To discuss and demonstrate the advantage
of a Wood’s anomaly metallic-grating-based absorber, we simulated the absorptivity
and field distribution of three configurations: a plasmonic dipole resonator-based
absorber, a tiny-gap resonator-based absorber, and a Wood’s grating absorber.

The essential requirements to construct a wavelength-selective absorber are high-
quality resonance and gradual losses of the medium. In this regard, plasmonic
resonators consisting of a lossless dielectric and a low-loss metallic layer, which are
similar to the MIM structure in Sect. 3, are the most widely investigated structures
for perfect absorbers [3, 27].

Figure 9 demonstrates three different perfect absorbers that can be integrated with
thermal detectors of many transducer platforms, such as pyroelectric, bolometric or
thermoelectric materials for an on-chip IR spectroscopic instrument. As can be seen
in Fig. 9a, an MIM absorber with a plasmonic dipole resonator array exhibits a
perfect resonant absorption peak with aQ-factor of approximately 10. In this design,
the thermal radiation is absorbed and converted into heat in both the top resonant
antenna and the bottom metal mirror. Figure 9b presents another perfect absorber
configuration utilizing near-field confinement in a periodically arranged tiny-gap
array with a comparable Q-factor and absorptivity. This design has an advantage
of conductive heat transfer from the absorber to the thermal transducer platforms.
Unfortunately, this absorber design requires that the gaps are very tidy, approximately
a few tens of nanometers inwidth and 500nm in height. This poses a serious challenge
to the fabrication process. Moreover, it is clear that the resonant bandwidth of these
absorbers (Fig. 9a, b) is much larger than that of the absorption spectra of molecular
vibrations, which severely limits their application in spectroscopic sensor devices.

Absorbers with periodic metallic gratings based on Wood’s anomaly absorp-
tion can significantly reduce the resonance bandwidth. Figure 9c presents Wood’s
anomaly absorption in a 1Dmetallic grating structure that exhibits ultra-narrowband
resonance with a Q-factor as high as 150, which can be used to distinguish most
molecular vibrations in the solid state [28].



84 T. Nagao et al.

Fig. 9 Comparison of three different perfect absorbers with resonances at around 3.7 µm. From
top to bottom: device structures, simulated absorption maps, and absorptivity spectra of the three
absorbers. aMetal dipole antenna–insulator–metal absorber. b Tiny-gap plasmonic resonator array
exhibiting unity absorption peak with Q-factor of about 10. c Wood’s anomaly (grating-coupled
SPP) exhibiting a much narrower unity absorption peak with a Q-factor as high as ~150. The figures
and relevant discussion in the text are reproduced from ref [28] with permission

Fig. 10 a Schematic illustration of a two-dimensional metallic grating. b The ultra-narrowband
absorption is achieved by the surface-wave resonance condition between the surface plasmon
polariton and the metallic gratings. The figures and relevant discussion in the text are reproduced
from ref [28] with permission

Ultra-narrowband absorption can be attained by the surface-wave resonance exci-
tation between the surface plasmon polariton and metallic gratings. Selective perfect
absorption is achieved by engineering the depth and height of the unit cell struc-
ture, and its resonance absorption wavelengths and angles can be flexibly tuned
by changing the periodicity. These fascinating features make the Wood’s anomaly
absorber more advantageous than the other two absorbers. However, the absorber in
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Fig. 9c is polarization-dependent. Polarization-independent absorbers can be readily
accomplished by extending the design into a two-dimensional periodic array.

A Wood’s anomaly absorber is illustrated in Fig. 10. In this design, a two-
dimensional periodic disk array made of Au serves as a narrowband perfect absorber
to absorb IR radiation at a resonant wavelength. The resonance of the absorber
depends on the diameter d, height h, and periodicity p of the disk.

The resonant absorption of Wood’s anomaly metallic gratings can be elucidated
in terms of the surface plasmon polariton–photonic coupling in a two-dimensional
periodic plasmonic lattice. For a plasmonic square lattice, surface plasmon polaritons
at the metal–air interface are described by the wave vector
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where εm is the complex permittivity of the grating metal and k0 = 2π/λ. Surface
plasmon polaritons are excited with the condition that the momentums of the
plasmons match the momentum of the incident photons:

�ksp = �k|| + i �Gx + j �Gy (2)

where
∣
∣
∣
−→
k ‖

∣
∣
∣ = k0sinθ is the projection of the momentum of the excited photons with

an incident angle of θ on the metallic surface,
−→
G x and

−→
G y are two primitive lattice

vectors, and i and j are integers. In the case that
−→
k ‖ is oriented along

−→
G x (� − X

direction), Eq. (2) can be expressed as

∣
∣
∣
−→
k spp

∣
∣
∣

2 =
∣
∣
∣

(−→
k || + i

−→
G x

)

+ j
−→
G y

∣
∣
∣

2 = (k0sinθ + iGx )
2 + (

jGy
)2

. (3)

From Eq. (3) and under the condition
∣
∣
∣
−→
G x

∣
∣
∣ =

∣
∣
∣
−→
G y

∣
∣
∣ = 2π/p, the angular-

dependent dispersion relation of surface plasmon polaritons for a square lattice along
the � − X direction is expressed as

εm

εm + 1
= sin2θ +

(
2i

p
sinθ

)

λ +
(
i2 + j2

p2

)

λ2. (4)

For normal incidence, the resonant wavelength is solely calculated from the

formula λ = p√
i2+ j2

√
εm

εm+1 . As a result, the resonant wavelength at normal incidence

of theWood ‘s anomaly absorber can be easily tailored by changing the periodicity p
since the height and diameter of the disk only change the resonance strength. Owing
to the photonic-structure-coupled nature of plasmonic surface waves, the resonance
in the two-dimensionalWood’s anomaly absorber ismuchnarrower than the localized
plasmon resonance in MIM absorbers.
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Figure 11a, b respectively show an illustration of the two-dimensional Wood’s
anomaly absorber with a thin Au-covered Si disk array together with the simulated
optical spectra with a periodicity of 3.7µmand a disk height of 0.34µmwith normal
incidence. Note that we employed a thin Au-covered layer on a patterned silicon disk
array instead of using entire homogeneous Au disks. This practice shows the advan-
tage of acquiring similar optical properties while avoiding the use of a large amount
of expensive gold compared with the conventional design using homogeneous Au
disks.

As can be seen from Fig. 11, the plasmonic dipole resonator-based absorber with
3.7 µm periodicity exhibits a nearly perfect absorptivity (~0.99) resonant peak at
3.722 µm with a narrow bandwidth of 51 nm (with an equivalent Q-factor of 73).
Owing to the symmetrical geometry of the two-dimensional plasmonic square lattice
employed here, the Wood’s anomaly absorber does not depend on the polarization.

To further elucidate the surface plasmon polariton–photonic coupling in the two-
dimensional Wood’s anomaly absorber, E-field distributions in the plasmonic struc-
ture were calculated using a full-wave simulation based on the FDTD method.

Fig. 11 a Schematic illustration of the two-dimensional Wood’s anomaly absorber with a thin
Au film covering a patterned silicon disk array instead of using a submicron-thick entire Au disk
array. b The simulated reflectance, transmittance, and absorptivity of a 3.7 µm periodicity absorber
indicate ultranarrow and perfect absorption. (c)–(e) Simulated electric fields and absorption excited
at a resonance of a two-dimensional plasmonic array absorber. The figures and relevant discussion
in the text are reproduced from ref [28] with permission
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Figure 11c, d show the simulated electric field distributions (Ex andEz) of a 3.722µm
resonant absorber based on Wood’s anomaly. The fields are excited at the resonance
under normal incidence. We can clearly observe the existence of strong electric
near-fields converging at the edges of the metallic disks. Likewise, the induced elec-
tric field Ez (Fig. 11d) resulting from the coupling between the incident photons
and the two-dimensional periodic metallic lattice exposes a strongly coupled near-
field enhancement with phases alternating along the x-axis. This provides evidence
that surface plasmon polariton waves are excited and propagate horizontally along
the patterned metallic surface. The surface plasmon polaritons are then effectively
damped viamoderatemetallic losses (Fig. 11e) as the surface plasmon polaritonwave
propagates at theAu surface, resulting in ultranarrow absorption as shown in Fig. 11b.
The coupling of the highly selective excitation of grating-coupled surface waves and
plasmonic damping is an effective mechanism for achieving perfect absorption with
very high wavelength selectivity.

7 Fabrication and Demonstration of a Quad-Wavelength
Pyroelectric Wood’s Anomaly Sensor

To fabricate the proposed two-dimensionalWood’s anomaly absorber, multiple steps
of direct laser writing lithography, including film deposition, lift-off, and RIE, were
adopted [28]. The fabrication procedure is illustrated in Fig. 12. The absorber was
fabricated on commercial silicon wafers with <100> orientation by nanolithography
processes. First, we sputtered an 80-nm-thick Au layer on a clean silicon substrate,
followed by the deposition of a 340 nm Si film. Then, we spin-coated a thin positive
photoresist (AZ5214E) layer at 5000 rpm in 60 s, then performed prebaking at 90 °C
for about 3 min. Next, laser direct writing lithography was performed to transfer the
geometric patterns on the photoresist layer. The transferred geometric patterns were
developed using an NMD-3 solution in approximately 50 s. RIE was performed to
detach the Si layer at the designed gap position using CF4 gas (ULVAC CE-300I).
The remaining photoresist layer was removed using a PG remover solution. Finally,
an 80-nm-thick Au film was deposited on patterned silicon disk array structures.

Figure 13 shows the morphological characterization of the Wood’s anomaly
absorber. A top-view SEM image of the Wood’s anomaly absorber is presented in
Fig. 13a, which exhibits well-defined and uniform patterns. The cross-sectional tilted
view in Fig. 13b clearly shows that a Au-shell disk supported by a Si-core template
was well constructed using the proposed fabrication process described above.

The measured performance of the fabricated device exhibited the world’s highest
wavelength and angular resolution, with a wavelength resolution as high as 51 nm
(quality factor of 73) and directivity better than ±1˚, as well as compatibility with
multiband IR sensors mounted on a single chip. Figure 14 shows an example of such
fabricated on-chip sensor arrays with quad-wavelength detection, which can be a
prototype device for IR multicolor imaging. This device can lead to the realization
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Fig. 12 CMOS-compatible microfabrication process: a preparation of silicon wafer; b sputtering
of Au bottom layer; c sputtering of Si layer; d spin coating with photoresist; e laser lithography of
disk pattern; f development of transferred patterns; g dry etching of Al; h removal of remaining
photoresist; i sputtering of Au layer. The figures and relevant discussion in the text are reproduced
from ref [28] with permission

Fig. 13 a Top-view SEM image of the fabricated 3.7 µm periodic resonance Wood’s anomaly
absorber. b Cross-sectional tilted-view SEM image of the Wood’s anomaly absorber. Thickness of
the Au cover is 80 nm. The figures and relevant discussion in the text are reproduced from ref [28]
with permission
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Fig. 14 Left: Fabricated array of on-chip quad-wavelength IR sensor array. Middle: Magnified
schematic view of a single quad-wavelength IR sensor with four Wood’s anomaly absorbers with
different resonance wavelengths. Right: Simulation result of wavelength-dependent photothermal
heat generation in one absorber module. The figures and relevant discussion in the text are
reproduced from ref [28] with permission

of a range of new products, including miniature spectroscopic IR devices for true-
temperature pyrometry, gas imaging, position and motion sensing with high angular
resolution, material-specific imaging, and environmental sensing.

8 Conclusions

In this chapter, we have described two different types of IR sensor based on
photothermal pyroelectric detectionmounted on aMEMSplatform. Their highwave-
length resolution is achieved by IR perfect absorbers with an MIM metamaterial
trilayer structure or with a plasmonic lattice structure that exhibits narrowband IR
photothermal conversion. The former offers sub-1 µm wavelength resolution with
a wide acceptance angle. The latter offers ultra-narrowband wavelength resolution
as high as 50 nm together with high directivity better than ±1˚. Both devices are
realized as on-chip multiband (multicolor) mid-IR sensors mounted on MEMS plat-
forms to achieve high wavelength resolution as well as sensitivity. The photothermal
uncooled IR sensors demonstrated in this study are limited to pyroelectric sensors,
but other types of photothermal transducers, such as bolometers and thermopiles,
are also possible [29, 30]. These will also be incorporated in a similar MEMS plat-
form to realize higher sensitivity. The high spectral selectivity and good thermal
responsivity of such multiwavelength detectors offer a low-cost yet robust platform
for diverse applications, such as temperature measurement, biosensing, gas sensing,
and hyperspectral imaging.
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Functional Molecular Liquids

Edward A. Neal and Takashi Nakanishi

1 Introduction

A substance in the solvent-free liquid state has several advantages over one in the
solid state in terms of molecular dispersal, including the flow of units past each
other, the potential to dissolve other species and the ability of interacting species
to collide. Many molecules have photophysical properties, form complex architec-
tures through dynamic self-assembly ormay form (photo)conductingmaterials under
certain conditions. However, many functional molecules are held in a rigid but fragile
solid state by a variety of intermolecular attractions, often resulting in the quenching
of fluorescence, a lack of molecular flow for self-assembly components to meet prior
to interaction and brittle materials that seldom have use as photo- or semiconductors.
As such, these individual molecules usually only exhibit these properties when the
rigidifying interactions are disrupted in the solution state. As a consequence, solvent
and concentration effects will also alter molecular dispersal and therefore how these
functions manifest themselves to the research scientist and material end-user alike.

Under solution conditions, the bulk medium selected (be it a single solvent or
mixture thereof), cofactors, such as additives or salts, and the concentration of the
functional molecule in that system will alter the properties observed, including the
formation of gel states in cases, potentially impairing the reliability of the material.
This may be in potentially harmful and hazardous organic solvents or in water,
which society is under increasing pressure to conserve. The presence of solvent can
dramatically change the properties of the molecule in question. The bulk properties
will be altered owing to the disruption of its solid packing [1], which may affect
photophysical properties such as excimer fluorescence, depending on the distance
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between two monomer units such as pyrenes [2]. In addition to this, the dispersal of
the molecule in solution exposes it to reactions, beneficial or deleterious.

This presents a challenge: how can nanoscale functional molecules bemade liquid
without solvent or high melting temperatures? One approach is to use ionic liquids,
which have been extensively covered elsewhere, yet by their very nature remain as
charged species, which may not always be desirable [3].

Herein, we present an alternative approach to converting π-conjugated and other
functional molecules to fluid materials: uncharged, covalently bonded functional
molecular liquids (FMLs).

2 Molecular Design Principles of Functional Molecular
Liquids

To explain the rationale behind the design of an FML, it is important to identify the
function of the molecule and its intermolecular interactions, as well as the potential
modifications required to render it in a liquid state in the absence of counterions
(Fig. 1). Such functions may include the fluorescent responses of conjugated π-
systems, host–guest properties of macrocycles or the optoelectronic effects within
fullerenes, as will be examined in later chapters.

The addition of flexible alkyl chains, whether aliphatic or with various degrees
of branching, introduces disorder to the system, as well as an isolating distance
between the functional cores. This spacing is similar to that in a solution without the
need of external solvent, but still allows cofactors to be dissolved in the neat liquid

Fig. 1 Functional molecular liquids (FMLs): design philosophy and applications
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Fig. 2 Design of photoemissive pyrene liquids with high quantum yield through the disruption of
the solid statewith disordered “CnCn+4” alkyl chains.Melting points or glass transition temperatures
(Tg) are given where available

itself. The variation in chain length and branching in Guerbet-type alcohol-derived
“CnCn+4” groups (Fig. 2, inset) [4] to render a range of nanocarbons, fluorophores
and conjugated polymers as liquids will be described, but has already been covered in
more detail [5]. The FMLdesign philosophy could be applied tomanymoleculeswith
different functions besides these provided the structural and functional characteristics
of the starting molecule are borne in mind: different starting functional entities will
require different extents and natures of functionalization to lower the phase transition
temperatures below room temperature and so produce a liquid.

By means of illustration, consider pyrene (1): a planar-aromatic molecule with
functional fluorescence, prone to π-stacking with a high melting point. This can
be peripherally modified, while crucially leaving the fluorophore intact, preserving
the function of the original molecule (Fig. 2) [6]. By decorating the molecule with
dihydroxyphenyl units functionalized with branched alkyl chains (2 and 3), many
new degrees of freedom are introduced, increasing the disruption of π-stacking and
entropically lowering the melting point (m.p.) or glass transition temperature (T g)
of the system to below room temperature. This also serves to prevent aggregation-
based fluorescence quenching, enhancing the function of the molecule [7]. During
development, no birefringent texture was observed by polarized optical microscopy
(POM), confirming that therefore, no long-range order was present in the liquid
examples. Signals in small- and wide-angle X-ray scattering (SWAXS) were also
broadened, further confirming the disruption of the stacking interactions normally
present in unfunctionalized pyrene. The fluorescence properties of the pyrene center
differed in a fashion commensurate with the disruption of excimer formation from
overlapping pyrene centers; this will be discussed in more detail later.

Besides simply disrupting the solid state, other factors must be considered to
ensure the material remains in an amorphous state with reliable function. It was
recently discovered that unusual supercooling behavior could arise in an anthracene-
based FML (4a–f), wherein the system would stay as a liquid for several weeks or
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months, then crystallize (Fig. 3) [8]. Such solid materials are fragile, have altered
(usually worsened) photophysical properties due to the proximity of other units
and may expose the central functional motif—in this case, a π-conjugated core—to
unwanted oxidation, photolysis or other deleterious reactions. Through disruption of
the symmetry of the anthracene, using a bulkier core less prone to stacking and/or
adjusting the length of alkyl units, this unwanted supercooling behavior could be
screened for beforehand through differential scanning calorimetry (DSC) tests on
preannealed samples, then avoided altogether.

For the practical use of FMLs, large amounts of sample are required (at least
several grams). The large-scale synthesis of FMLs may result in by-products from
E2 reactions during the SN2 alkylation step, presenting a challenge at purifica-
tion. This can be addressed simply with tert-butoxide treatment to eliminate the
remaining reagent to form further alkene, which is then susceptible to hydrogena-
tion or hydroboration for enhanced separation from the unaffected target product
(Scheme 1) [9].

Fig. 3 a Chemical structures of diphenylanthracenes 4a–e with different chain length and
dibrominated 4f. Melting points or glass transition temperatures (Tg) are given where available.
b Photographs of freshly synthesized 4a–f in daylight at 20 °C, with a drop of fluid or powder of
solid on a glass plate. c Photographs of 4c, 4d and 4e as fresh (left) and after long-term aging at
ambient temperature (right) taken under irradiation of a UV lamp (365 nm). Figures b and c adapted
from Ref. 8 with permission from the Royal Society of Chemistry (2018)
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Scheme 1 Three-step treatment for the improved separation of by-products from FMLs (n = 2 or
6)

3 Aromatic Functional Liquids for Photophysical
Applications

Smaller aromatic molecules have long been known to have photophysical proper-
ties but—prior to the advent for FMLs—have only been measured in solution, as
crystalline solids directly or as cast films through solvent evaporation. The addition
of liquefying groups allows these properties to be accessed without solvent through
interfering with the intermolecular π-π interactions described above. This results
in an enhancement of monomeric photophysical properties but may interfere with
excimer formation, as seen in the examples below.

3.1 Naphthalene Liquids

Naphthalene, m.p. 80 °C, can be incorporated into an FML through the alkylation
of 1- and 2-naphthol with Guerbet-type alcohol-based branched alkyl chains (5a–
f, Fig. 4) [10]. This affords a set of FMLs with chain length-dependent viscosity
and an interesting difference in fluorescence properties between the two positions:
1-substituted naphthalenes (5a–c) preferring excimeric emission despite the alkyl
chains, with the 2-substituted naphthalene series (5d–f) exhibiting monomer-rich
luminescence. It is worth noting that 1-naphthol (95–96 °C) and 2-naphthol (121–
123 °C) have higher melting points than naphthalene, making their liquid state more
remarkable.
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Fig. 4 a Chemical structures of regioisomeric liquid naphthalenes 5. 5a–c represent the 1-
regioisomers and 5d–f the 2-regioisomers. Melting points or glass transition temperatures (Tg)
are given where available. Photographs of 5a dropping down through a PTFE needle under ambient
light (b) and UV (254 nm) light (c). Figures b and c reproduced from Ref. 10 with permission from
the PCCP Owner Societies

3.2 Anthracene Liquids

Anthracene-derived systems have highly tunable photophysical properties that, as an
FML, have improved stability to photodegradation (Fig. 5).

Anthracene itself, m.p. 216 °C, has been known to be liable to photodimerization
for over 150 years [11] and photooxidation for at least 50 years; [12] both of these
reactions pose challenges to the formation of higher acenes, for which the interested
reader is referred to a review by Anthony [13]. The functionalization of the central
rings with sp- or sp2-hybridized entities—such as with alkynes or aryls—prevents
these deleterious reactions yet also modifies their photophysical properties. As such,
the addition of liquefying groups to these pendant units provides photochemical
FMLs with high photostability (Fig. 5a).

The addition of 3,5-functionalized aryl units to the 9- and 10- positions of
anthracene produces UV-active liquids 6 photostable to four hours of irradiation
at 365 nm with a 100 Wm−2 Xe lamp, compared with 9,10-diphenylanthracene
cast as a film, which withstood only two hours. Doping these systems with 9,10-
di(phenylethylenyl)anthraceneD1 – itself designed to resist dimerization/oxidation –
allows tunable luminescence wavelengths (Fig. 5b, c) [14]. Adding 0.3 and 0.5mol%
D1 resulted in red-shifts of the blue emission in 6(i) to paler blue ii and green iii
respectively. A further increase to 2.0 mol% produced yellow-emitting iv, which can
be rendered darker yellow (v) at 5.0 mol%. Europium complex D2 blue-shifted the
emissions, producing light and dark purple vi and vii at 2.0 and 5.0 mol%. A ther-
moresponsive composite of iii and vii containingD1 and D2 in different proportions
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Fig. 5 a Chemical structures of anthracene-based FML 6 and two dopants, 9,10-
di(phenylethynyl)anthracene D1 and [(phenanthrolino)Eu(III)(dbm)3] D2 (dbm = dibenzoyl-
methane). b Color changes resulting from addition of the dopants and temperature variations.
c Commission International de l’Éclairage coordinate values of the overall color tunability achieved
by the doping of 6 with D1 and/or D2, as well as temperature variation. The i-x represent different
blends and temperatures derived from i (6) as shown in figure b. Figures b and c adapted (merging
(b), numbering (c)) from Ref. 14 published by Springer Nature under the CC-BY-3.0 license
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was also made and tested, affording a thermochromic composite material going from
red (viii, 20 °C) via ochre (ix, 50 °C) to turquoise at 100 °C (x).

Such mixtures have the drawback of being inhomogeneous owing to the presence
of solid dopant molecules diffusing through the anthracene FML. It was recently
shown that modifications to the anthracene backbone directly can also alter the color
observed, while providing improved uniformity and steadiness of emission [15].

3.3 Pyrene Liquids

Pyrene,m.p. 145–148 °C, is the smallestperi-fused polycyclic aromatic hydrocarbon.
As such, it provides a large conjugated π-network that does not oxidize as readily as
the larger linear acenes but has a greater contact face for π-π interactions.

Functionalizing pyrenewith 3,5-dialkyloxyphenyl units (as with the anthracenes),
or their 2,5-dialkyloxyphenyl isomers, results in a class of FMLs with different
emissions based on the alkyl chain length and whether the pyrene is substituted
solely in the 1-position (2, Fig. 2) or tetrasubstituted (3, Fig. 2). The difference in
the number of alkyl chains and their length affects the ability of the pyrene cores
to overlap, resulting in materials shifting from excimeric to monomeric emissions
with increasing barriers to stacking. These were probed by picosecond time-resolved
fluorescence spectroscopy and femtosecond time-resolved near-IR (TRNIR) to not
only characterize these emissions in themselves but also use them as a tool for
investigating local order within these amorphous substances. Even with the range of
emissions produced from different local arrangements, all exhibit high fluorescence
quantum yields (ΦFL, 57–85%) in a range of blue emission wavelengths (Table 1)
[6].

An alkane-substituted pyrene also forms a highly excimeric fluorescent solvent-
free liquid with a 65% fluorescent quantum yield. In addition, the liquid pyrene can
form micelles with monododecyl hexaethylene glycol in water to give fluorescent
emissions depending on the concentration of the pyrene: high concentrations in the
micelles increase excimer-derived emission, resulting in a redshift [16].

Table 1 Photochemical properties of liquid pyrene derivatives 2 and 3: Solvent-free fluorescence
emissions and quantum yields (ΦFL). Data taken from ref. 6

Compound Aryl Substitution Chain λmax / nm ΦFL

2a 3,5- “C6C10” 472 0.72

2b 2,5- “C6C10” 467 0.66

3a 3,5- “C6C10” 456 0.67

3b 2,5- “C6C10” 441 0.57

3c 3,5- “C10C14” 456 0.85
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Fig. 6 a A chemical structure of bromonaphthalimide-based FML 7. Glass transition temperatures
(Tg) are given where available. b Normalized phosphorescence spectra of 7 at 25 °C in air (λex =
345 nm). Figure b adapted (numbering) from Ref. 17 with permission from John Wiley and Sons

3.4 Bromonaphthalimide FMLs

Bromonaphthalimide is a rhylene dye with a singlet–triplet gap conducive to
phosphorescence. Use of a symmetrical branched alkyl chain to N-substitute the
bromonaphthalimide to tune this gap afforded a highly desirable room-temperature
phosphorescent FML 7 with a 5.7 ms phosphorescence lifetime (Fig. 6) [17].

The luminescence intensity of 7 was further enhanced by the use of terephthalde-
hyde and 1,3,5-triformylbenzene as phosphors partially dissolved therein. Note-
worthily, the singlet–triplet energy level gap, �EST, was found to be 0.13 eV by
density functional theory (DFT) calculations, similar to that of a simpler butyl-
functionalized analog (0.12 eV). This demonstrated that the liquefying modification
did not significantly affect the phosphorescent properties of the bromonaphthalimide
core.

3.5 Conjugated Oligomeric Liquids

Functional liquids can also be made from conjugated systems, which may be
of use for future electronic devices [18]. A p-di(phenylenedivinylene)benzene,
when tetrafunctionalized with branched alkyl chains, affords a liquid OPV 8,
which on doping with tris(8-hydroxyquinolinato)aluminium (Alq3) and 5,6,11,12-
tetraphenyltetracene (rubrene) produces a white-emitting liquid under stimulation at
365 nm (Fig. 7a) [19].

Shinohara et al. have recently demonstrated a range of conjugated 9,9-Guerbet-
difunctionalized fluorene copolymer materials, where the nature of the second
monomer unit and its alkylation affect the physical state (Fig. 7b) [20]. A copolymer
with a 9,9-dioctylated monomer units afforded viscoelastic substances 9a, with
further soft, deformable materials afforded from alt-copolymers incorporating thio-
phenes (9b) and thiophene-benzothiadiazole-thiophene motifs (9c). These three
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Fig. 7 a Illustration of the preparation of a solvent-free white-emitting liquid composite from 8. b
Viscoelastic polymers 9a, 9b and 9c. Glass transition temperatures (Tg) are given where available.
Figure a reproduced from Ref. 19 with minor reformatting and figure b (photographs) reproduced
from Ref. 20 with permission from John Wiley and Sons

materials produced blue, green/yellow and red fluorescence respectively with good
quantum yields. Upon blending, the composite materials produced demonstrated
dynamic miscibility, leading to mechanochromic fluorescence variation with phase
segregation clearly visible under fluorescence microscopy, yet with full restorability.

While these two systems demonstrate the potential for soft optoelectronic devices,
it is possible that such advanceswill underpin future fluid-cast soft electronic devices.

4 Macrocyclic Functional Molecular Liquids

Large cyclic systems with cavities, known as macrocycles, can receive guest entities
that suit the chemistry and size of the pocket. Such host–guest interactions underpin
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the field of supramolecular chemistry and much of the wide array of sensory and
interlocked systems therein: the interested reader is directed to an introductory text
by Steed and Atwood [21]. These interactions may be ion–ligand, hydrophobic or
hydrophilic in nature but, as before,many of the systems so far reported are dependent
on the solution state for the dispersal of host and guest to permit interaction. Some
examples of FMLs that obviate the need for solvent are discussed below.

4.1 Phthalocyanine Functional Molecular Liquids

Phthalocyanine macrocycles are tetradentate ligands with two displaceable hydro-
gens, well-suited to divalent cations. The addition of eight (2-dodecyloxyphenyl)
substituents produced a dark green sticky macrocyclic FML 10 (Fig. 8a) [22].
Both before and after the complexation of Cu2+ cations—an inherent property of
the molecule unaffected by liquefication—the UV/Vis spectra and polar optical
microscopy of sheared or pushed samples showed a lack of order between subunits.
The zero-shear viscosities of the two systems were comparable (both on the order of
104) but decreased with temperature and strain (Fig. 8b, c).

A phthalocyanine FML functionalized with 2-octyldecylthio units is also a suit-
able sandwich ligand for lanthanide metals, affording a liquid spin-active, elec-
trochromic Lu complex 11 with a hole delocalized over the ligands (Fig. 8d) [23].
The disruption of quenching π-π stacking was confirmed by SWAXS through the
interference of the solubilizing chains.

4.2 Porphyrin Functional Molecular Liquids

Porphyrins are similar in structure to phthalocyanines and, owing to their appli-
cations in sensing, liquid crystals, nanoelectronics and optics, they are extensively
researched, with low-melting derivatives being highly desirable [24]. They differ
from phthalocyanines in having sp2 carbon linkers between the pyrrole ring units
instead of nitrogen, so they may be functionalized at these meso positions on the
central ring, rather than modifying fused benzene ring positions, as in phthalocya-
nine. Porphyrin FMLs were reported independently by Maruyama et al. [25] and
Nowak-Król et al. [26] in 2010, both showing distinct single phase transitions at
temperatures depending nonlinearly on alkyl chain length. Solid porphyrins have
been tested for their ability to form complexes, such as that of Koszlewski et al., in
which interesting optical property variations were found [27].

The most recent development in FMLs is a material composed of tetraphenyl-
porphyrins alkylated with Guerbet chains, which has only recently been reported
[28]. The central porphyrin ring was determined to be distorted, based on magnetic
circular dichroismmeasurements and an unusual order of absorption band intensities
in the UV–visible region. As a consequence of this distortion and the insulation of
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Fig. 8 a A chemical structure of phthalocyanine-based FML 10. b Complex viscosity (η*) versus
ω on double logarithmic scale:�H210 (γ = 0.1%),�H210 (γ = 50%),� [Cu(10)] (γ = 0.1%),▲
[Cu(10)] (γ = 50%). c Plots of log η0 vs temperature at γ = 0.1% for H210 (�) and [Cu(10)] (◯).
dA chemical structure of spin-active electrochromic double-decker lutetium phthalocyanine-based
FML 11. Melting points or glass transition temperatures (Tg) are given where available. Figures b
and c reproduced from Ref. 22 with permission from the Chemical Society of Japan

the core from both air and electrostatic interactions by the alkyl units, these systems
have excellent charge retention compared with the unfunctionalized core and free
branched alcohol. Such electret materials have useful mechanoelectrical and elec-
troacoustic functions, as demonstrated in a polyurethane-textile sandwich electrode
device, rendered pressure-sensitive upon impregnation with the liquefied porphyrin.
These applications are only possible owing to the aforementioned insulation and
mobility of the core in this FML material.
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Fig. 9 aA chemical structure of pillararene cyclic host liquids 12a and 12b. Melting points or glass
transition temperatures (Tg) are given where available. b Structural liquid-to-solid state change of
12b after exposure to (i) 1,4-dioxane vapor (solidification), (ii) methanol vapor (little change), (iii)
chloroform vapor (solubilization). Figure b reprinted with permission fromRef. 34. Copyright 2019
American Chemical Society

4.3 Pillararene Cyclic Host Liquids

Macrocycles capable of hosting organic guests rather than metal cations have also
been converted to FMLs. The pillararene macrocycles of Ogoshi et al. are formed
from methylene-bridged hydroquinone units—usually five—which can be alkylated
with a variety of functionalities; the interested reader is directed to a recent review
and a book [29, 30]. Through alkylationwith amethyl triethylene glycol entity, cyclic
host liquids12awere developed fromsuch a pillar[5]arene, producing a liquidmacro-
cycle with an aromatic hydrophobic cavity suitable for a range of guests (Fig. 9a)
[31]. These systems gave rise to latter supra- and macromolecular systems, such as
rotaxane generation [32] and a polyrotaxane “topological gel” [33].

Hydrophobic structural liquid variants 12b have been recently developed. Assem-
blies of perhexylated pillar[6]arenes afforded functional liquids with a cavity suited
to 1,4-dioxane; all other alkylations tested afforded solids at room temperature [34].
Upon exposure to 1,4-dioxane vapor, the liquid assembly promptly solidified, with
methanol causing little change and chloroform solubilizing the material (Fig. 9b).

5 Optoelectronically Active Fullerene Liquid Materials

Fullerenes are large spherical or spheroidal structures of conjugated carbons
of great interest to supramolecular chemistry and materials science alike [35].
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Fullerene FMLs 13a, 13b and 13d were first developed in 2006 from C60, a
tris(alkyloxy)benzyldehyde and N-methylglycine under reflux, with viscosities
dependent on the length of their saturated linear chains and the electrochemical prop-
erties of the C60-base unit unaffected (Fig. 10a) [36]. The chain length dependence
of their transition temperatures was further explored for 13a–e alongside an octyl
analog and found to be nonlinear (Fig. 10b). Three examples of C70 were also tested

Fig. 10 a Chemical structures of fullerene-based FMLs 13–15. b Variation of isotropic transition
point temperaturewith linear chain length in 13a-13e (and octyl analog;melting points as full circles,
glass transition points as hollow circles). c Cryo-TEM image of micelles of 14c in n-decane, with
illustration of the arrangement of alkylated-C60 units. The dark regions indicated by white arrows
are the C60-rich cores of the micelles. Figure b reprinted with permission from Ref. 37. Copyright
2013 American Chemical Society. Figure c (part) reproduced from Ref. 40 with permission from
Springer Nature
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(not shown) [37]. Later, branched series 14 demonstrated liquid crystalline or liquid
properties at ambient temperature (except 14d which requires heating to 128 °C),
whereas hyperbranched liquid 15 was found to have a relatively high viscosity of
1.28 × 105 Pa s [38].

The photoelectrochemical properties of C60 are not simply preserved as an alky-
lated “alk-C60” FML but are also open to enhancement through cofactors in the liquid
state. Doping the liquid with CdSe nanocrystals sensitizes the system to visible light
through charge transfer, resulting in photoelectrochemical properties [39]. Even the
addition of simple n-hexane solvent can affect these systems profoundly, driving
the formation of micelles from 14c through minimizing C60-alkane interactions in a
manner analogous to a surfactant (Fig. 10c) [40]. Liquid fullerene systems have been
shown to have a broad array of assemblies with various properties, and interested
readers are referred to a recent account of their development [41].

6 Conclusions

Throughout this chapter, we have shown a variety of functional molecular liquid
materials developed over the past decade. From simple aromatic cores such as
naphthalene up to larger π-systems such as spherical fullerenes, suitably selected
bulky and flexible alkyl chains with various extents of branching reliably liquefy the
substance. This not only eliminates the need for solvent, but gives both photophysical
advantages and ease of fabrication independent of the shape and geometry of devices.
The liquid physical properties can be tuned through modification of these chains and
host–guest interactions in particular systems. This demonstrates the versatility of
the functional molecular liquid design philosophy in producing materials of a wide
array of viscosities that respond to light, pressure, chemical stimulus or charge: in
all senses, the future of functional molecular liquids is bright.
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Ionic Nanoarchitectonics: Creation
of Polymer-Based Atomic Switch
and Decision-Making Device

Kazuya Terabe, Tohru Tsuruoka, and Takashi Tsuchiya

1 Introduction

Although today’s information and communication technology has made rapid
progress owing to the high performance of semiconductor devices mounted in
computers, a concern is that the performance improvement by conventional minia-
turization and high integration is approaching its limit. Therefore, in addition to
promoting further research and development of conventional semiconductor devices,
it is necessary to proactively develop new functions and high-performance devices
beyond this limit. Such innovative devices will operate on different principles from
conventional semiconductor devices. One type of device operated on a new principle
is devices that utilizes not only electron transport phenomena but also ion transport
phenomena. These devices, achieved by controlling the migration of ions within
solids, can be referred to as solid state ionic devices because they operate on the
principle of solid-state ionics [1].

The movement speed of ions in solids is slow compared with that of electrons,
so the operation speed of solid-state ionic devices has been considered to be low.
However, with the recent advancement of nanotechnology, it has become possible
to construct solid-state ionic devices capable of controlling ion migration at the
nanoscale and even the atomic scale, and operate at a relatively high speed. Recently,
such nanoscale solid-state ionic devices (nanoionic devices) have attracted renewed
attention in information and communication technologies as a means of overcoming
the above serious defect.

In nanoionic devices, as a unique feature that cannot be obtained in semicon-
ductor devices utilizing electron and hole transport phenomena, it is possible to
move ions (atoms) forming material frames on the nanoscale and atomic scale. The
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control of local ion migration allows the reconstruction of any internal and surface
nanostructures of materials, as well as heterointerface nanostructures. Namely, it is
a nanoarchitecture of materials achieved by the control of ion migration (referred to
as ionic nanoarchitectonics). So far, we have created nanoionic devices with diverse
functions by using the ionic nanoarchitectonics [2]. Figure 1 shows an example
of created nanoionic devices. Figure 1a shows a two-terminal device with func-
tions such as atomic switch, quantized conductance, and an artificial synapse [3–6].
These functions are obtained by controlling the atomic point contact of a metal
filament by utilizing the migration and redox reaction of metal ions in an ionic
conductor. Figure 1b shows two-terminal devices with functions such as rectification
and memory. These functions are obtained by modulating the Schottky-like barrier

Fig. 1 Schematic diagram of functional devices creation by ionic nanoarchitectonics utilizing
ion migration in solids. a Devices with functions such as atomic switch, an artificial synapse, and
nonvolatile memory using a point contact. bDevices with functions such as rectification and volatile
memory using Schottky-like barrier modulation. cDevices with functions such as resistance change
and superconducting transition temperature change using an electric double layer. d Devices with
functions such as resistance change, magnetic change, and decision-making using electrochemical
reactions. Reproduced from [2] by The Author(s) licensed under CC BY NC 3.0, published by The
Royal Society of Chemistry
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generated by moving ions at the heterointerface between the blocking electrode and
the mixed conductor of ions and electrons [7]. In Fig. 1c, an electric double layer is
formed by moving ions in a solid electrolyte (pure ionic conductor) to an interface
with an electrode such as a semiconductor. Through the high-density carrier doping
caused by using the electric double layer, it is possible to control physical properties
such as electrical, optical, and magnetic properties [8, 9]. Three-terminal devices
with various novel functions were fabricated by utilizing these properties. In Fig. 1d,
an electrochemical reaction is caused by ion migration in the vicinity of the interface
between an ionic conductor and an electrode such as a semiconductor, whereby ions
are injected into the electrode or are detached from the electrode. By utilizing the ion
injection and detachment, it is possible to control the physical properties of electrode
materials, and high performance three-terminal devices were created by using these
properties [10–12].

In the following sections, as representative examples of nanoionic devices created
by using the ionic architectonics method, an atomic switch utilizing the migration
of silver ions in a solid polymer electrolyte (SPE) and a decision-making device
utilizing the proton migration in an ion conductor polymer are demonstrated. The
polymer-based atomic switch operates by controlling an atomic point contact by
utilizing the growth and shrinkage of a metal filament, as shown in Fig. 1a. The
decision-making device operates by utilizing the electric potential difference among
several electrodes caused by the injection and detachment of different numbers of
ions. The ion injection and desorption are controlled by utilizing ion migration and
an electrochemical reaction as shown in Fig. 1d.

2 Atomic Switch Operation Based on Solid Polymer
Electrolytes

In 2011, we found that an atomic switch can be realized using an SPE. Owing
to its mechanical flexibility, higher ionic conductivity, compatibility with various
substrates, and low fabrication cost, an SPE is considered as a possible substitute for
inorganic solid electrolytes such as sulfides [3, 4] andmetal oxides [13].Ag-salt incor-
porated polyethylene oxide (Ag-PEO) was used as the ion conducting medium, and
the fabricated Ag/Ag-PEO/Pt device exhibited bipolar resistive switching behavior
under bias voltage sweeping [14]. We subsequently succeeded in fabricating the
device on a plastic substrate using an inkjet-printing technique, and obtained stable
switching behavior even when the substrate was bent [15].

Understanding the correlation between the resistance change and filament growth
has been the subject of much recent attention owing to its effectiveness in control-
ling switching behavior and its promising memory performances. It is significant
that the high ionic conductivity of an SPE enables us to directly observe filament
formation even in micrometer-scaled devices. Here, we describe the kinetic factors
determining the filament growth from the results of scanning electron microscopy
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(SEM) on a planar structure. In addition to bi-stable resistive switching, one of the
unique characteristics of the atomic switch is conductance quantization. A quantized
conductance was reported for atomic switches using sulfides [3, 4, 16], superionic
conductors [17], and metal oxides [18]. We found highly reproducible quantized
conductance in a PEO-based atomic switch.

2.1 Kinetic Factors Dominating the Filament Growth

We performed in situ optical microscopy and ex situ SEM observations of the growth
behavior of conducting filaments in planar SPE-based atomic switches, in which Ag
(or Pt) andPt electrodes are opposedwith a gap ranging from0.5 to 8μm[19, 20]. The
experimental setup is illustrated in Fig. 2a. A typical resistive switching characteristic
is shown in Fig. 2b. Figure 2c, e show the typical current–voltage (I–V ) curves
at the first voltage scan, which corresponds to the forming process of conducting
filaments, for Ag/PEO/Pt and Ag/Ag-PEO/Pt devices with a 1 μm gap, respectively.
The forming process was terminated when the current reached the compliance level
(100 nA), and then the morphology of the device was observed by SEM. In order
to avoid damage to devices by a large current when the device is switched to a low-
resistance state, the current compliance function of the measurement system is often
used in I-V measurements. Usually, the compliance level ranging from μA to mA is

Fig. 2 a Schematic of filament growth observation in a planar atomic switch. b Typical resistive
switching behavior of a Ag/Ag-PEO/Pt atomic switch. c, e and d, f I–V curves and SEM images
taken after the forming process in Ag/Ag-PEO/Pt and Ag/PEO/Pt atomic switches, respectively.
The inset of f shows a magnified view of the filament consisting of Ag clusters. The scale bar is
500 nm. Reproduced from [20] by The Author(s) licensed under CC BY NC 3.0, published by The
Royal Society of Chemistry
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applied. Here, the low compliance current was set to stop the initial stage of filament
growths.

The SEM images taken after the forming process are shown in Fig. 2d, f. The
Ag/Ag-PEO/Pt device exhibits dendritic filament morphologies starting from the
Pt electrode. Voids created in the Ag electrode provide evidence of the oxidation
of Ag under voltage bias. The dendritic growth can be observed for gaps larger
than 2 μm. In the Ag/Ag-PEO/Pt device, both Ag+ oxidized from the Ag electrode
and pre-dissolved Ag+ in the PEO matrix migrate toward the Pt electrode under
voltage bias. Once precipitation takes place on Pt, precipitated Ag atoms grow by
incorporating Ag+ distributed in the PEO matrix, forming dendritic morphologies
with three-branch structures. In contrast, the Ag/PEO/Pt device shows very narrow
filaments, consisting of a number of small Ag clusters, as shown in the inset of
Fig. 2f. For larger gaps, complete filaments did not form even up to an applied bias
voltage of ~10 V. Pure PEO is a highly crystalline polymer, in which long-range Ag+

transport is significantly hindered, resulting in lowered ionic conductivities. Hence,
unidirectional filament growth is likely to occur with small Ag clusters rather than
continuously connected structures. It was also found that the density of filament
structures is proportional to the compliance current.

In general, the filament growth processes can be explained by the standard elec-
trochemical metallization (ECM) model [21]. In devices with inorganic solid elec-
trolytes, such as chalcogenides, the growth process occurs with a large number of
metal ions moving through the electrolyte and they are reduced at the inert cathode,
resulting in a filament growing toward the active anode [22]. However, in some
oxides such as Al2O3, filament growth is limited by lower conductivity of metal
ions, giving rise to the reduction of metal ions inside the electrolyte before they
reach the inert cathode, resulting in filaments growing from the active anode [23].
In our observations, filament growth always initiated from the Pt electrode, even
for devices with pure PEO, which has a lowered ionic conductivity. This means
that the ECM model is applicable to the filament formation scheme in a PEO-based
atomic switches. The filament formation behavior in a PEO-based atomic switch is
determined by the properties of the polymer matrix, the device structure, and the
experimental parameters.

2.2 Quantized Conductance of an Atomic Point Contact

We also found that a PEO-based atomic switch exhibits conductance quantization,
where the atomic point contact is formed by the electrochemical oxidation and reduc-
tion of Ag atoms in the polymer matrix [24, 25]. Such atomic point contact gives a
construction in the transverse direction which represents a resistance to the motion of
electrons. Applying voltage V across the point contact induces a current flow, given
by I =GV, whereG is the conductance of the contact. This formula resembles Ohm’s
law for macroscopic resistors. However, in the small system size which requires a
quantum mechanical analysis, the transverse motion cannot vary continuously, but
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has to be one of a series of discrete modes. As a consequence, the total conductance is
given by G= nG0. Here G0 corresponds to the conductance of a single atomic point
contact given by G0 = 2e2/h, where e is the electron charge and h is the Planck’s
constant.

Figure 3a shows typical I–V and the corresponding conductance–voltage (G–V )
curves of a Ag/PEO/Pt atomic switch, measured under bias sweeping. As the bias
voltage was swept in the positive direction, the device conductance reached larger
integer multiples of G0 with increasing in a stepwise fashion. Figure 2b shows a
conductance state histogram evaluated from a number of G–V curves with various
stop voltages in the bias sweep. In addition to large peaks at integermultiples, distinct
peaks appear at half-integer multiples of G0, and fractional conductance variations
are also observed.

First-principles density functional theory simulations were used to examine the
role of the atomic configurations in determining the conductance state of an atomic
point contact. We considered an atomic point contact composed of different numbers
(10–12) of Ag atoms between Ag electrodes (consisting of a linked nine atom chain),
as illustrated in Fig. 3c. The structures were optimized so as to minimize the total
energy. Consequently, the 10-atom chain forms a single-atom contact and exhibits
a conductance of almost 1G0 at the Fermi energy (EF), while the 11- and 12-atom
chains form two-atom contacts with conductance values lower and higher than 2G0

Fig. 3 a I–V and the corresponding G–V curves measured for a Ag/PEO/Pt atomic switch. b
Conductance histogram in G0 evaluated from G–V curves. c Geometrically optimized configu-
rations of different numbers of Ag atoms between nine-Ag-atom electrodes. d Energy-dependent
conductance plot for differentAgatomchains. eTransmission eigenstates of 11-atomchains forming
a two-atom contact, calculated for the highest four eigenstates at 0.12 eV. The isovalue is 0.05, which
corresponds to the magnitude of the wave function. The phase is used to color the isosurface. From
[24] Copyright © 2017 by John Wiley Sons, Inc. Reprinted by permission of John Wiley & Sons,
Inc
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at EF, respectively, as shown in Fig. 3d. From the transmission channel analysis, it
was revealed that eight conducting channels are possible at 0.12 eV above EF for the
10-atom chain. However, only the first three channels, with eigenvalues higher than
0.1, contribute to the total conductance, as shown in Fig. 3e. This indicates that the
conductance of an atomic point contact is dominated by the atomic configuration and
its slight rearrangement can generate half-integer multiples and fractional variations
of the conductance state.

In neuroscience, synaptic plasticity is known as the ability of biological synapses
to strengthen and weaken over time, in response to increases or decreases in their
activity. Since memories are postulated to be represented by vastly interconnected
neural circuits in the brain, the synaptic plasticity is one of the important neuro-
chemical foundations of learning and memory. It was found that SPE-based atomic
switches also exhibit this plasticity in memory behaviors in response to input voltage
pulses, which are characterized by short-term memory and long-term memory [6].
This suggests that the functions of the brain can be mimicked by constructing self-
assembled Nano systems consisting of SPE-based atomic switches. The synaptic
behavior, as well as the conductance quantization of SPE-based atomic switches, is
realized by the reversible control of an atomic point contact based on ionic nanoarchi-
tectonics. The redox reactions, ion transport, and filament formation at the nanoscale
can precisely be tuned via the applied bias voltage. Our findings are expected to
contribute to the development of new multilevel memories, quantum information
processing, and neuromorphic systems.

3 Decision-Maker Based on Proton Conducting Polymers

There is an urgent need for artificial intelligence (AI) systems capable of quickly
making optimum selections in response to environmental changes, in fields such as
information and communications technology (ICT), medical diagnosis, manufac-
turing, and economic activities. Efforts in recent years have focused on the develop-
ment of AI systems based on conventional computations using a central processing
unit (CPU), memory, and algorithms (software programs). While the usefulness of
CPU-based computing in mimicking intelligent human behavior has been verified,
one critical weak point is inherent in this method: i.e. the amount of computational
resources required for processing the vast streams of information required increases
exponentially. Such conventionalmethodology for computations is hence reaching its
limit, and breakthrough computationalmethodologies have been intensively explored
[26–36].

The ionic decision-maker, a state-of-the-art derivative of the atomic switch [3,
4], overcomes the limitations of CPU-based computing through its decision-making
functions, which are realized by the use of ionic nanoarchitectonics in solid electro-
chemical systems [37]. Specifically, it utilizes nanoionic phenomena in the vicinity
of a solid/solid interface, which phenomena includes electric double layer charging
and electrochemical reactions [8–12]. The ionic decision-maker, based on proton
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conducting polymers, uses the inherent nonlinearity observed in the voltage-charge
relationships in nanoionic devices, which in turn is caused bymodulation of the local
proton and gas (e.g. hydrogen, oxygen) concentration, in order to achieve excellent
decision-making abilities related to mathematic problems with stochastic events and
is adaptable to changes in the computational environmental.

3.1 Operating Principle of the Ionic Decision-Maker
for Solving Dynamic Multiarmed Bandit Problems

Various problems are solved, by both human beings and computers, through decision-
making related to subsequent actions. In many cases, the problems can be interpreted
as multiarmed bandit problems (MBPs) with stochastic events [38–40]. The MBP
is a mathematical problem in which a gambler facing many slot machines with
various reward probabilities has to determine, on the basis of his experience (trials),
which machines to play so as to maximize the total reward [41, 42]. Figure 4a
illustrates a typical MBP situation. MBPs are long-standing mathematical problems
that relate to adaptive human behavior in various situations (e.g. medical diagnosis,
ICT, manufacturing, economic activities) [38–42].

In thiswork, theMBP is discussed in a scenariowhere the user of a busy communi-
cations network needs to choose themost appropriate channels from among the avail-
able channels in order to maximize the efficient transmission of information packets.
The situation can be handled in the framework of the channel model proposed by Lai
et al. [43, 44]. Figure 4b illustrates the channel model for one user and two channels,
where the user can choose only a single channel at any given time. Suppose that
at a certain time (t), the user chooses either channel A or B, which are open with
probabilities PA and PB and occupied with probabilities 1- PA and 1- PB, respec-
tively. In advance of the trials, the user has zero knowledge of the value of PA and
PB. When channel A is open with PA, one packet is transmitted; this situation is
hereinafter referred to as “transmitted”. With a probability of 1-PA, the packet will

Fig. 4 a The original MBP (slot machines and a gambler). bMBP in the channel model (commu-
nication network and a user). Reprinted from [37]. © The Authors, some rights reserved; exclu-
sive licensee American Association for the Advancement of Science. Distributed under a Creative
Commons Attribution NonCommercial License 4.0 (CC BY-NC) http://creativecommons.org/lic
enses/by-nc/4.0/

http://creativecommons.org/licenses/by-nc/4.0/
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not be transmitted, which situation is hereinafter referred to as “blocked”. A series of
trials gives three types of possible result for each trial; (i) a channel was selected and
the packet was transmitted, (ii) a channel was selected and the packet was blocked,
or (iii) no channel was selected. The results are used to calculate the correct selection
rate, which is the main concern of this study and which will be discussed in Sect. 3.2.
The model is suitable for a discussion of dynamic MBPs (DMBPs), in which the
reward probabilities are dynamic.

Our ionic decision-maker can efficiently solve DMBPs, with excellent solvability
and adaptability, which are useful for handling the temporal dynamics of practical
problems. Figure 5a illustrates the operating principle of the device for a case where
(PA, PB) is (0.6, 0.4). Figure 5b shows the dynamic variation in the voltage V
measured during operation of the device.

First, in the open circuit condition, the sign V is judged (indicated by small black
arrows). When V is positive (negative), channel A (B) with PA (PB) is used to send
the packets. In accordance with the results [transmitted or blocked, as illustrated in
Fig. 4b], a pulse current of 500 nA, or -500 nA, is applied to electrode A for 500 ms.
The circuit is then opened, and V is measured (indicated by large green arrows). The
sequence of these steps (from one black arrow to the next black arrow) is defined as
one channel selection. As shown in Fig. 5b, repeated selections resulted in a digital-
like V variation, which leads to a correct decision on the basis of tug-of-war (TOW)
dynamics, which resembles the TOW game in which two persons, A and B, pull
against each other at opposite ends of a rigid rope [45–48].

This behavior corresponds to a variation in the concentration distribution of chem-
ical species in the electrolyte, which is caused by EDL formation and/or redox reac-
tions related to protons (e.g. reduction of protons to hydrogen gas, oxidation ofwater).
Because it is an electrochemical cell in which electrical charges are consumed by the

Fig. 5 a Illustration of the ionic decision-maker for solving MBPs with two channels. b Variation
in V during operation of the device. Reprinted from [37]. © The Authors, some rights reserved;
exclusive licensee American Association for the Advancement of Science. Distributed under a
Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC) http://creativecommons.
org/licenses/by-nc/4.0/

http://creativecommons.org/licenses/by-nc/4.0/
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redox reactions, the Q–V relationship deviates significantly from the ideal (linear)
seen in capacitors (indicated by the dashed lines in Fig. 5b). Such a deviation from
an ideal linear relationship, in which charges are completely preserved after current
application, is of great importance for the adaptive operation of our device.

3.2 Learning Properties of the Ionic Decision-Maker
in Relation to Environmental Changes

To investigate the ability of our ionic decision-maker device to solve dynamicMBPs,
the variation in the correct selection rate (CSR) was investigated. Correct selection
means that the channel with the highest probability (Pi) was selected, regardless of
whether a packet was transmitted or not. CSR can be calculated using V variation
with time (e.g., Fig. 5b). Please refer to the reference [37] for details of the CSR
calculations.

Figure 6 shows the variation in CSR of our ionic decision-maker device. The
experiment started from the initial condition (PA, PB)= (0.9, 0.1). During the exper-
iment, Pi inversions were applied [e.g., (0.9, 0.1) was inverted to (0.1, 0.9)]. At the
beginning of the experiment (i.e., the number of selections was zero), CSRwas about
0.5. This was reasonable because the device had no information about channels A and
B; the ionic decision-maker randomly selected channels. However, as the number of
selections increase, CSR showed a gradual increase toward 1.0, which is indicative
of empirical learning on the basis of the results of selections. The learning process
corresponds to an electrical response of the cell, in which repetition of selections
made V take a positive or negative value. The V variation is caused by modulation
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Fig. 6 Variations in CSR of the ionic decision-maker for solving DMBP under the initial condition
(PA, PB)= (0.9, 0.1). Reprinted from [37]. © The Authors, some rights reserved; exclusive licensee
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algorithms for solving DMBP under the initial condition (PA,PB)= (0.6, 0.4). Reprinted from [37].
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BY-NC) http://creativecommons.org/licenses/by-nc/4.0/

in the concentration distribution of proton, gas and water molecule near electrodes
A and B.

Pi inversion was applied at every 200th selection to assess the adaptability of the
device to a dynamic environment, which adaptability is essential for practical use.
After each Pi inversion, immediate drop of CSR was observed because the correct
channel had changed from A to B or vice versa. The steep increase of CSR toward
1.0 after Pi inversions indicates that our device possesses good adaptability.

To evaluate the efficiency of our ionic decision-maker, performance of the device
was compared with conventional CPU-based computations using ε-greedy and
SOFTMAX algorithms, which are typical algorithms for solving MBPs. Figure 7
shows a comparison of the performance among the three for solving DMBP under
the initial condition (PA,PB)= (0.6, 0.4). The ionic decision-maker and the other two
computations all showed good adaptability, although CSR did not reach 1.0 within
the 200th selections because the DMBP under the present condition is much more
difficult to solve due to the very close Pi. It is quite surprising that the ionic decision-
maker, operating on the basis of simple repetitions of pulse current application, exhib-
ited performance that was so closely equivalent to conventional computations, which
were achieved by complex processing using CPU and memory. Whereas a typical
personal computer consumes 15 mW while solving a DMBP, the ionic decision-
maker consumes only 7.5 μ W in the cell. Such excellent efficiency is realized by
utilizing the inherent electrochemical properties of nanoionic systems for processing
and storing information, both of which functions are handled by CPUs and memory
in conventional computers.

The ionic decision-maker introduced here was created on the basis of the ionic
nanoarchitectonics in solid state devices. It achieved outstanding solvability and
adaptability with a combination of TOW dynamics and the ionic motion found in
the nanospaces in the vicinity of solid/solid interfaces. The ionic decision-maker is

http://creativecommons.org/licenses/by-nc/4.0/
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opening new avenues in the “nanoelectronics achieved by ions” paradigm, invented at
MANA as the atomic switch, for “materials decision-making” in which the inherent
properties of materials are used to realize low power consumption AI technologies.

4 Summary

In the future advanced information society, it will be increasingly important to collect
and analyze huge amounts of data as rapidly as possible, and act on the basis of
appropriate judgments. AI development has been actively conducted worldwide as
a technology that enables to realize social demands. Currently, the core of this tech-
nology is software, and hardware is simply responsible for storing and computing
data. However, in order to efficiently process and judge ever-increasing amounts
of data, it is also important to develop AI technologies with new concepts. As one
of them, the development of a brain-type computer is expected. Nanoionic devices
based on ionic nanoarchitectures such as polymer-type atomic switches and decision-
making devices will further develop as essential elements for brain-type computers
and AI systems.
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Oxoporphyrinogens: Novel Dyes Based
on the Fusion of Calix[4]pyrrole,
Quinonoids and Porphyrins

Jonathan P. Hill and Jan Labuta

1 The Birth of the ‘OxP’ Chromophore

Porphine [1] is universally recognized as one of the most important known chro-
mophore compounds [2]. It exists as the colored moieties of hemoglobin (where its
function as its iron(II) complex is to bind oxygen destined for use in respiration) and
chlorophyll (where it is largely responsible for the collection and sequestration of
light energy for photosynthesis). Cytochromes are another type of chromophore
containing porphines [3], whose function (among others) is to mediate electron
transfer in the terminal electron transport chain. Hence, it can be seen that the func-
tionality of porphine (esp. its metal complexes) is critical even for our existence.
Therefore, these molecules have been intensively investigated in related applica-
tions, and a large community of scientists have dedicated their careers to studying the
synthetic chemistry and properties of these compounds [4]. This account commences
with a porphinemolecule bearing very specific substituents whose synthesis is shown
in Fig. 1. The condensation of 3,5-di-t-butyl-4-hydroxybenzaldehyde with pyrrole
in refluxing propionic acid yields tetrakis(3,5-di-t-butyl-4-hydroxyphenyl)porphyrin
(TDtBHPP), which can be converted to tetrakis(3,5-di-t-butyl-4-oxocyclohexadien-
2,5-yl)porphyrinogen by oxidation under basic conditions [5]. Tetrakis(3,5-di-t-
butyl-4-oxocyclohexadien-2,5-yl)porphyrinogen is a rather cumbersome term to be
generally applied so we have applied the abbreviation ‘OxP’. OxP denotes the fact
that the basic structure of these molecules is an oxoporphyrinogen. Porphyrinogens
are tetrapyrrole compounds obtained by condensing pyrrole with aldehydes under
acidic conditions. These compounds generally contain saturated carbon atoms at
their meso-positions (positions between or connecting the pyrrole groups), although
the pyrrole units may also be joined by ketone groups. Compounds of the latter
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Fig. 1 Synthesis and chemical structures of TDtBHPP andOxP [5]. OxP can also exist in a minor
tautomeric form (purple). General structure of oxoporphyrinogens is shown at right. Note that alkyl
groups other than t-butyl are not useful in studies of the compounds due to the requirement of
antioxidant activity of the phenyl substituents in the transformation from TDtBHPP to OxP

type belong to the family of oxoporphyrinogens (see right side of Fig. 1). More
generally, ‘oxo’ denotes unsaturation at meso-positions while ‘porphyrinogen’ is
a less commonly used term for calix[4]pyrrole. In the context of this chapter, the
abbreviation ‘OxP’ denotes only the oxoporphyrinogen tetrakis(3,5-di-t-butyl-4-
oxocyclohexadien-2,5-yl)porphyrinogen.

As shown in Fig. 1, the TDtBHPP molecule also contains 2,6-butylated phenol
(analogous with butylated hydroxy toluene, BHT) groups that are better known for
their antioxidant activity [6] (i.e., as a food additive or other preservative). The break-
through finding in this case was that TDtBHPP can be elaborated by the introduction
of further functional groups at its central nitrogen atoms [7]. This is as a result of
2-electron oxidation to its OxP form, which has a nonplanar saddle-like structure
also illustrated in Fig. 2. This point for synthetic modification has led to the prepa-
ration of a wide range of molecules with functions based on their photochemistry
and sensing properties. TDtBHPP (Fig. 2a) is substituted with 2,6-butylated phenol
groups that confer antioxidant activity, i.e., oxidizability, on the molecule. This ulti-
mately manifests as a 2-electron oxidation of the molecule, which is promoted by
deprotonation of its phenol groups. The deprotonation of those groups of TDtBHPP
results in a shift of electron density onto its porphyrin macrocycle and leads to an
increasing propensity for reaction with dioxygen. The mechanism of the oxidation
has been the subject of previous investigations [8] and will not be discussed here.
Oxidation of TDtBHPP to OxP does, however, introduce several features within
the scope of this chapter. First, the TDtBHPP to OxP transformation (see Fig. 2a,
b) involves redistribution of the electronic network of the molecule over the entire
conjugated part of the molecule including themeso-substituents, which are reconsti-
tuted as hemiquinonoid groups. This is significant since it shifts the main electronic
absorption of the compound from UV (i.e., the narrow, intense Soret or B band
of the porphyrin at 420 nm) to visible (i.e., a broad absorption centered around
500 nm, which covers most of the visible region and extends into the NIR region).
Also, while the TDtBHPP porphyrin is formally aromatic, the electronic structure
of OxP is such that it is non-aromatic. Second, the electronic conjugation withmeso-
substituents leads to puckering of the now non-aromatic tetrapyrrole core so that it
adopts a saddle-shape with pyrrole groups pointing alternately above and below the
plane of the macrocycle. Thus, the conformation of OxP is now essentially similar
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Fig. 2 Chemical formulae (i) and X-ray crystal structures (ii, iii) of a TDtBHPP, b OxP, and
c asymmetrically substituted derivative of OxP. (ii) Top views and (iii) edge-on views (not shown
for c). Panel c(ii) shows the unit cell of the compound in c(i) containing both enantiomers of
the racemic mixture and with meso substituents removed for clarity. Panel c reprinted from [11],
Copyright 2010, with permission from Elsevier

to calix[4]pyrrole [9], a well-known type of macrocycle which has been exploited
extensively due to its guest binding interactions at pyrrole NH groups. This is the
birth of ‘OxP’ which can be seen as the preparation of a highly electronically conju-
gated (and so highly colored) version of the calix[4]pyrrole motif. OxP has several
advantages over the calix[4]pyrrole class in that its high color presents excellent
opportunities for its application as a chromogenic probe, pyrrole groups are avail-
able for regioselective modification, and the whole-molecule electronic conjugation
rigidifies the system as a nanomolecular construct.

OxP derivatives may accommodate alkyl substituents at their central nitrogen
atomsN21-N24.N-alkylation occurswithout changing the conformation of themacro-
cycle and is regioselective. N21 and N23 are N-alkylated first, then N22, N24. For
reasons of simplicity, only positions of N-alkylation are mentioned and, since the
compounds are stable with respect to oxidation state once N-alkylated, presence of
NH at a non-alkylated pyrrole group can be assumed. Also, OxP-type compounds
have so far only been obtained where 3,5-di-t-butyl-4-hydroxyphenyl has been used
as the substituents so that only t-butyl groups are present in the phenol/hemiquinone
substituents.

It is a relatively simple matter to obtain crystal structures of OxP-type molecules
[10] because of their good solubilities and well-defined forms. In addition, synthetic
flexibility in this case lies in the possibility of introducing different groups to the
OxP core, and even chiral derivatives have been prepared (Fig. 2c) where four
different functional groups have been introduced [11]. The stepwise introduction
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of substituents also allows tuning of the electrochemical and optical properties of the
compounds [12].

The porphyrin precursor of OxP, namely TDtBHPP, is of some interest in its
own right because of its oxidation state fluxionality [13] (a symptom of its phenolic
substituents) and because, like other porphyrins, it canmediate the generation of reac-
tive oxygen species in processes involving reactive radical species [14]. The latter
subject is complex andwill not be discussed here, but the existence of different oxida-
tion states has permitted the observation of oxidation-state-dependent self-assembly
structure variation on metal surfaces [15]. TDtBHPP is similar to other tetraphenyl-
porphyrin compounds in that it contains a planar tetrapyrrolewith phenyl substituents
subtending an angle of 60° with the plane of the macrocycle [15]. In contrast, the
2-electron-oxidized, nonaromatic derivative OxP has alternating dihedral angles of
±48° between the planes of the pyrrole groups and the macrocyclic least-squares
plane [16]. A surprising feature of the latter molecule is the approximate coplanarity
of its meso-substituents with the macrocyclic least-squares plane and the conjugated
π-electron system extends across the entire molecule.

Prior to the description of the properties of OxP derivatives, it is worth setting the
scene in the current area of chromophore research with respect to these compounds.
Organic chromophores (e.g., porphyrins, phthalocyanines, fullerenes, etc.) are impor-
tant as light absorbing pigments. This is true in naturally occurring photosynthetic
systems and also in manmade artificial systems to mimic nature for the harvesting of
light energy for various purposes. Porphyrins, and by extension OxP, are critical in
these systems since they provide a means to absorb significant quantities of incident
sunlight energy. Incorporation of these chromophores into light harvesting arrays
could allow the redirection of absorbed light for specific purposes rather than its
aimless re-emission or loss as heat. Furthermore, highly colored compounds that can
vary their hues in response to some environmental cue can be used for sensing appli-
cations. In relation to this, colorless calix[4]pyrroles have a long history of being
used to demonstrate interactions that might be also used for sensing. Thus, OxP,
being a highly colored calix[4]pyrrole, is an excellent candidate for such applications
including the aforementioned light-harvesting type uses.

2 Nanometric OxP Derivatives

TDtBHPP behaves similarly to other analogously substituted porphyrins that have
been reported previously to adopt a ‘saddle’ structure when deposited on metal
substrates [17], presumably owing to improved van der Waals contacts between the
molecules’ t-butyl groups and the metal surface. This saddle form is remarkably
similar to that found in OxP derivatives (mentioned above), suggesting that OxP
derivatives might also form stable monolayers and be used to functionalize metal
surfaces. This was realized when N21,N23-disubstituted OxP derivatives (Fig. 3)
were deposited on Au(111), where it was found that the OxP unit is always in
contact with the surface regardless of the identity of N-substituents.
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Fig. 3 Molecular structures of 1 – 4; for OxP, R = H. 1, 2: X-ray crystallography or 3, 4: MM2
energy minimization. Carbon atoms of N-substituents are highlighted in green otherwise atoms are
shown as C (grey), N (blue), O (red)

Even the addition of large porphyrinic N-substituents such as those contained in
compound 4 yielded only monolayers with the OxP unit adsorbed at the surface
and porphyrin substituents deflected away. This provides a method for the selective
modification of metal (or other) surfaces by usingOxP as an anchoring unit because
of the preference of the unsubstituted face of theOxPmoiety for the Au(111) surface
[18]. As shown in Fig. 4a–c), molecules of compound 4 form monolayer structures
with porphyrin substituents facing away from the substrate.

OxP can also be adapted for appending to surfaces by the introduction of sulfur
atoms, which allows selective binding on gold substrates. This has facilitated the
observation of through-molecule conductance properties of OxP. In particular, the
core of OxP is essentially a calix[4]pyrrole macrocycle, which is known to possess
substantial flexibility especially with respect to its interaction with anionic species
[19]. In the OxP system, we had observed that different N-substituents and substi-
tution patterns lead to varying dihedral angles for the pyrrole groups, suggesting
that the flexibility of calix[4]pyrrole remains in OxP. Therefore, we were inter-
ested in determining whether (a) OxP actually remains flexible despite its conju-
gated structure and (b) what effect would the distortion of the molecule have on its
through-molecule conductance properties. For this purpose, we prepared a derivative
containing thiomethyl groups so that it could be applied in mechanically controlled
break junction (MCBJ) experiments in which the properties of molecules contained
in single-molecule junction device configurations can be investigated. These investi-
gations revealed that the single-molecule conductance in the OxP molecular system
can be modulated by the stretching of the molecules in situ in the MCBJ device, a
feature permitted by the flexibility of the OxP macrocycle system illustrated using
X-ray crystallographic and density functional theory (DFT) calculations shown in
Fig. 5 [20]. Several crystal structures of N21,N23-disubstitutedOxP derivatives reveal
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Fig. 4 On-surface STM
images of N21,N23-
bis(porphyrinyl)-OxP, 4.
a Solution dropcast and
annealed (V t = +2.5 V; Is =
0.1 nA). bModel of the
monolayer at the area
indicated in a. c Bright spots
are due to porphyrinyl
4-t-butylphenyl substituents.
Surface-contacted OxP units
(shown in the model in the
background) are hidden by
the porphyrin assembly.
Scale bar: 5 nm

a variability in the angles of pyrrole groups composing the macrocycle (Fig. 5a).
DFT calculations (Fig. 5b) subsequently revealed that the OxP macrocycle is stable
even under severe distortions caused by applying stretching forces between the
N-substituents being ‘stretchable’ by distances up to 1 nm.

Thematters mentioned in this section illustrate some of the structural aspects rele-
vant to OxP. However, OxP and its compounds possess substantial color, meaning
that their chromophore properties should also be of interest. This is in addition to
its electron deficiency relative to other molecules, which make it attractive as an
electron acceptor with electron deficiency approaching that of fullerene C60 [10].

3 Controlling Charge Separation in OxP
Oligochromophores

The strong visible absorption and electron deficiency of OxP make it a logical
selection for incorporation into oligochromophoric systems, which have been exten-
sively studied for their intramolecular electron and energy transfer processes analo-
gous with the critical processes that occur in photosynthetic light-harvesting systems
[23]. These processes are also of relevance to photochemical switching and molec-
ular electronic systems and could be important in future molecule-level information
processing. An important aspect of such systems are the relative redox potentials of
the components. This factor governs how easy it will be for an electron (or hole) to
move from one component to another and is affected by the stabilities of the different
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Fig. 5 a Calix[4]pyrrole macrocycle from the X-ray crystal structures of OxP derivatives: (i)OxP
[16], (ii) N21,N23-bis(4-bromobenzyl)-OxP [21], (iii) 2,3,7,8,12,13,16,17-octabromo-N21,N23-
bis(4-bromobenzyl)-OxP [22]. Angles are subtended between planes of opposing (N-alkylated)
pyrrole groups. b Energy minimization for N21,N23-disubstituted-OxP (i) while unconstrained and
(ii) where N-substituents are constrained at fixed points. Reprinted from [20], Copyright 2018, with
permission from John Wiley & Sons

oxidation states of molecules. For instance, removing 2-electrons from the porphyrin
TDtBHPP makes the resulting OxP compound electron deficient relative to other
porphyrins making it suitable as an electron acceptor in complement to an electron
donor such as meso-tetraphenylporphyrinatozinc(II) (ZnP). An electron of ZnP in
excited ZnP* would then be capable of transferring to OxP because of its electron
deficiency and resulting lower reduction potential. Another electron acceptor, C60,
is even more electron deficient than OxP and electron transfer might occur from
OxP to C60 by the same mechanism. By this means, sites of oxidation/reduction can
be controlled but only if these molecules are predisposed to this behavior by their
relative proximity and or geometry. Photo-induced electron and energy transfer is
proposed as a means of light harvesting and is inspired by natural systems where the
transport of energy (photons) and electrons are modulated in highly evolved aggre-
gates and protein complexes where intermolecular energy and redox gradients have
been established.

First [24], we investigated the effects of introducing porphyrin groups (ZnP)
to the OxP molecule through substitution at the central N atoms. Initially, it was
thought that this could be interesting from the viewpoint that intramolecular electron
transfer processes, i.e., resulting in the transfer of an electron from ZnP to OxP,
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lead to a state where the ZnP cation radical is linked to anOxP anion radical, which
might also formally speaking be a porphyrin cation radical. However, the conju-
gation of the OxP meso-substituents with the macrocycle leads to a chromophore
with considerably different properties that can no longer be considered a porphyrin.
Regardless, the OxP chromophore has now been incorporated into a variety of
multichromophore manifolds, even those containing C60 fullerene moieties as the
terminal electron acceptor. A combination of covalent and supramolecular syntheses
has been employed in this case, illustrating the utility of both methods. Examples of
the compounds are shown in Fig. 6.

Compound 5 was the first porphyrin-quinonoid donor–acceptor triad containing
tetraphenyl- porphyrinatozinc(II) moieties linked to an oxoporphyrinogen through
its macrocyclic nitrogen atoms to be studied from the viewpoint of its photoin-
duced intramolecular energy and/or electron transfer properties. This arrangement of
chromophores results in an interesting interplay between the electron-donating zinc
porphyrin(s) and the electron/energy-accepting oxoporphyrinogen. Time-resolved
fluorescence studies revealed that in nonpolar solvents, the excited-state energy
transfer from zinc porphyrin to oxoporphyrinogen occurs. Data from nanosecond
transient absorption studies and time-resolved fluorescence studies in polar solvents
indicate photoinduced electron transfer from the singlet excited zinc porphyrin to
the oxoporphyrinogen forming a radical ion-pair (RIP). We later built on this study
by adding various aspects of supramolecular chemistry, i.e., by binding an additional
electron acceptor (C60 derivatives: compounds 6 and 7) or by investigating allosteric

Fig. 6 Chemical structures of compounds and complexes used to study photoinduced processes in
OxP conjugates: 5: N21,N23-bis(porphyrinyl-substituted)-OxP [24]; 6: bis-C60-fullerido complex
of 5 [25]; 7: bis(4-pyridyl)fullerido complex with N21,N23-bis(porphyrinyl-substituted)-OxP [26];
8: anion-bound complex [26]. Panel (c) adapted with permission from D’Souza et al., J. Am. Chem.
Soc. 131, 16,138–16,146 (2009). Copyright (2009) American Chemical Society
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effects involving theOxP (calix[4]pyrrole)-binding of anionic cofactors (compound
8).

The ‘covalent-coordinate’ approach to the formation of oligochromophore
systems involves the synthesis of molecules that can be organized according to coor-
dinative binding of an incoming guest. In this case, we synthesized porphyrin-OxP
conjugates containing zinc(II) porphyrin elements that can be used to bind nitrogen
bases, such as imidazole, or pyridine derivatives. For 6, we applied an imidazole-C60

fullerene derivative C60Im, which can form a complex with porphyrin groups so that
C60 is maintained in suitable proximity for intramolecular processes to occur. In 6, it
was found that the lifetimes of RIPs, determined using nanosecond transient absorp-
tion spectroscopy, are on the scale of hundreds of nanoseconds, strongly indicating
charge stabilization in these more complex supramolecular complexes. We similarly
studied compound 7, where a bis-(4-pyridyl)-substituted fullerene was applied. In
that case, the modulation of charge transfer occurred upon the introduction of the
fullerene guests since electron transfer processes from the porphyrin ZnP to theOxP
moiety switched in the presence of the guest ending with electron transfer processes
involving ZnP and C60. The identities of species found in 6 and 7 systems are shown
in Fig. 7.

In an interesting further adaptation of these systems, the effect of fluoride binding
as a cofactor was assessed in compound 8. Thus, 8 is a supramolecular system
containing exclusive binding sites for an incoming electron acceptor as well as an
anionic cofactor species. As a result, the anion-binding-induced stabilization of a

Fig. 7 Energy level diagram showing the different photochemical events of (C60Im:ZnP)-OxP (5)
in 1,2-dichlorobenzene. EN, CS and CR respectively denote energy transfer, charge separation and
charge recombination processes. Reprinted from [25], Copyright 2007, with permission from John
Wiley & Sons
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charge-separated (CS) state was successfully demonstrated. The intramolecular and
intermolecular photochemical processes of the 8 system were investigated by using
femtosecond and nanosecond laser flash photolysis. Femtosecond laser flash photol-
ysis was used to generate transient absorption spectra of the supramolecular complex,
which revealed that there is efficient electron transfer from the porphyrin group to
the fullerene with a subsequent more rapid back electron transfer returning to the
ground state. The interaction of different anionic species at pyrrole NH groups of
the OxP unit of the complex improved the rate of photoinduced electron transfer,
probably owing to the structural change that favors this process. Anion binding
improves the stability of the photoinduced CS state involving the anion-bound OxP
and fullerene groups. The CS state is produced by electron transfer from the triplet
excited state of porphyrins to free fullerene molecules, as indicated by nanosecond
laser flash photolysis. For fluoride anion binding, the CS state is subject to anion-
complexation-induced stabilization giving a 90-fold increase in the duration of the
CS lifetime from 163 ns to 14 μs. The processes and various species involved in this
system are shown in Fig. 8 alongside a model of the structure of the complex.

The presence of different anions (e.g., acetate, dihydrogenphosphate) also yields
the stabilization of the CS state, although weakly bound perchlorate anions lead to no
significant improvement. The complexation of anions to OxP reduces its oxidation
potential by approximately 600 mV, introducing an intermediate energy level for
charge migration from the ZnP•+ cation radical to the OxP calix[4]pyrrole:anion
complex. The resulting increase in the reorganizational energy for the transfer of
electrons combines with a decrease in the charge recombination (CR) driving force
due to anion binding, resulting in the observed increase in the lifetime of CS states
in these complexes.

Fig. 8 Energy level diagram of species formed in the anion-bound supramolecular conjugate shown
to the right. Anion binding promotes hole transfer from the porphyrin radical cation to the OxP
macrocycle. EN, CS and CR respectively denote energy transfer, charge separation and charge
recombination processes
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To summarize this section, the OxP macrocycle provides an excellent chro-
mophore for elaboration as a scaffold to create these complicated supramolecular
manifolds that can act as models for the photosynthetic processes, which in turn give
insight into how artificial light-harvesting systems might be constructed.

4 Diverse Molecular Sensing Using OxP Derivatives

The highly colored nature of OxP and its derivatives leads logically to their potential
applications as optical sensors. Initially, we investigated the use of a simple OxP
derivative for the detection of anionic species in organic solvents. For instance,
anions such as fluoride and cyanide are important environmental pollutants whose
detection and determination would be beneficial, and calixpyrroles are known to be
excellent binders of anions. If we add to this the feature of strong optical absorption,
then it is natural to assume that OxP derivatives that combine a calix[4]pyrrole
binding unit might be excellent indicators for anions. This indeed proved to be the
case [27], although a significant interfering factor is introduced by concurrent solvent
binding through hydrogen bonding at the anion binding site, and selectivity was only
found for fluoride anions, as is often the case for simple anion-interacting agents.
While selective anion detection remains a subject of interest in our laboratories, our
investigation of the sensing activity of OxP has now been extended to include other
analytes. Perhaps, the simplest possible analyte or contaminating agent for which
there is a detection requirement is water.

4.1 Water Sensing

The analysis of H2O contained in organic solvents is important from both funda-
mental and industrial perspectives [28]. This is especially true for polar aprotic
solvents where water is miscible since these are often used for the preparation and
distribution of water-flammable reagents (e.g., organolithiums, alkali metals, Grig-
nard reagents). Water can be detected using the Karl–Fischer method [29] at the
~1 ppm level but it is less convenient owing to its use of toxic reagents (i.e., methanol,
I2 and SO2) and its special instrumental requirements. Alternative methods of anal-
ysis might make use of dyes as a “water indicator”, thus facilitating H2O detection
in organic media. We have discovered that OxP dyes interact with water molecules
through both pyrrolic NH and quinonoid carbonyl groups, leading to visible changes
in color caused by the variation in the electronic structure of the OxP chromophore.
The introduction of hydrophilic N-substituents at two of theOxP pyrrole NH groups
also improves sensitivity to water, and OxP derivative 9 (Fig. 9a) can be consid-
ered a colorimetric indicator of minute traces of water in THF [30]. As illustrated in
Fig. 9b, the presence of water above 50 ppm is denoted by a visible color variation.
The related spectroscopic changes and the sensitivity of the method are described in
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Fig. 9 a Chemical structure of OxP derivative 9. b Variation in color of 9 in dry and wet tetrahy-
drofuran. c Changes in absorption spectra of 9 with H2O concentration (THF, [9]= 3.5× 10–6 M,
1 cm cell). d, eChanges in the intensity of absorbance at 507 nm and 600 nm for 9with H2O concen-
tration in THF (a binding isotherm). In e, an expansion of the graph shown in d along the x-axis,
water concentration is classed as three regions: yellow (anhyd.: [H2O] <50 ppm), pink (moderate:
50 ppm < [H2O] < 500 ppm), and mauve (‘saturated’: 500 ppm < [H2O]) according to the level of
water in commercially available THF. Adapted from [30]

Fig. 9c, d and e, respectively. At the outset of this work, we had assumed that color
changes of the chromophore were due to binding of water at the central pyrrole NH
groups. However, a computational analysis (density functional theory and molec-
ular dynamics) revealed to our surprise that hydrogen bonding interactions of the
hemquinonoid oxygen atoms are responsible for the change in shape and shift of the
absorption bands of OxP.

4.2 Alcohol Sensing/Differentiation

Water detection could be extended to alcohol detection with the main finding in this
case being thatmethanol can be differentiated fromethanol using the synergetic effect
obtained by combining a carboxylated derivative of OxP (9, the same compound as
that used for water sensing) with a layered double hydroxide (LDH, hydrotalcite-
type Mg3Al(OH)8(AcO)0.2H2O, where AcO = CH3CO2

− = acetate). Carboxylate
groups were introduced to OxP so that it could be exchanged with the LDH acetate
counteranions contained at the layer interstitial spaces. This facilitates synthesis
and stabilizes highly colored OxP-LDH composites, which could then be used to
discriminate methanol from ethanol. This matter has become increasingly important
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Fig. 10 Schematic
illustration for the
preparation of OxP-LDH
composite film
demonstrating visible color
variation of compound 9
when exposed to methanol or
ethanol. Reprinted with
permission from reference
[31] Ishihara et al., ACS
Applied Materials and
Interfaces 5, 5927–5930
(2013). Copyright (2013),
American Chemical Society

in the detection of contaminating methanol in ethanol-containing products such as
alcoholic beverages and gasoline. Obviously, the former represents severe health
risks while the latter can lead to egregious damage to automotive components. The
selective sensing of methanol and ethanol is shown in Fig. 10 [31] although the
physical basis for color-based differentiation in this case remains unknown.

4.3 Sensing in Chiral Systems

The saddle-shaped conformation of OxP results in the binding of guests through
hydrogen bonding interactions at the macrocyclic pyrrole NH groups.We discovered
that N21,N23-substituted OxP derivatives can also be used as chiral solvating agents
for the determination of the enantiomeric excess of chiral molecules. This is all the
more remarkable because OxP itself lacks chirality.

Chirality is a critical feature of biochemical systems and is of substantial impor-
tance in the synthesis of ethical pharmaceuticals [32]. It affects organic reactions [33]
such as those involved in asymmetric catalysis [34, 35], and is involved in aspects
of supramolecular chemistry [36–38]. Therefore, the analysis of chirality, including
enantiomeric purity and intermolecular chiral interactions, is a highly active research
area. Nuclear magnetic resonance (NMR) analytical methods using chiral auxiliaries
such as chiral derivatizing agents, [39, 40] chemical shift reagents [39, 41] and chiral
solvating agents (CSA) [42, 43] have been investigated. The NMRmethod is intrinsi-
cally achiral and so cannot be used directly to sense chirality or related enantiomeric
excess (ee) without using a chiral auxiliary or in the absence of intermolecular inter-
actions having an equivalent or similar effect. In all cases, diastereomeric species are
formed, and the application of NMR together with achiral shift reagents without the
formation of diastereomers to probe enantiomeric excess was challenging prior to
this work. However, chemical processes where achiral probes might sense chirality
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could be important for investigations on enantioselective amplification including
the origins of homochirality in living organisms. We have found [44] that simple
symmetrical achiral N21,N23-disubstituted OxP molecule 10 can be applied as a
reporter of enantiomeric excess for a wide range of chiral guest molecules (Fig. 11).
Enantiomeric excess detection is based on its proportionality to the splitting of 1H-
NMR resonances of the host molecule 10 (Fig. 11c, d). The physical reason for the
observation of splitting is also described in Fig. 11e, which shows the asymmetrical
profile of one enantiomer of a typical chiral guest (ibuprofen) during interaction with
OxP derivative 10.

In this work [44], we also demonstrated that there are no diastereomeric species
present in solution during analysis because the complexes of 10 with each enan-
tiomer or analyte have identical physical properties (actually, they are enantiomers

Fig. 11 a Structure of the achiral host molecule 10 and several guests (G*). b Typical 1H-NMR
spectra of the host in the presence of large excesses of the chiral guests. c 1H-NMR spectra in
the pyrrolic resonance region of the host in the presence of ibuprofen with increasing ee (cyan
curves are spectral fits; cyan bars under each spectrum denote the position of true resonances of
the pyrrolic system). d Linear correlation between host resonance splitting and ee for ibuprofen,
2-phenoxypropionic acid methyl ester and camphor. e Origin of host resonance splitting. The pale
pink region with the olive line denotes the average location of the guest (ibuprofen) with respect
to the host leading to the shielding non-equivalence of protons HA and HB with the consequent
J-coupled spectral pattern of their resonances
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themselves). The chiral sensing mechanism was described in terms of the elimina-
tion of the host’s symmetry during interactions with chiral guests undergoing fast
exchange. Identification of the enantiomer can also be achieved through the addi-
tion of an aliquot of an enantiomer guest whose chirality is known. Symmetrical
molecules used as ee sensors have certain advantages over traditional CSAs in that
each enantiomer interacts with the same binding strength, leading to ee determination
unaffected by kinetic resolution. These achiral sensing systems ought to add to our
understanding of chirality features including majority rule, chiral transfer between
molecules and asymmetric synthesis processes.

An additional outcome of this work on the sensitivity of OxP to chiral analytes
was an in-depth investigation of macrocyclic dynamics of the OxP system, which
could only be accomplished in the presence of a chiral guest as the probe species [45].
By using mandelic acid as a typical chiral guest molecule, it was possible to estab-
lish the behavior of different OxP species present in solutions. As a simplification,
species found in solution could be described as shown in Fig. 12—neutral uncom-
plexed, deprotonated/H-bonded and a neutral flip-active form capable of undergoing
macrocyclic inversion.

An important aspect of this work is that it illustrates the utility of chiral host–guest
complexation for the analysis of effects beyond those related solely to the guest’s
chirality. DiprotonatedOxP shows the dynamic interconversion (racemization) of its
enantiomers bymechanisms involving tautomerismand ring-flipping.At low temper-
atures, this interconversion is halted with the ratio of enantiomers being affected by
the protonating agent used (such as (R)-mandelic acid, (S)-(–)-2-phenoxypropionic
acid, etc.). Importantly, these observations suggest that functional group reactivity
in tautomeric or ring-flip-active molecules can be varied so that different yields of
products might be obtained from (e.g., asymmetric) reactions depending on the solu-
tion characteristics such as reactant concentrations or the presence of any impurities,
especially water.

Fig. 12 Equilibrium of OxP in the presence of mandelic acid. a Neutral uncomplexed OxP form.
b Hydrogen-bonded flip-non-active form. c Possible ring flip-active form. The t-butyl substituents
of OxP have been omitted for clarity. In b, protonation occurs at two meso-substituent oxygen
atoms. Reprinted with permission from [45], Labuta et al., J. Am. Chem. Soc. 136, 2112–2118
(2014). Copyright (2014) American Chemical Society
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4.4 Halochromism and Related Sensing in OxP Derivatives

Finally,OxP and N-substitutedOxP derivatives have been developed as pH-sensing
molecules [46, 47]. This is a result of different effects involving the protonation of
the molecule at different sites and also involves some tautomeric processes. The first
finding is that these dyes can be adapted to probe acidity in nonpolar solvents, a feat
that has rarely been accomplished and is under development by us as a commercial
indicator. Second, increasing N-substitution can tune the colorimetric response of
OxP leading to an integrated multidye approach to acidity sensing perhaps similar to
that already well established for universal indicator but which can be implemented
in organic solvents or even as acidity probes of neat organic acids.

The colorimetric detection of acidity in an organic solvent (dichloromethane)
using pure OxP is illustrated in Fig. 13, where structures of the chemical species
responsible for the colorimetric variation are shown (Fig. 13a). These structures
have been determined on the basis of physical measurements including 1H NMR
spectroscopy including titrations and infrared spectroscopy (generally to detect the

Fig. 13 OxP as a colorimetric detector of acidity. a Chemical species assigned to each color
of OxP under different conditions, from left: double diprotonation (green), diprotonation (red,
tautomer), neutral, 1:1 base complex, 1:2 base complex, deprotonation. Circles above each species
are photographs taken of solutions of the species contained on a white ceramic well plate. Mauve
color exists in the absence of reagents. b Color map of OxP color variation in the presence of
different acids/bases from 0 to 105 equivalents (eq.) of each reagent against OxP. Circular parts are
photographs taken of solutions in the presence (and absence: 0 eq) of the reagents noted contained
on a white ceramic well plate. c Photographs of films of polymer-containing OxP treated with
analyte vapors of increasing acidity (from left to right). d A variation at 780 nm during alternating
exposure of OxP contained in a polymer film to TFA vapor followed by N2 gas flow. Variation
in absorbance in the UV–Vis spectrum is most significant at this wavelength. Reagent key: (A)
methanesulfonic acid, (B) trifluoroacetic acid (TFA), (C) trichloroacetic acid, (D) dichloroacetic
acid, (E) 2-nitrobenzoic acid, (F) chloroacetic acid, (G) 4-nitrobenzoic acid, (H) propionic acid, (I)
pyridine, (J) 4-dimethylaminopyridine, (K) triethylamine, (L) 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU)
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existence of group X, see Fig. 13). There is a clear pattern in the development of
color based on the prevailing acidity (or basicity) in solution (Fig. 13b) and, although
it has proved difficult to construct a numerical scale to delineate this owing to the
lack of known acidity parameters in organic solvents, it was possible to incorporate
the OxP dye into polymer films, whose colors respond reversibly according to the
prevailing acidity (Fig. 13c), and demonstrate the reversibility of the colorimetric
response (Fig. 13d).

While OxP itself clearly exhibits a wide ranging color change depending on
the prevailing acidity as shown in Fig. 13, OxP does have a propensity to undergo
reductive processes especially in the presence of acid regenerating the porphyrin
TDtBHPP. This system can be elaborated by the simple addition of N-substituents
at the OxP core, which amounts to binding-site blocking of the analyte-sensitive
calix[4]pyrrole core, and also prevents reduction of the OxP chromophore back to
TDtBHPP. This was found to have a substantial effect on the response of OxP to
acidity in organic solvents and was investigated using mixtures of organic acids in
organic solvents. For this purpose,OxP and the N21,N23-dibenzylated (Bz2OxP) and
N21,N22,N23,N24-tetrabenzylated (Bz4OxP) derivatives were studied (Fig. 14). The
variable halochromic outputs of the compounds permitted us to construct a color scale
for acidity in nonpolar solvents since the compounds OxP, Bz2OxP and Bz4OxP
become increasingly resistant to protonationwith increasingN-substitution but retain
their property of color variation during interaction with acids (Fig. 15a for Bz2OxP).
The binding-site blocking and variation of sensitivity to acids on N-alkylation are
important to establish the applications of these and other colorimetric indicators.

Fig. 14 Chemical structures (upper) and X-ray crystal structures (lower) of a oxoporphyrinogen
(OxP), b N21,N23-bis(4-bromobenzyl) oxoporphyrinogen (Bz2OxP), c N21,N22,N23,N24-
tetrakis(4-bromobenzyl) oxoporphyrinogen, (Bz4OxP), used in this work. The X-ray crystal struc-
tures in b and c are of the non-brominated derivatives. Accessible calix[4]pyrrole-type binding sites
are denoted by green arrows
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Fig. 15 a Chemical structures and colors of absorbing species. Note the increasing multiplicity of
phenol meso-substituents passing from left to right yielding ultimately the tetraphenol/tetracation
with positive charge effectively delocalized on the electronegative atoms. Colored squares and
circles at each species represent RGB generated color from measured UV–Vis spectrum using
Spectral Calculator [48]. b Dependency of fraction of each absorbing species on acid volume
fraction. c Interleaved color scale constructed using the three dyes OxP, Bz2OxP and Bz4OxP.
Rectangular parts are photographs takenof solutions in the presence (and absence: 0 volume fraction)
of trifluoroacetic acid (for OxP) or difluoroacetic acid (for Bz2OxP and Bz4OxP) in 1 cm UV–Vis
cuvettes. Note the match between calculated colors for Bz2OxP in a and photographs of cuvettes
in c

OxP, Bz2OxP and Bz4OxPmake up a range of halochromic dyes (dyes sensitive
to acids) that operate as indicators over a wide range of acid contents in nonpolar
solvents. This is made possible by the up to quadruple protonation of OxP deriva-
tives (Fig. 15a, b). Protonation is tuned by N-alkylation, which essentially shifts the
sensitivity and colorimetric range as the protonation of OxP is made increasingly
difficult. This causes a gradual color change over a wide range of acid compositions
(from volume fractions of 10−7 up to 1, i.e., neat) with sensitivity decreasing in the
order OxP > Bz2OxP > Bz4OxP (Fig. 15c). While the X-ray crystal structures of
these compounds give general information about their neutral conformations, 1H
NMR spectroscopy and electronic absorption spectrophotometry have been used to
establish the structures and prevalence of these compounds.

For the seriesOxP,Bz2OxP and Bz4OxP, the selection of the molecular structure
was based initially on the blocking of the calix[4]pyrrole binding sites and how it
affects theOxP colorimetric response. We expected that the removal of binding sites
would result in the stepwise attenuation of colorimetric responses. However, to our
surprise, acid responsivity was retained even in the fully N-substituted derivative
Bz4OxP. Another advantage of thisOxP indicator is that the compounds are similar
in structure and properties, which could facilitate application as mixtures of OxP
derivatives. The effects of binding-site blocking, which effectively modulate acidity
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sensitivity, present important new features for the preparation of chemical indicators
for different applications.

5 Concluding Remarks

In this chapter, we have illustrated paths to molecular functionality using the OxP
system as an example. These functions include photochemical reactivity, struc-
tural modulation and extremely wide-ranging sensing applications extending even
to enantiomeric excess determination for chiral compounds. It is noteworthy that,
although molecules based on OxP might ostensibly be considered rigid and nondy-
namic, we have found highly dynamic molecular actions (flipping, tautomerism,
stretching) affecting their properties. The OxP molecule has physical dimensions
on the nanometer scale and this, combined with its excellent diverse functionality,
makes it an ideal organic component for preparing composite nanostructured mate-
rials and devices using the nanoarchitectonic principle. We have demonstrated this
here by the incorporation of OxP into polymer composite films and organic–inor-
ganic composites where, remarkably, OxP not only retains its properties but has
also been subject to synergetic effects in a nanoarchitected system (i.e.,OxP-LDH).
We look forward to demonstrating the further utility of the OxP molecular system
for the preparation of synthetic nanoarchitectures by combining organic synthesis
procedures with nanoarchitectonics.
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JP (2018)Mechanical tuning of throughmolecule conductance in a conjugatedCalix[4]pyrrole.
ChemistrySelect 3:6473–6478

21. Xie Y, Hill JP, Schumacher AL, Sandanayaka ASD, Araki Y, Karr PA, Labuta J, D’Souza F, Ito
O,AnsonCE, Powell AK,ArigaK (2008) Twisted, two-faced porphyrins as hosts for bispyridyl
fullerenes: construction and photophysical properties. J Phys Chem C 112:10559–10572

22. ComminsPJ,Hill JP,MatsushitaY,WebreWA,D’SouzaF,ArigaK (2016) Selective octabromi-
nation of tetraarylporphyrins based onmeso-substituent identity: structural and electrochemical
studies. J Porphyrins Phthalocyanines 20:213–222

23. NoyD,MoserCC,Dutton PL (2006)Design and engineering of photosynthetic light-harvesting
and electron transfer using length, time, and energy scales. Biochim Biophys Acta Bioenerg
1757:90–105

24. Hill JP, Sandanayaka ASD, McCarty AL, Karr PA, Zandler ME, Charvet R, Ariga K, Araki
Y, Ito O, D’Souza F (2006) A novel Bis(Zinc-Porphyrin)-oxpophyrinogen donor-acceptor
triad: synthesis, electrochemical, computational and photochemical studies. Eur J Org Chem
2006:595–603

25. Schumacher AL, Sandanayaka ASD, Hill JP, Ariga K, Karr PA, Araki Y, Ito O, D’Souza F
(2007) Supramolecular triad and pentad composed of zinc-porphyrin(s), oxoporphyrinogen,
and fullerene(s): design and electron-transfer studies. Chem Eur J 13:4628–4635

26. D’Souza F, Subbaiyan NK, Xie Y, Hill JP, Ariga K, Ohkubo K, Fukuzumi S (2009) Anion-
complexation-induced stabilization of charge separation. J Am Chem Soc 131:16138–16146

27. Hill JP, Schumacher AL, D’Souza F, Labuta J, Redshaw C, Elsegood MJR, Aoyagi M, Nakan-
ishi T, Ariga K (2006) Chromogenic indicator for anion reporting based on an n-substituted
oxoporphyrinogen. Inorg Chem 45:8288–8296

28. Šedivec V, Flek J (1976) Handbook of analysis of organic solvents. JohnWiley Inc., New York
29. Fischer K (1935) Neues Verfahren zur maßanalytischen Bestimmung des Wassergehaltes von
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Growth and Electronic
and Optoelectronic Applications
of Surface Oxides on Atomically Thin
WSe2

Mahito Yamamoto and Kazuhito Tsukagoshi

1 Introduction

Atomically thin layeredmaterials such as graphene, transitionmetal dichalcogenides
(TMDCs), and phosphorene have emerged as a new class of materials with potential
for a broad range of applications [1–4]. Among them, groupVI TMDCs (MX2,where
M =Mo and W and X = S, Se, and Te) are of particular interest for applications in
electronics andoptoelectronics becauseof their semiconductingproperties [5–7]. The
bandgap of MX2 is known to depend on the combination of M and X. For example,
bulk MoS2 has a bandgap of ~1.3 eV [8, 9], whereas the bandgap of MoTe2 is 1.0 eV
in the bulk form [10]. The bandgap of MX2 increases with decreasing number of
layers and, most notably, a transition from the indirect to direct bandgap is induced
in the single-layer limit [8, 9]. Thanks to the sizable direct bandgap, single-layer
MX2 has attracted much attention for applications in electronic and optoelectronic
devices, such as field-effect transistors (FETs) [11], photodetectors [12, 13], and
light-emitting diodes (LEDs) [14–16].

Although atomically thin MX2 shows great promise for electronic and optoelec-
tronic devices, some technological hurdles still need to be addressed for practical
use. One of the challenges is to create “good” electrical contacts to atomically thin
MX2 [17, 18]. Previous studies have shown that when MX2 is placed in contact with
a metal, the Fermi level is pinned inside the bandgap, independent of the metal work
function, hence resulting in a large Schottky barrier at the interface [19–22]. The
resulting Schottky contact severely limits the performance of MX2-based devices,
including the effective carrier mobility in the FET and the photoresponsivity in
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the photodetector. Therefore, contact engineering is necessary for the realization of
high-performance atomically thin MX2-based devices.

Various approaches have been employed to improve the electrical contacts of
atomically thin MX2-based devices. An effective approach is to dope MX2. Doping
of atomically thin MX2 lead to the band bending at the interface and, as a result,
carriers can be injected from the contacting metal into MX2 by quantum tunneling,
rather than by thermionic emission over the Schottky barrier. As a result, the contact
resistance is significantly reduced and, consequently, the performance of the MX2

device can be enhanced.
However, in contrast with bulk semiconductors, chemical doping approaches such

as an ion implantation are challenging for atomically thin semiconductors because
the doping process could readily destroy the crystal structure. Instead, the adsorption
of charge transfer agents has been often employed to effectively dope atomically
thin semiconductors. Such surface dopants were introduced in previous works. For
example, potassium was used to degenerately n-dope few-layer MoS2 and WSe2
[23]. Then, potassium-treated MoS2 and WSe2 transistors were observed to show
a much higher electron mobility than those without the treatment. Also, NO2 was
found to serve as a strong hole dopant for single-layer WSe2 and, hence, can be used
to enhance the hole mobility in transistors [24]. Also, molecules have been proposed
for the n-type dopant of MoS2. The adsorption of benzyl viologen leads to the n-
doping of atomically thin MoS2, and the improvement of the electrical contact was
reported for the surface treated MoS2 device [25]. Also, chloride molecules were
used to n-dope few-layer MoS2 and WS2 to reduce the contact resistances [26].

In this review, we show that surface oxidation is a simple, effective, and control-
lable approach to the surface hole doping of atomically thin WSe2. First, we show
how to grow a uniform surface oxide on atomically thin WSe2 [27]. Second, we
show that the surface oxidation indeed leads to the enhanced p-type performance of
atomically thin WSe2 transistors [28]. Finally, we introduce another aspect of the
surface oxide on atomically thinWSe2.We show that the surface oxide is an effective
electron trap and can be used to facilitate the photogating effect in atomically thin
WSe2-based photodetectors [29].

2 Growth of Surface Oxides on Atomically Thin WSe2

First, we review the growth of a tungsten oxide (WOx with x < 3) thin film on
atomically thin WSe2. Transition metal oxides (TMOs) such as MoO3 and WO3 are
n-type semiconductors, with great attention as hole contacts and surface dopants
for electronics, owing to their high work functions and electron affinity. Indeed,
TMOs were initially introduced as effective hole injection layers for organic LEDs
and photovoltaic devices [30]. Recently, thermally evaporated thin films of MoO3

have been used as effective hole contacts for MoS2 and WSe2 transistors [31]. Since
TMOs and TMDCs have the same cations, one may expect that TMO thin films
can be directly grown on the surfaces of TMDCs simply by oxidation and, then, the
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surface oxides can be used as hole dopants/contacts for the TMDC devices. In the
following, we introduce our approach to growing a homogeneous surface oxide on
atomically thin WSe2.

TMDCs are relatively inert to oxidation because of the absence of dangling bonds
on the basal plane surfaces, making it difficult to grow homogeneous oxides on the
surfaces. However, TMDCs have been observed to show high oxidative reactivity at
vacancy defects on their surfaces and edges [32–34]. Therefore, surface oxides can
be nucleated from such structural disorders in a TMDC and expand laterally to form
a uniform thin film. Figure 1a–c respectively show atomic force microscopy (AFM)

Fig. 1 AFM images of bilayer (2L) and four-layer (4L) WSe2 after O3 exposure at 70 ºC for a 30,
b 60, and c 90 min. d–f The height profiles along the dashed lines in (a–c). g XPS spectra of a W 4f
core level of pristine single-layerWSe2 and oxidized single-layerWSe2. The oxidizedWSe2 shows
peaks fromWOx with x < 3, in addition to peaks fromWSex with x < 2 hCrystal structure of bilayer
WSe2 in the side view. Each layer is weakly coupled by the van derWaals interaction. i Schematic of

a WSe2 surface with triangular oxide WOx . The red dashed line indicates a Se zigzag edge (
−
1 010)

orientation. Adapted with permission from Ref. 27. Copyright 2015. American Chemical Society
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images of atomically thin WSe2 on a Si/SiO2 substrate after ozone (O3) exposure at
70 ºC for 30, 60, and 90 min. The WSe2 films were mechanically exfoliated from
bulk single crystals synthesized by the chemical vapor transport method [28]. We
found that O3 exposure leads to the formation of triangular islands with a uniform
thickness of ~2 nm on the surface of WSe2 (Fig. 1d–f). The islands grow laterally
with time (Fig. 1b) and coalesce with each other to form a uniform film (Fig. 1c).
We do not observe the formation of such oxide films on the bottom surface of WSe2
likely because the bottom layer adheres to the SiO2 surface rigidly due to the van
der Waals interaction and, therefore, is protected from oxidation. By X-ray photoe-
mission spectroscopy (XPS), the resulting film was found to be substoichiometric
tungsten oxideWOx with x < 3 (Fig. 1g). Such a tungsten oxide film cannot be grown
on atomically thin WSe2 by oxygen (O2) exposure because of the lower reactivity
of O2. The triangular shapes of the islands suggest that the oxidation of WSe2 is

induced along selenium zigzag (
−
1 010) orientations, as illustrated in Figs. 1h, i. The

selenium atoms in WSe2 may be sublimed after the O3 treatment.
Interestingly and importantly, the low-temperature oxidation of atomically thin

WSe2 is terminated at the single-layer thickness. In Fig. 2a, b, we show optical
images of atomically thin WSe2 before and after O3 exposure at 100 ºC for 1 h.
The 1 h-O3 treatment leads to a change in the optical contrast of WSe2 owing to the
surface oxidation of the layers. The contrast of single-layerWSe2 coincides with that
of SiO2. However, the AFMmeasurements confirm that theWSe2 layer is not etched
out but oxidized to form a homogeneous WOx film with a thickness of ~2 nm. By
comparing the contrasts before and after oxidation, we estimated that only the top
single layer is oxidized by the O3 treatment. The top single-layer oxidation of WSe2
is confirmed by Raman spectroscopy. Figure 2c shows the Raman spectra of single-
layer and bilayer WSe2 before and after oxidation. The Raman peak of the E1

2g (or
A1g) mode of single-layer WSe2 disappears after the surface oxidation, whereas the
Raman peak of bilayer WSe2 remains. Additionally, the Raman B1

2g peak of bilayer
WSe2, which is absent in single-layer WSe2, disappears after oxidation. We noted

Fig. 2 Optical images of atomically thin WSe2 a before and b after O3 exposure at 100 ºC for 1 h.
c Raman spectra of pristine and surface-oxidized single-layer (1L) and bilayer (2L)WSe2. Adapted
with permission from Ref. 27. Copyright 2015. American Chemical Society
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Fig. 3 Optical images of atomically thin WSe2 a before and after O3 exposure at 200 ºC for
b 10 min and c 1 h. Adapted with permission from Ref. 27. Copyright 2015. American Chemical
Society

that the surface oxidation does not proceed even after longer O3 exposure. Namely,
the surface oxidation ofWSe2 is limited to the single-layer thickness, and the surface
oxide is isolated from the underlying WSe2 and no chemical bonding is expected to
exist between them. The self-limiting oxidation is most likely because the surface
oxide protects the underlyingWSe2 from further oxidation (see Fig. 2h for the crystal
structure of WSe2). However, the oxidation can proceed to deeper WSe2 layers with
increasing temperature. Figure 3a–c show optical images of atomically thin WSe2
before and after O3 exposure at 200 ºC for 10 min and 1 h. The optical contrast
of atomically thin WSe2 changes with the oxidation time, suggesting that WSe2 is
oxidized in a layer-by-layer manner. Ultimately, the upper trilayer WSe2 is oxidized
in 1 h, with the lowermost layer decoupled from the covering oxide.

3 Electronic Applications of Surface Oxides

In the previous section, we showed that a homogeneous WOx film can be grown on
the surface of atomically thinWSe2 simply by O3 exposure. Furthermore, the surface
oxide is isolated from the underlying WSe2 and the van der Waals gap is expected
to be present between them. These observations have important implications for
applications of the surface oxide as hole injection layers for atomically thin WSe2-
based devices. In this section, we show that the surface oxide can indeed be used as
hole contacts and surface dopants for atomically thin WSe2 transistors.

Figure 4a, b show a schematic and optical images of atomically thin WSe2 tran-
sistors, respectively. In this transistor configuration, the Si/SiO2 substrate serves as
the gate electrode and dielectric, whereas Ti/Au is used for the source and drain elec-
trodes. In Fig. 4c, we show the transfer characteristics of a bilayer WSe2 transistor
before and after O3 exposure for 1 h at 100 ºC. Before oxidation, the WSe2 transistor
shows ambipolar transport, with higher conductivity in the electron branch (see the
black curve in Fig. 4c). The ambipolar behavior is due to the Fermi level pinning
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Fig. 4 a Schematic and b optical images of a surface-oxidized bilayer WSe2 transistor. c Transfer
characteristics of a pristine (black curve) and oxidized (red curve) bilayer WSe2 transistor. The
drain bias (Vd) is 1 V. Adapted with permission from Ref. 28. Copyright 2016. American Chemical
Society

near the midgap of WSe2 [35]. Owing to the large Schottky barrier at the contact,
theWSe2 transistor shows relatively poor performance; the on-current is ~10 nA and
the electron mobility is >1 cm2/(Vs). However, the transistor performance can be
improved significantly after O3 exposure for 1 h at 100 ºC (the O3 treatment leads to
the oxidation of the topmost layer of WSe2, as shown in Fig. 2). After the O3 treat-
ment, the WSe2 transistor shows p-type transport with a high drain current of >1 μA
and a carrier mobility of 57 cm2/(Vs). The p-type conductivity and hole mobility of
the oxidized WSe2 transistor are high one because the surface WOx serves as effec-
tive hole contacts with low resistances. Additionally, WOx leads to electron transfer
from the underlying WSe2 and, therefore, works as a surface hole dopant. We note
that the lateral resistance of WOx is extremely high and, thus, the current flows only
in the WSe2 channel in the transistor configuration shown in Fig. 4a [28].

To illustrate the effect of the surface oxidation on the performance of the atomi-
cally thin WSe2 transistor, we show band diagrams of Ti-contacted WSe2 and WOx-
contactedWSe2 in Fig. 5. WhenWSe2 is in contact with Ti, the Fermi level is pinned
near the midgap, resulting in a large Schottky barrier for both holes and electrons.
Namely, at the Ti/WSe2 contact, the carriers are injected into WSe2 by thermionic
emission over the barrier (Fig. 5a). At the WOx/WSe2 contact, holes rather than
electrons are injected into WSe2 since WOx has a high work function (Fig. 5b) [30].
Here, we draw the band of WOx as a metal since the Fermi level is close to the
conduction band edge. Although the Schottky barrier still exists at the WOx/WSe2
contact, the width of the Schottky barrier is thinned by the large band bending of
the WSe2 channel caused by hole doping. As a result of the thinning of the Schottky
barrier width, the tunneling of holes through the barrier is facilitated. Consequently,
the contact resistance is significantly reduced for holes and high p-type performance
can be realized in the oxidized WSe2 transistor.

The carrier density of the oxidized WSe2 is estimated to be 2.6 × 1012 cm−2 at
zero gate voltage, indicating that the underlying WSe2 is degenerately hole-doped.
Namely, the off-state is absent in the WSe2 transistor. The absence of the off-state
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Fig. 5 Qualitative band diagrams for a Ti-WSe2 contacts and b WOx-WSe2 contacts. At the Ti-
WSe2 contact, holes are injected into WSe2 by thermionic emission. At the WOx-WSe2 contact,
holes are injected by tunneling fromWOx to WSe2 owing to the large band bending caused by hole
doping

in the WSe2 transistor is unfavorable for practical use. Thus, control of the hole
dopant concentration is essential. Previous studies have shown that the hole injection
properties of TMOs can be suppressed by air exposure [30]. Therefore, we employ
air exposure to control the hole dopant concentration of oxidized WSe2. Figure 6a
shows the transfer characteristics of an oxidized bilayer WSe2 transistor before and
after air exposure at room temperature. In fact, the hole conductivity is reduced with
time by air exposure and, ultimately, the off-state appears in the transfer curves.
This is most likely because of the adsorption of carbon impurities on the surface
of WOx, as reported previously [30]. Importantly, the WSe2 transistor still shows
reasonable performance even after air exposure, suggesting the effectiveness of the
treatment. Moreover, as shown in Fig. 6b, the hole conductivity can be recovered to
the initial state by O3 exposure at room temperature. The O3 treatment is expected
to lead to the removal of the carbon impurities from the WOx surface. Namely, the

Fig. 6 a Transfer characteristics of a surface-oxidized bilayer WSe2 transistor upon intermittent
air exposure from 0 to 10 h at room temperature. b Transfer characteristics of the same transistor
upon intermittent O3 exposure from 0 to 60 min at room temperature. Adapted with permission
from Ref. 28. Copyright 2016. American Chemical Society



156 M. Yamamoto and K. Tsukagoshi

oxidation-mediated hole doping of WSe2 is controllable from the degenerate to the
non-degenerate regime. These results suggest that surface oxidation is an effective
and controllable approach to creating goodp-type contacts and dopants for atomically
thin WSe2-based devices.

4 Optoelectronic Applications of Surface Oxides

In the previous section, we showed that oxidation results in the formation of effec-
tive p-type contacts and dopants on the surface of atomically thin WSe2, which
facilitates the p-type transistor performance. In this section, we show that surface
oxidation can also be used to enhance the responsivity of atomically thinWSe2-based
phototransistors.

Before discussing the photoresponsivity of an oxidized WSe2 phototransistor, we
briefly review the photocurrent generationmechanisms in atomically thinMX2-based
phototransistors. There are two main photocurrent generation mechanisms, namely,
the photoconductive and photogating effects [36, 37]. When atomically thin MX2

is illuminated with light, electron–hole pairs are generated. In the photoconductive
effect, the generated charges serve as carriers in MX2 and, thus, directly contribute
to the conductivity. In the photogating effect, alternatively, the generated charges are
trapped on and/or in MX2 and serve as effective gates. Compared with the photo-
conductive effect, the photogating effect produces high responsivity (although the
response time is much slower) [12, 38]. Therefore, inducing the photogating effect is
important for the realization of a highly responsive photodetector based on atomically
thin MX2.

Here, we show that surface oxides can serve as effective electron traps for atom-
ically thin WSe2 and, therefore, facilitate the photogating effect. First, we show the
electron–trapping property of the surfaceWOx grown onWSe2. As shown in Fig. 7a,
the p-type transistor consistently shows hysteresis in the transfer characteristic (this
transistor was exposed to air after the formation of the surface WOx layer in order to
realize a reasonable off-state). The hysteresis is caused because the positive voltage
gating leads to the increase in the electron density in the WSe2 channel and the
electrons are trapped in the surface WOx, as observed in transistors based on MoS2
on SiO2 [39]. The hysteresis window, which is proportional to the trap density, is
widenedwith increasingmaximum gate voltage. Figure 7b shows the density of traps
in the surface WOx as a function of the maximum gate voltage. We see that the trap
density can exceed 1012 cm−2 at a higher gate voltage, which is larger than the typical
trap density in SiO2 [40]. The large electron trap density suggests the potential use
of WOx to mediate the photogating effect in the underlying WSe2.

Figure 8a shows the transfer characteristics of a surface-oxidized four-layerWSe2
transistor measured under dark and white light illumination.White light illumination
results in the generation of the photocurrent for all the gate voltages. The signature
of the photogating effect can be identified in the slow photoresponse of the WSe2
transistor. As shown in Fig. 8b, while the photocurrent initially increases rapidly due
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Fig. 7 a Transfer characteristics of a surface-oxidized bilayer WSe2 transistor. The forward sweep
is initiated from −80 V, whereas the backward sweep is initiated from the maximum gate voltage
(Vg, max), which ranges from 20 to 55 V. The red arrows indicate the gate sweep directions. b Trap
density in the surface WOx as a function of the maximum gate voltage. Reproduced from Ref. 29
with the permission of AIP Publishing

Fig. 8 a Transfer characteristics of a surface-oxidized four-layerWSe2 transistor under dark (black
curve) andwhite light illuminationwith an optical power of 11 nW(red curve). The drain bias voltage
is 2 V. b Time evolution of the drain current under illumination with an incident power of 11 nW.
The drain and gate bias voltages are 1 and 0 V, respectively. Reproduced from Ref. 29 with the
permission of AIP Publishing

to the increase in the hole concentration, the rate of the current increase is reduced
significantly to the time scale of seconds because more electrons are transferred and
trapped in the surface WOx with time. This behavior is in sharp contrast to the fast
photoresponse observed in the pristine WSe2 transistor, where the photoconductive
effect is dominant [37].

Now, we discuss the responsivity of the surface-oxidized WSe2 transistor. In the
photogating effect, the responsivity increases with increasing carrier mobility as well
as decreasing power of illumination. Since the p-type oxidized WSe2 transistor has
a larger carrier mobility at the negative gate voltage, we examine the responsivity
at a gate voltage of −90 V and a power of 1.1 nW. Under these conditions, the
responsivity of the oxidized WSe2 transistor is found to exceed 3000 A/W. This
value is comparable to the previous record performance under similar measurement
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conditions [37], suggesting that the surface oxidation is an effective approach to
enhancing the responsivity. The responsivity can be further improved by decreasing
the optical power aswell as increasing the illumination time. Such a highly responsive
operation could be useful for image sensors and optical memory.

5 Conclusions

In this review, we showed that the surface oxide can be used to boost the performance
of atomically thin WSe2-based electronic and optoelectronic devices. The surface
oxides serve as p-type contacts and surface dopants for atomically thin WSe2 tran-
sistors. Thus, surface-oxidized WSe2 transistors show high hole conductivity and
mobility. Additionally, the surface oxides serve as effective electron traps to facilitate
the photogating effect in atomically thin WSe2-based photodetectors. Owing to the
photogating effect, the WSe2 photodetector has a large responsivity. Surface oxida-
tion is a ubiquitous phenomenon in atomically thin semiconductors and, hence, this
methodology is expected to be applied to other atomically thin semiconductor-based
devices [41–43].
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Portable Toxic Gas Sensors Based
on Functionalized Carbon Nanotubes

Shinsuke Ishihara

1 Introduction

Toxic chemicals, particularly in the gaseous phase, can spread to large areas and
cause serious harm to many people. Toxic gas sensors can recognize the presence of
toxic gases at an early stage (even if the gas is odorless), which can improve public
safety, security, and health. The broad adoption of toxic gas sensors can be achieved
by developing sensitive, selective, and low-cost sensors that can be interfaced with
portable electronic devices, and material design is the key factor for the development
of such advanced life-saving sensors. Among various types of detection mechanisms
(e.g., optical, electronic, spectroscopic), chemiresistive sensors, which monitor the
variation of electric conductivity in semiconducting materials (e.g., metal-oxides,
π-conjugate polymers, carbon materials) in response to chemical substances, have
attracted great interest due to the capability of preparing low cost and portable sensing
devices [1]. Chemiresistive materials based on metal-oxides (e.g., SnO2) are practi-
cally utilized in gas sensors over decades, however, such conventional gas sensors
consume a lot of energy for heating of metal-oxides around 200–400 ºC (metal-
oxides are insulating at room temperature). Recently, nanostructured carbon mate-
rials, particularly single-walled carbon nanotubes (SWCNTs) [2], attract great inter-
ests as a chemiresistive material since SWCNTs are conducting at room temperature.
SWCNT can be formed by rolling one graphene sheet, and depending on the way of
rolling, a varieties of SWCNTs with different diameter and chirality can be gener-
ated. Electric properties of SWCNTs depend on the their chirality (i.e., how graphene
sheet was rolled-up), and demonstrate either metallic or semiconducting behaviors.
Since as-prepared SWCNTs are mixture of metallic (1/3) and semiconducting (2/3)
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ones, isolation of semiconducting SWCNTs is also an important research topic for
development of high performance electric devices (sensors, transistors, etc.) [2].

In this chapter, some recent examples of single-walled carbon nanotube
(SWCNT)-based toxic gas sensors by the author and coworkers are briefly intro-
duced (see other literatures [3–6] for comprehensive review of SWCNT-based chem-
ical sensors). As mentioned above, SWCNTs are ideal chemiresistive materials that
perform at room temperature, in contrast to metal oxide-based semiconducting mate-
rials, which require heating at a temperature above 200 °C [2]. Moreover, high chem-
ical stability of SWCNTs is advantageous for operation under harsh environments.
In general, toxic gases can be classified into two categories based on their effects,
namely, acute toxicity and chronic toxicity. For toxic gaseswith acute toxicity, sensors
should have a prompt response so that the health hazard can be avoided and/or mini-
mized as soon as possible. For toxic gases with chronic toxicity, a prompt response
may not be so important, but sensors must be highly sensitive so that trace amounts
(usually, sub-ppm or lower) of toxic gases can be detected. A key in research is
the design of an SWCNT-based chemiresistor for the sensitive and selective detec-
tion of the target analyte, through decoration of SWCNTs with other materials (e.g.,
molecules, polymers, metals, metal oxides) either by covalent or non-covalent ways.

As a typical example of a sensor for detecting gases with acute toxicity, a nerve
agent sensor based on metallo-supramolecular polymer (MSP)-wrapped SWCNTs
is discussed. The cooperative π-π interaction between the MSP and the SWCNT
surface is effectively utilized to amplify and transduce molecular-scale chemical
events (depolymerization of the MSP by the nerve agent) to a macroscopic elec-
tric response (change in the electric conductivity of the SWCNT network). Then,
an SWCNT-based formaldehyde sensor is reviewed as an example of a sensor for
detecting gases with chronic toxicity (e.g., allergens and carcinogens). Chemical
compounds that selectively reactwith formaldehyde are combinedwith this SWCNT-
based detector. Finally, the combination of SWCNT-based toxic gas sensors with
near-field communication (NFC) technology is discussed regarding the broad adop-
tion of toxic gas sensors in public. Awireless sensing systemwill enable the detection
of toxic gases using commercially available smartphones.

2 SWCNT-Based Chemical Sensor

2.1 Detection of Nerve Agent

Nerve agents have fatal acute toxicity and could be used in a terrorist attack and/or
civilwar.However, they are basically slow-acting, and their detection at an early stage
of exposure enables the use of antidotes (e.g., pralidoxime methiodide, atropine). In
addition, most nerve agents can be deactivated through hydrolysis. Regardless of the
gas, detection is the first step. Our strategy for the sensitive and selective detection
of nerve agents (e.g., sarin) is to wrap SWCNTs with an insulating polymer that
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can be selectively disassembled (in other words, depolymerized) in response to the
target analyte gases (Fig. 1a) [7]. Thus, we have designed an MSP that is connected
through square planarmetal–ligand complexes, enabling the alignment of anthracene
π-aromatic units in the same plane (Fig. 1b). Aligned anthracenes can be adhered
on the surface of SWCNTs through cooperative π-π interactions, while in turn, the
individual ligand monomers do not effectively interact with the SWCNTs owing to
the weakness of the individual π-π interactions (compared with theπ-π interactions
between SWCNTs). The SWCNT network wrapped by the MSP is electronically
insulated because the MSP wrappers are located at the junctions of the SWCNT
network. Connections in MSPs can be cleaved by strong acids. In addition, we have
introduced oxime units (which are strong nucleophiles due to the α-effect) in the
ligands, so that the polymers can also be sensitively cleaved by electrophiles (note
that a nerve agent has a leaving group for binding with the serine moiety (OH group)

Fig. 1 a Triggered disassembly of MSP-based SWCNT wrapper for amplifying and transducing
molecular-scale chemical reactions to electric response.bDesign ofMSP connected through nonco-
valent interactions that can be cleaved by chemical stimuli including strong acids and/or elec-
trophiles. c Monitoring of electric response in SWCNT-based chemical sensor using simple and
low-cost device. d Strong electric response of MSP-wrapped s-SWCNTs for DECP vapor. Data
Source Reference [7, 8]
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in acetylcholinesterase). As a result of the depolymerization of the MSP by the
nerve agent, the electric conductivity of the SWCNT network is markedly increased
through better electric contact at the SWCNT junctions. This electric transition in the
SWCNT network can be easily monitored by low-cost devices such as ohmmeters
(Fig. 1c).MSP-wrapped SWCNTs show an amplified and time-accumulated increase
in electrical conductivity (up to 30-fold increase in conductivity) when exposed to
a ppm-level nerve agent simulant (diethylechlorophosphate, DECP). The response
is basically irreversible, so the dose (i.e., concentration × time) of DECP can be
evaluated from the response, which is beneficial for discriminating heavily exposed
patients.

It is known that as-prepared SWCNTs are a mixture of semiconducting and
metallic tubes, and the use of separated SWCNTs could improve sensing perfor-
mance. We used purified semiconducting-SWCNTs (s-SWCNTs) to create an MSP-
wrapped s-SWCNT sensor [8]. Purified s-SWCNTs can be isolated from as-prepared
SWCNTs at the gram scale using chromatography [9]. As expected, the MSP-
wrapped s-SWCNTsensor demonstrated a higher sensitivity (up to 100-fold higher in
conductivity) in response to DECP (Fig. 1d), and ppm-level DECP could be discrim-
inated in 5 s. This sensor also showed excellent selectivity, and its response to other
volatile organic compounds (VOCs) and changes in temperature were much smaller
than that to DECP.

2.2 Detection of Formaldehyde

Formaldehyde (HCHO) is a common indoor air pollutant that potentially causes
asthma, dermatitis, and cancer. There are established methodologies to monitor
formaldehyde in air, such as colorimetric methods (e.g., detection tubes) and high-
pressure liquid chromatography (HPLC). However, these methods require expen-
sive instruments or manual sampling. Such formaldehyde sensors can therefore be
regarded as “detect to treat” sensors. Usually, these sensors are employed after symp-
toms of sickness have already appeared. In contrast, “detect towarn” sensors continu-
ously monitor toxic chemicals and can provide an alert before symptoms of sickness
appear. Thus, these chemical sensors are highly in demand for improving safety,
security, and health in public. The World Health Organization (WHO) recommends
an indoor concentration of formaldehyde of less than 0.08 ppm, and the detection of
such a trace amount of a chemical using a small and low-cost sensor is challenging.

We developed a “detect to warn” formaldehyde sensor in combination with
a formaldehyde selector (hydroxylamine hydrochloride) and an s-SWCNT-based
detector (Fig. 2a) [10]. Hydroxylamine hydrochloride undergoes a condensation
reaction with formaldehyde, leading to the emission of trace HCl vapor. HCl vapor
can be detected by a chemiresistor based on an s-SWCNT network since the conduc-
tivity of s-SWCNTs is very sensitive to hole dopants such as HCl. The sensing
response is easily read out as an increase in the conductivity of the SWCNT network.
The limit of detection (LoD) of the sensor was estimated to be 0.016 ppm, which
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Fig. 2 a Formaldehyde sensor based on hydroxylamine hydrochloride and s-SWCNT-based elec-
trodes. b Reversible response to 3.0 ppm formaldehyde (HCHO) in air (relative humidity = 37%).
Data Source Ref. [10]

is sufficient for detecting the WHO-recommended concentration (0.08 ppm). The
condensation reaction between formaldehyde and hydroxylamine hydrochloride is
irreversible. However, because the amount of hydroxylamine hydrochloride loaded
in the sensory system ismuch larger than the ppm-order amount of formaldehyde, the
sensor practically shows a reversible response (Fig. 2b). The selectivity to formalde-
hyde is 5− 6 orders of magnitude higher than that to other VOCs such as methanol,
ethanol, and toluene.

2.3 Detection of Toxic Gases Using Smartphone and NFC
Tags

One advantage of SWCNT-based toxic gas sensors is that the sensing response can
be easily read out as an electric signal using low-cost electric devices (such as an
ohmmeter) without complicated signal transduction. Toward the broad adoption of
toxic gas sensors in society, we demonstrate the utility of an SWCNT-based toxic gas
sensor in a wirelessly powered sensing system based on a near-field communication
(NFC) tag (Fig. 3a) [7, 11, 12] An SWCNT-based chemiresistor is inserted within
the electric circuit of a commercially available NFC tag. First, we created a turn-on
sensor, in which an unreadable tag became readable with an NFC tag reader after the
exposure to a toxic gas reached a certain dose (Fig. 3b). Specifically, a commercially
available smartphone was utilized as the NFC reader, and a ppm level of a toxic
gas could be detected by the smartphone with an attached SWCNT-modified NFC
tag. Alternatively, we created a turn-off sensor by changing the location where the
SWCNT sensor was inserted (Fig. 3c). In this case, the readable NFC tag became
unreadable after exposure to a toxic gas. The cost of an NFC tag is quite low (less
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Fig. 3 a Photograph and circuit of NFC tag. The NFC tag interacts with a commercially available
smartphone using inductively powered wireless communication. b Turn-on sensor using NFC tag
and SWCNT sensor. c Turn-off sensor using NFC tag and SWCNT sensor. Data Source Ref. [7]

than 0.5 USD) and only a trace amount of SWCNTs (ca. 1μg) is used in each sensor.
Moreover, users do not need to purchase a costly device for the detection of toxic
gases.

3 Summary

Low-cost, portable, and internet-connected chemical sensors based on modified
SWCNTs and NFC tags have been created. Once chemical information is converted
to an electrical response (e.g., resistance change), a broad range of toxic gases can
be detected by low-cost electric devices such as NFC tags and smartphones. For
this purpose, a key factor is the design of an SWCNT-based chemiresistor for the
sensitive and selective detection of the target analyte. Big data obtained from many
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different types of sensors can be monitored, accumulated, and analyzed in real time,
and such sensor network technology should improve public safety and security. We
expect to create broad families of highly sensitive and selective toxic gas sensors
towards this goal.
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Advanced Nanomechanical Sensor
for Artificial Olfactory System:
Membrane-Type Surface Stress Sensor
(MSS)

Huynh Thien Ngo, Kosuke Minami, Kota Shiba, and Genki Yoshikawa

1 Introduction

The smells/odors that we experience daily are known to be constituted by over
400,000 types ofmolecules [1]. Inmost cases, we experience the sensation of a single
smell/odor as a simultaneous interaction of hundreds to thousands of different types
of molecules with our olfactory receptors. Such complexity of smells/odors inhibits
the efficient development of artificial olfactory sensors. In contrast to other sensors
that perceive physical stimuli (e.g., sound (ear), light (eye), and pressure (skin)) and
have been comprehensively investigated and developed, olfactory sensors have not
been practically commercialized because of the complex perception mechanism of
olfaction and the lack of a comprehensive understanding of the chemical interactions
between the receptors and the analytes.
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Gas chromatography combined with mass spectrometry (GC/MS) is one of the
standard techniques to analyze smells/odors. It allows the isolation and quantifica-
tion of most compounds making up smells/odors. This approach can provide molec-
ular information, but the obtained data require specific handling by experts, and the
expensive/large instruments prevent this approach from being applied to everyday
use. Moreover, without careful condensation/extraction processes, GC/MS could
miss some odorous molecules with concentrations below ppm level. Hence, it is still
challenging to achieve cost efficiency and compactness together with high sensi-
tivity and selectivity at the same time in a single device for the detection of an odor
composed of various types of molecules.

Olfactory sensors could be an effective approach to tackle this problem. They
measure each smell as a single sample without the separation of its components. In
the last few decades, significant attention was directed to sensor arrays comprising
multiple sensing elements with diverse chemical selectivity. Such arrays are called
an “electronic nose” or “artificial olfaction” as they mimic the mammalian smelling
process. The recent achievements in the size reduction of sensor elements and
outer electronic components have advanced the olfactory sensor technology towards
mobile and Internet of Things (IoT)-type applications.

Nanomechanical sensors are one of the promising technologies for olfactory
sensors. They detect volume- and/or mass-induced mechanical changes of a sensing
unit. Suchmechanical changes caused by the adsorption/desorption of target analytes
are transduced into electric signals. Therefore, a nanomechanical sensor can be
considered as amechanical transducerwith nanometer precision. In 1994,Gimzewski
and coworkers reported thefirst chemical sensing application using a nanomechanical
cantilever sensor [2]. They employed the static bending of a cantilever to monitor the
catalytic reaction taking place on the surface of the cantilever. Many research groups
have demonstrated that nanomechanical sensors can be used to detect a variety of
targets and phenomena, i.e., mercury vapor [3], formation of self-assembled mono-
layers [4], and hybridization of DNA [5]. Here, we focus on a specific nanome-
chanical sensor with superior performance: a Membrane-type Surface stress Sensor
(MSS).

2 Membrane-Type Surface Stress Sensor (MSS)

The MSS is an optimized nanomechanical sensor technology operated in a so-called
static mode [6–9]. It is constructed as a thin silicon membrane suspended by four
sensing bridges, in which piezoresistors are embedded. The receptor layer coated
on the membrane interacts with analytes, causing a deformation of the receptor
layer. This deformation generates surface stress on themembrane. The piezoresistors
allow highly sensitive electric readouts of stress/strain induced by the sorption of gas
molecules in the receptor layer. The piezoresistors efficiently transduce these stresses
into electric signals.
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Fig. 1 Schematic illustration of MSS (top). Working principle of MSS (bottom). The sorption of
gaseous molecules on a receptor layer coated on the center membrane of the MSS induces surface
stress, which is electrically detected by the piezoresistors (resistances change with mechanical
stress) embedded on the narrow supporting beams

Originally, the low sensitivity of the piezoresistor-based electric readout was a
huge disadvantage, but the small size of the device is an attractive feature over the
more sensitive conventional optical readout cantilever sensors that require larger
equipment. After the comprehensive optimization in collaboration with Dr. Heinrich
Rohrer and with Dr. Terunobu Akiyama [10], Dr. Peter Vettiger, and their colleagues
in theMEMS team at École Polytechnique Fédérale de Lausanne (EPFL), Yoshikawa
developed an MSS that realizes both high sensitivity and miniaturization at the
same time (Fig. 1) [6]. This optimized structure permits the highly sensitive electric
readouts of stress/strain of the receptor layer induced by the sorption of gaseous
molecules. In addition to the high sensitivity (with the detection limit reaching 0.1
mN/m), theMSS also has high electric/mechanical stability (with self-compensation
by a full Wheatstone bridge), a simple coating procedure of the various receptor
materials, low cost, a compact system, fast response, and the capability of mass
production. Therefore, the MSS is a prime candidate for an olfactory sensing system
for daily use.

3 Receptor Materials

The potential applications of gas sensors cover a wide range of industries: food,
agriculture, cosmetics, medicine, and so forth. This also requires high versatility of
the sensors because the sensors must exhibit different selectivity and sensitivity to
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distinctive gases for each application. It has been observed that almost all solid mate-
rials showmechanical deformation upon gas sorption. Therefore, theMSS can detect
diverse analytes when various types of materials are used as a receptor layer: poly-
mers, inorganic and organic materials, or their hybrids. The selection of the receptor
materials is based on the selectivity and sensitivity of the materials toward the target
analytes. Such sensitivity and selectivity depend on the physical and chemical inter-
actions between the receptor materials and the analytes: i.e. van der Waals interac-
tions, π-π stacking, hydrogen bonds, etc. Moreover, the interactions at the interface
between the receptor materials and the silicon membrane also play a significant role.
Depending on the interface interactions and membrane area coverage, sensitivity
can be varied. Minami and coworkers investigated this tendency by numerical calcu-
lations of the various interfacial attachment models through FEA using COMSOL
Multiphysics® 5.4 with the Structural Mechanics module [11].

The receptormaterial properties, particularlyYoung’smodulus and thickness, will
determine the sensitivity of nanomechanical sensors as formulated by Yoshikawa
[12]. To optimize the thickness and Young’s modulus of a receptor layer, we need an
analytical model that describes the relationship between the deflection of a cantilever
and the various physical parameters of the cantilever itself and the receptor layer on it.
Timoshenko’s beam theory [13] was originally developed to analyze a bimetal strip
but can be utilized as an analytical model for the static deflection of a cantilever-type
sensor coated with a solid layer. For a simple cantilever coated with a solid receptor
layer, the deflection of the cantilever (�z) is described as follows [12]:

�z = 3l2(t f +tc)
(A+4)t2f +(A−1+4)t2c+6t f tc

ε f ,

A = E f w f t f (1−νc)

Ecwctc(1−ν f )

Ef = Young’s modulus of receptor layer
νf = Poisson’s ratio of receptor layer
tf = thickness of receptor layer
wf = width of receptor layer
Ec = Young’s modulus of cantilever
νc = Poisson’s ratio of cantilever
tc = thickness of cantilever
wc = width of cantilever

This model tells us that the optimum thickness of a receptor layer depends on its
Young’s modulus. This optimum coating thickness is a specific value where the addi-
tional stiffness due to the additional thickness of the coating film becomes dominant
over the effective force induced in the entire coating film.

As shown in Fig. 2, there is a general trend of higher sensitivity with stiffer
materials having an appropriate thickness. Inorganic nanoparticles are one of the
most promising candidates as stiff materials because of their stability and easy func-
tionalization. As a proof of concept, various nanoparticles with different surface
functionalities were synthesized (Fig. 3, left) and used for the MSS. The discrim-
ination of various vapors from 23 different chemicals (Fig. 3, right) was demon-
strated. Principal component analysis (PCA) displayed well-separated clusters of
different species according to their chemical functional groups: alcohols, ketones,
alkanes, aromatic compounds, and so forth. This shows the superior performance of
the inorganic nanoparticles as nanomechanical sensing materials.
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Fig. 2 Deflection of a cantilever operated in static mode as a function of Young’s modulus and
thickness of receptor layer

Fig. 3 Sensitivity to different gases of the nanoparticles containing different surface modifications
(left). PCA of the 23 different gases categorized with their functional groups (right)

In addition to the characteristic stiffness, another important property that affects
sensitivity is the nanostructural morphology of the receptor material. High surface
area and porosity can be effective to enhance the controlled adsorption/desorption
process of gas molecules. Shiba and coworkers established a synthetic procedure to
prepare metal-oxide-based porous nanoparticles with extremely high monodisper-
sity [14]. To enhance the versatility of the nanoparticles, one can combine inorganic
nanoparticles with an organic material. The latter lacks chemical stability but offers
a rich chemistry to a specific analyte and easy modification of the molecular func-
tionality. To combine the advantage of both systems, porous inorganic nanoparticles
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Fig. 4 Sensing signal intensity of the nanoparticles functionalized with a metalloporphyrin.
Sensitivity increases with higher porosity and surface area

were decorated with organic functionalities on the surface as a useful receptor mate-
rial platform. One example is a silica flake shell with a metalloporphyrin on its
surface (Fig. 4) [15]. This receptor material detects acetone at a low concentration of
50 ppm with a high signal-to-noise ratio. Figure 4 shows the general tendency of the
enhancement of sensitivity to acetone owing to the large surface area of the receptor
materials.

Porosity and surface area provide a physical approach to enhance the sensitivity
of sensor materials. To investigate the chemical aspect, we have recently focused on
single complex molecular systems such as porphyrinoids. Ngo et al. reported metal-
loporphines as receptor materials for the MSS with selectivity and high robustness
to humidity (Fig. 5) [16]. Porphine is the central molecular structure of porphyrins—
a porphyrin without substituents. By employing a porphine and metalloporphines,
they can omit the effects of peripheral substituents and concentrate on the individual
effect of the center metal ions and the central polypyrrole macrocycle on gas uptake.
The sensitivity can be adjusted at the atomic scale by changing a single central metal
atom. The insertion of a metal into the porphine core leads to substantial changes
in sensitivity, following the different coordination preferences of the axial guest
molecules to the center metal ions in the porphine. The gas-sensing properties of four
porphine derivatives, i.e., free-base porphine, nickel porphine, zinc porphine, and iron
porphine, weremeasured. Nickel and zinc insertion into porphines gave rise to equiv-
alent or less sensitivity than that of the free-base porphine, whereas iron porphine
exhibited enhanced sensitivity because of its strong capability to bind ligands. Inter-
estingly, in this study, they also demonstrated the high-humidity-resistant sensing
capability of iron porphine. Even under a highly humidified condition (70% relative
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Fig. 5 Structure of metalloporphine derivatives (right). Sensing signals of metalloporphine
derivatives to propionic acid gas (19 ppm) at 70% RH (left)

humidity (RH)), iron porphine could clearly detect propionic acid vapor at a concen-
tration of as low as 19 ppm. This study can serve as a reference for future studies
where the effect of metals on the materials properties in porphyrinoids plays a vital
role in sensing performance, leading to advanced sensing applications, including
receptor materials for an artificial olfactory sensor system in ambient environment.

The two above mentioned examples demonstrate that the surface area of the
receptormaterials and the relative humidity strongly affect the sensitivity. By detailed
modification of the material morphology and molecular structure, the sensitivity can
be controlled. Another parameter that plays an important role to determine the sensi-
tivity is partial vapor pressure of the analytes. For gas–solid equilibrium-based gas
sensors including MSS, it was confirmed that the signal intensity at the equilib-
rium state depends not on the volume concentration but on the partial pressure of
the analytes. Thus, a decreasing partial vapor pressure of the analyte suppresses
the signal intensity and induces the delay in the starting point of a signal response.
This phenomenon influences the baseline of the signals. Using MSS, Minami and
coworkers demonstrated that the limit of detection of ppt level could be reached
when taking into account the signal to noise ratio [17].

4 Machine-Learning-Based Analysis

The extraction of specific information from smells/odors is extremely challenging
because of their complex composition of thousands of chemicals with various
concentrations. However, recent advancements in machine learning can be useful to
unravel hidden patterns from the complexity of the obtained sensing data. Shiba and
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coworkers applied machine learning to the MSS technology to predict the alcohol
content of liquors based on their smells [18]. In this study, the MSS sensor array
has four channels, each of which was coated with silica/titania hybrid nanoparticles
with various surface functionalities. Because of the different chemical interactions
of each sensor element in the sensor array to a smell, the signal output forms a unique
pattern. On the basis of this pattern, they demonstrated that such a sensor array system
combined with a machine learning technique can be utilized to derive quantitative
information, such as alcohol content from smell. In this case, they used kernel ridge
regression, which can be applied to a nonlinear problem while avoiding overfitting.
This strategy led to the successful extraction of specific information. In Fig. 6, one
can see that the model can predict the alcohol content of unknown samples with
high accuracy on the basis of their smells. The accuracy can be further improved
with increasing training data. Such an approach can be extended to a more detailed
investigation of complex liquid samples, such as blood, coffee, and environmental
water. Recently, the quantitative prediction of the concentration of each component in
a ternary mixture has also been achieved through systematic material-design-based
nanomechanical sensing combined with machine learning [19]. Ternary mixtures
containing water, ethanol, and methanol with various concentrations were selected
as a model system, where a target molecule coexists with structurally similar species

Fig. 6 Alcohol content prediction of liquors based on their smells: open and closed circles
correspond to training and test data, respectively
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under a humidified condition. The fine-tuning of the receptor materials based on the
feedback obtained by the machine learning achieved higher prediction accuracy for
each species [19].

5 Applications of Artificial Olfaction

MSS can detect almost all kinds of gaseous molecules because of its simple mech-
anism; the stress or deformation of the receptor layer induced by gas absorption is
transduced into ameasurable signal. The interpretation of the observed signal is a key
to understanding the gas composition of the analytes. Imamura and coworkers have
developed a parameter estimation protocol from sensing signals of a nanomechan-
ical sensor coated with a viscoelastic material [20]. This study provides a method
for MSS to differentiate similar gas mixtures. Moreover, the versatility of receptor
materials that can be employed in the MSS system offers a diverse sensing platform
that finds many applications in different industries, such as cosmetics, healthcare,
medicine, food, agriculture, and environment.

One of the most advanced and challenging applications of artificial olfactory
sensors is the monitoring of health conditions and medical diagnosis. Nowadays,
healthcare strategies strongly emphasize noninvasive techniques for early diagnosis.
For example, cancer is one of the most severe diseases in the world today with the
highestmortality. Early diagnosis of cancer is vital to successful treatment, improving
the survival rate of patients. Almost all of the current diagnoses rely on invasive
methods for the detection of specific biomarkers in blood or endoscopy. It is known
that some of the smells, including breath, sweat, and gases in urine and blood, change
depending on patients’ health conditions as well as their diseases. Hence, artificial
olfaction may have the potential to contribute to the early diagnosis and detection
of certain diseases as a noninvasive method based on the smell of patients’ breath.
Disease-related volatile organic compounds (VOCs) in patients’ breathwould exhibit
only a slight difference, especially in the early stages of diseases. The MSS, with its
high sensitivity, can be one of the candidates for detecting such traces. To demonstrate
this concept, Loizeau and coworkers utilized an array of 16 MSS channels coated
with 16 different polymers, which have various chemical/physical properties [21].
Each MSS sensing unit responds differently to the same analyte, creating a unique
“pattern”. Breath samples of both healthy people and head and neck cancer patients
were analyzed in a double-blind trial. Tedlar bags were employed to transport the
breath samples and were stored at a temperature of 4 °C for 5 h before analysis. Each
sample was pumped into a gas chamber containing the functionalized MSS array.
The sensors’ responses were recorded six times and analyzed by PCA to reveal
the differences between samples. The data showed clear differentiation between the
breath samples of healthy persons and those of patients suffering from head and neck
cancer (Fig. 7). In addition, when the cancer patients underwent surgery to remove
the tumors, their breath after surgery was categorized as that of healthy persons.
Although the number of samples examined in this investigation was still limited,
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Fig. 7 Breath analysis using MSS showing a differentiation between healthy persons’ and neck
cancer patients’ breath

the differentiation accuracy is expected to be improved by increasing the number of
samples in combination with the machine learning technique.

Recently, Minami et al. have developed a new method for the pattern recogni-
tion of solid materials by using nanomechanical sensors, e.g., an MSS [22]. Since
the gas-sensing signals measured by nanomechanical sensors are based on the gas–
solid interactions, either a gas or a solid can be a probe or a target. While known
solid receptors are used as probes to identify unknown target gases in common gas
sensing, known gases can be utilized as probes to identify unknown solid mate-
rials. This reverse approach was demonstrated by identifying the molecular weights
of the same type of polymer as well as the different types of polymers. Machine
learning analysis can provide the best combination of probe gases for highly accu-
rate identification. Since the probe gases can be prepared with arbitrary components
with various concentrations, the resolution of identification can be set at virtually any
level by choosing appropriate gas combinations. This approachwill also be useful for
identifying natural products, which are usually difficult to analyze by conventional
approaches using specific parameters.

6 MSS Alliance/Forum and Internet of Things

Sensors in general are considered one of the core devices in the IoT model. The
MSS sensing technology in combination with information and communication tech-
nology (ICT) is expected to make important contributions to realizing this concept
in our daily life. However, real practical olfaction devices are not ready yet as several
challenging issues need to be overcome: optimization of the receptor layer coating,
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precise calibration with standard gases, mass production of sensor chips and devices,
efficient connections with edge computing and cloud systems, and so forth. These
challenges require the integration of science and technologies in collaboration with
academia and industry. To integrate all the required cutting-edge technologies, the
MSS Alliance was launched by NIMS, Kyocera, Osaka University, NEC, Sumitomo
Seika,AsahiKasei (joined inApril 2017), andNanoWorld in 2015 [23]. Eachmember
of the MSS Alliance, with its own expertise, has been contributing to the develop-
ment of various technologies required for practical artificial olfaction. To encourage
interested companies and institutes to perform demonstration experiments, the MSS
Forum was launched in November 2017 [24, 25]. Then, from April 2020, the MSS
Forum became an open platform to share the most up-to-date information regarding
the MSS and related technologies towards practical implementation of artificial
olfaction into society.

7 Conclusion

Compared with the conventional cantilever-type nanomechanical sensors with
piezoresistive readout, the MSS has achieved high sensitivity in addition to various
practical requirements. The MSS is an effective platform for artificial olfactory
sensing because of its versatility with diverse types of receptor materials for gas
sensing. The demonstrations in food and biomedical applications showed the high
potential of the MSS as a practical technology in various real-life applications. The
MSS integrated with related cutting-edge hardware/software technologies will soon
become a standard platform for olfactory sensing systems.
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Quantum Molecular Devices Toward
Large-Scale Integration

Ryoma Hayakawa, Toyohiro Chikyow, and Yutaka Wakayama

1 Introduction

The evolution of current complementary metal–oxide–semiconductor (CMOS)
devices is now facing a major turning point owing to the critical limit imposed
by the increases in large-scale integration and power consumption. These serious
obstacles are highlighted by the terms “More than Moore” and “Beyond CMOS”.
The development of new nanoelectronic devices, with the integration of new oper-
ating principles and attractive materials, is therefore an urgent issue for future CMOS
technology. Various types of state-of-the-art devices have been proposed, including
Ge/III-V channel transistors, nanowire transistors, and two-dimensional transistors
such as graphene and transition metal dichalcogenides [1–5]. Among these devices,
tunneling transistors hold considerable promise for future CMOS devices [6–9]. The
key technique is the use of the tunneling current that flows between source and drain
electrodes. Carrier tunneling achieves the sharp switching of the drain current beyond
the theoretical limitation in current Si transistors, leading to extremely low power
consumption. However, the basic device operation is the same as that of conven-
tional Si transistors, namely a binary operation of “0” or “1”. A multilevel transistor
operation is thus required for the further enhancement of operation capabilities and
for large-scale integration.

Meanwhile, the realization of quantummolecular devices, where singlemolecules
are employed as electronic components in transistors and memories, has been
long awaited since the proposal made by Aviram and Ratner in 1974 [10–14].
This is because organic molecules have many advantages over inorganic materials.
First, molecules have ultimately small and regulated sizes on a nanometer scale.
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This feature of the molecules has generated interest in inducing quantum trans-
port phenomena such as Coulomb blockades and resonant tunneling. The effective
gate modulation of such quantum transport has the potential to allow multilevel
operations and a further reduction in power consumption, which are necessary for
future nanoelectronics [11, 13, 14]. In contrast, inorganic materials such as Si, Ge,
and GaAs suffer from irreproducible device operations, which are caused by the
difficulty in controlling the size of quantum dots [15–18]. Therefore, the adop-
tion of organic molecules is expected to overcome this crucial issue with inorganic
quantum dots. In addition, the energy levels of molecules can be tuned by attaching
substituents, including electron-withdrawing (or electron-donating) groups [19, 20].
Moreover, the adoption of photochromicmolecules, such as diarylethene and azoben-
zene molecules, would allow quantum transport control by external triggers, namely
light irradiation and electric field [21–25]. These features are unique to organic
molecules and are not obtainable with inorganic quantum dots.

Quantum transport driven by single molecules is currently evaluated by scanning
tunneling microscopy (STM) and nanogap electrode techniques. Many attractive
behaviors, including single-electron transport, photoswitching, and negative differ-
ential resistance, have been reported in these single-molecular junctions [26–32].
However, practical applications remain a long way off, even though more than
40 years have been passed since molecular devices were first proposed. The main
obstacle is the lack of effective device structures for the large-scale integration
of molecular devices. These methodologies with STM and nanogap electrodes are
incompatible with current CMOS applications.

In this chapter, we demonstrate a new strategy for developing practical molec-
ular devices for large-scale integration (Fig. 1) [33–36]. The basic idea is to inte-
grate attractive molecular functions into a Si-based tunnel transistor, which is a
promising candidate for future CMOS devices. For this purpose, organic molecules,
which are isolated from each other, are embedded as quantum dots in an insu-
lating layer of a MOS structure, which is a fundamental component of current Si
transistors. Therefore, the structure satisfies both the above requirements, namely,

Fig. 1 Our strategy for developing new CMOS devices by integrating molecular functions into
Si devices. The transmission electron microscopy image is reprinted from [36] with certain
modifications; copyright 2017, Royal Society of Chemistry
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the integration of molecular functions and close compatibility with current CMOS
devices. First, we demonstrated resonant tunneling induced by the discrete molec-
ular orbitals in our devices [33]. This finding gave rise to the attractive manip-
ulations of the tunneling current described below. The use of the binary molecules
copper phthalocyanine (CuPc) and copper hexadecafluorophthalocyanine (F16CuPc)
enabled multilevel control of the resonant tunneling [34]. Furthermore, the intro-
duction of diarylethene photochromic molecules enabled the optical control of the
tunneling current [35]. Consequently, we achieved a vertical resonant tunneling tran-
sistor for the large-scale integration of molecular devices to accompany the above-
mentioned achievements [36]. Our proposed device therefore has the potential to
break through the limit faced by conventional Si technology and to integrate attrac-
tive molecular functionalities into Si devices, which is the true meaning of “beyond
the present CMOS”.

2 Quantum Transport Induced by Organic Molecules
in a Double-Tunnel Junction

In this section, we discuss the fundamental carrier transport through organic
molecules in our proposed devices. The device structure is illustrated in Fig. 2a.
Here, C60 molecules were used as quantum dots because the electronic structure and
transport property of the molecules have been well examined, and thus the molecules
are suitable for use in understanding the carrier transport in our devices [37–39]. The
Au/aluminum oxide (Al2O3)/molecules/silicon oxide (SiO2) structure was prepared
on highly doped p-type Si (100) substrates (<0.01�cm) using a system that combines
an organic vacuum deposition chamber and an atomic layer deposition (ALD) system
[33]. Here, the Al2O3 and SiO2 thin films served as the top and bottom tunneling
barrier layers, respectively. The layer thicknesses were estimated to be 1.2 nm for the

Fig. 2 a Schematic illustration of a MOS structure with C60 molecules embedded in an insulating
layer and STM image of C60 molecules on a Si (111) 7 × 7 surface. b I–V and dI/dV curves of
a sample with C60 molecules. The STM image and I–V and dI/dV curves are reprinted from [33]
with certain modifications; copyright 2011, Wiley–VCH, Weinheim, Germany
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SiO2 film and 3.4 nm for the Al2O3 film by X-ray reflection spectroscopy measure-
ments. In addition, the number density of the molecules was calculated from the
STM images of C60 molecules distributed on a Si (111) 7× 7 surface (Fig. 2a). Note
that, in the calculation, the molecules were assumed to be distributed in a similar
manner on the SiO2 surface, because they were considered to be immobile on both
the Si (111) 7× 7 and SiO2 surfaces. The estimated number density of the molecules
was 7 × 1012 cm–2. Of significance is that the molecules were completely isolated
from each other on the surface, and so each molecule is expected to act as a quantum
dot.

Figure 2b shows the current–voltage (I–V ) and differential conductance (dI/dV )
curves of a sample with C60 molecules as quantum dots. Staircases can be clearly
seen in the I–V curve obtained at 20 K. The dI/dV curve in Fig. 2b exhibits two
sharp peaks at 0.62 and 0.95 V with a positive voltage (given by blue arrows); on
the other hand, there are four peaks at−0.30,−0.54,−0.70, and−0.96 V (depicted
by red arrows). These results indicate that the C60 molecules were not destroyed
and acted as quantum dots in the MOS-structure-based double-tunnel junction. The
staircases remained even at room temperature [33, 36], which is expected to lead to
the realization of quantum molecular devices driven at room temperature.

We then considered the origin of the staircases in the samples with C60 molecules.
It is noteworthy that the intervals between neighboring staircaseswere nonuniform, in
contrast to those obtained with conventional single-electron tunneling for inorganic
quantum dots [40]. The electrochemical potentialU(N) of a quantum dot is described
in Eq. (1) in terms of the discrete energy level and electrostatic potential as parameters
[41, 42].

U (N ) = εN + e2

C

(
N − 1

2

)
(1)

Here, εN andN are the energy level of the nth electron and the number of electrons
in a quantum dot, respectively. C is the capacitance of a double-tunnel junction. The
energyμ(N) required to transport a single electron via a quantum dot is given as [41,
42]

μ(N ) = U (N + 1) −U (N ) = (εN+1 − εN ) + e2

C
(2)

where e2/C is the charging energy of a quantum dot. �ε = εN+1 − εN repre-
sents the energy splitting in a dot and thereby corresponds to the gap between
the highest occupied molecular orbital (HOMO) and the lowest unoccupied molec-
ular orbital (LUMO) for organic molecules [43]. Quantum transport thus occurs
when the charging energy (e2/C) or the interval between the discrete energy levels
(�ε = εN+1 − εN ) in a dot is larger than the ambient thermal energy.

In addition, in our devices, the ratio of the capacitances of the Al2O3 and SiO2

layers was calculated to be 2:1. Namely, two-thirds of the total voltage was applied
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to the SiO2 layer, resulting in the carrier injection of both holes and electrons from
the Si substrate to the molecules through the SiO2 layer. The electrons tunnel into the
molecules from the Si substrate with a positive voltage. Accordingly, the dI/dV peaks
with a positive voltage can be assigned to unoccupiedmolecular orbitals.Meanwhile,
hole injection occurs from the Si substrate into the molecules at a negative voltage,
and thus the dI/dV peaks at a negative voltage can be attributed to occupiedmolecular
orbitals.

The molecular orbitals of single C60 molecules have been evaluated by scanning
tunneling spectroscopy (STS) measurements. Although the HOMO level consists of
fivefold-degenerate h1u and the LUMO level is composed of threefold-degenerate t1u,
these degenerate levels are reportedly resolved by the distortion of the molecules and
carrier injection into the degenerate levels [44–46]. Comparison with the reported
molecular orbitals shows that the two peaks observed at 0.62 and 0.95 V in the
dI/dV curve can be attributed to the split LUMO levels (blue arrows in Fig. 2b).
Meanwhile, the four peaks visible at −0.30, −0.54, −0.70, and −0.96 V can be
assigned to the split HOMO levels (red arrows in Fig. 2b). The estimated energy
levels are illustrated in Fig. 3a, b. The HOMO–LUMO gap was found to be 0.92 eV,
in good agreement with the values obtained from STS measurements of single C60

molecules (0.75–0.95 eV) [39, 44].
On the basis of the above arguments, we ascribed the nonuniform staircases

to resonant tunneling induced by the embedded molecules. We place particular
emphasis on the fact that the quantum transport via singlemolecules can be evaluated
in our devices, by analogy with STS measurements. This fact further implies that the
threshold voltage (V th) of the resonant tunneling current can be tuned by control-
ling the energy levels of the embedded molecules. In the next section, we describe
two unique approaches to controlling the resonant tunneling. First, the adaption of

Fig. 3 Energy diagram of the Au/Al2O3/C60/SiO2/p-type Si substrate at a positive and b negative
voltages. Here, the molecular orbitals were calculated from the peak positions in the dI/dV curve
in Fig. 2b
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the heterogeneous binary molecules CuPc and F16CuPc provided multilevel control
of the resonant tunneling. Second, the use of diarylethene photochromic molecules
allowed the tunneling to be optically manipulated. These are the unique features
observed when using organic molecules for quantum dots.

3 Unique Device Operations Controllable by Molecular
Orbitals

3.1 Multilevel Control of Resonant Tunneling by Using
Binary Molecules

In this study, the binary molecules CuPc and F16CuPc were utilized to achieve multi-
level control of the tunneling current (Fig. 4a). The reason for this is that themolecular
orbitals of these molecules can be varied simply by fluoridation, without changing
the molecular frame. The reported HOMO and LUMO levels are respectively −5.2
and −3.5 eV for CuPc and −6.3 and −4.8 eV for F16CuPc (Fig. 4b) [19, 20]. This
means that, overall, the molecular orbitals of F16CuPc molecules are 1 eV lower
than those of CuPc molecules owing to the strong electron affinity of the fluorine
atoms. It is very difficult to control the discrete energy levels in inorganic quantum
dots because the energy level intervals are determined by the charging energy, that
is, they are dependent on the size of the quantum dots. Hence, the variation in the
dot sizes leads to an unstable operation temperature, which is a serious problem with
inorganic materials. Thus, the fine controllability of molecular orbitals achieved by
attaching the substituents is advantageous with regard to the utilization of organic
molecules.

Figure 5a, b show I–V and dI/dV curves of a sample, where both the CuPc and
F16CuPc are spontaneously embedded in the same insulating layer and an n-type Si
substrate was used as the bottom electrode. The measurements were conducted at
60 K. The I–V curve of the sample with both molecules exhibited nonuniform steps
as observed for the sample with C60 molecules (Fig. 5a). The dI/dV curve exhibited

Fig. 4 a Schematic illustration of the MOS structure with CuPc and F16CuPc molecules. b Energy
levels of CuPc and F16CuPc molecules [34]
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Fig. 5 a I–V and b dI/dV curves of a sample with F16CuPc and CuPc. The inset in (b) shows
enlarged I–V and dI/dV curves in the 0 to −0.6 V range. c Histograms of peak positions in dI/dV
curves of samples with (i) F16CuPc+ CuPc, (ii) F16CuPc, and (iii) CuPc. Reprinted from [34] with
certain modifications; copyright 2011, American Chemical Society

three peaks observed at positive voltages of 0.30, 0.41 and 0.52 V (Fig. 5b), whereas
a single peak appeared at a negative voltage of –0.40V (inset of Fig. 5b). Considering
the dI/dV curves of the molecules, the peaks seen at 0.30 and 0.41 V can be assigned
to the LUMO and LUMO+ 1 of F16CuPc, respectively. On the other hand, the peak
observed at 0.52 V can be attributed to the LUMO of CuPc. As shown above, the
multiple staircases obtained in the samplewith the binarymolecules can be explained
as a superposition of resonant tunneling through the CuPc and F16CuPc.

To provide clear evidence that the observed current is the summation of the
tunneling currents via the CuPc and F16CuPc molecules, we constructed histograms
of the peak positions in dI/dV curves obtained from the sampleswith CuPc, F16CuPc,
and both (Fig. 5c). The histogram of the sample with CuPc and F16CuPc can be
divided into histograms of the individual components (Fig. 5c(i)), i.e., the peak at
0.36V coincidedwith the unoccupiedmolecular orbitals (LUMOand LUMO+ 1) of
F16CuPc, and that observed at 0.53 V corresponded to the LUMO of CuPc. Further-
more, the peak at −0.40 V visible in Fig. 5c(i) agreed with the HOMO of F16CuPc
(Fig. 5c(ii)). Note that no peak from the HOMOwas observed in the histogram of the
sample with CuPc (Fig. 5c(iii)). This is because the tunneling current was suppressed
to a negative voltage owing to a depletion layer that formed in the n-type Si substrate
[34].
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On the basis of the above arguments, we conclude that the tunneling current in
the sample with both CuPc and F16CuPc was a superposition of tunneling currents
through respective molecular components, and therefore the combination of the
binary molecules enabled the multilevel control of the resonant tunneling in the
double-tunnel junction.

3.2 Optical Control of Resonant Tunneling
with Photochromic Molecules

A sample structure of resonant tunneling devices with photochromic molecules is
shown in Fig. 6a. Here, we used a transparent indium tin oxide (ITO) film instead
of a Au film as a top electrode to provide UV and VIS light irradiation. Of impor-
tance is that a diarylethene (DAE) derivative, 1,2-bis(2-methyl-5-(4-biphenyl)-3-
thienyl)hexafluorocyclopentene, was used for the form of optically controllable
quantum dots in the devices. This was because the photoisomerization between the
open- and closed-ring isomers of the molecules induces a considerable change in the
molecular orbitals (Fig. 6b) [47, 48]. Moreover, the photoisomerization is accompa-
nied by a minimal change in the molecular structure, and thus we expect structural
changes to occur even in the insulating layer.

Figure 7a, b show I–V and dI/dV curves of a samplewithDAEmolecules afterUV
or VIS light irradiation. The irradiated UV and VIS lights include wavelengths in the
300 to 400 nm and 400 to 700 nm ranges, respectively. The powers of the irradiated
lights were estimated to be 11 mW/cm2 for the UV light and 72 mW/cm2 for the
VIS light. The measurements were carried out at 20 K. Before the measurements,
the sample was irradiated with VIS light for 10 min to increase the open-ring to
closed-ring isomer ratio. This ratio was calculated to be 84%, which shows that the

Fig. 6 a Schematic illustration of aMOS structurewithDAEmolecules.bDensity of states ofDAE
molecules with open- and closed-ring configurations. Here, the densities of states of the respec-
tive isomers were calculated with DFT B3LYP/6-31G(d) using a Gaussian 09 program package.
Reprinted from [35] with certain modifications; copyright 2013, American Chemical Society
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Fig. 7 aOptical switchingof I–V curves andb change in the dI/dV curves inducedby the irradiation
of UV andVIS lights. Here, the dI/dV curves were deconvoluted by the peaks assigned in (b) using a
Gaussian function. cOptical switching of the peak ratios between the open- and closed-ring isomers
induced by alternating UV and VIS light irradiation. In this calculation, we used the peak areas of
the HOMO and LUMO of the respective isomers in the dI/dV curve in (b). Reprinted from [35]
with permission; copyright 2013, American Chemical Society

open-ring isomer is predominant after the initial VIS light irradiation [35]. Multiple
staircases were seen in the I–V curve (Fig. 7a) and sharp peaks were also visible in
the dI/dV curve, which indicates that the DAE molecules acted as quantum dots for
resonant tunneling in the double-tunnel junction (Fig. 7b).

Subsequent UV light irradiation for 2 min induced a structural change from open-
to closed-ring isomers, where the closed-ring isomer ratio was calculated to be 75%
[35]. As a result, the V th value of the tunneling current was reduced owing to the
photoisomerization of the DAE molecules (Fig. 7a). After that, VIS light irradiation
for 5 min induced a reversible change from closed- to open-ring isomers so that V th

was restored to its original value. In this manner, the variation in V th was observed
repeatedly by alternating UV and VIS light irradiation. Another essential point is
that even a day later, no change was observed in the V th value under a dark condition
without any light irradiation.

To provide further evidence that the change in the tunneling current was invoked
by the photoisomerization of theDAEmolecules,we analyzed the dI/dV curves in the
sample after UV or VIS light irradiation (Fig. 7b) based on a theoretical calculation
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of the molecular orbitals. The B3LYP/6-31G(d) level of density functional theory
was used to calculate the density of states of the open- and closed-ring isomers of
the DAE molecules (Fig. 6b). Then, all the dI/dV curves shown in Fig. 7b were
deconvoluted into at least eight peaks by Gaussian fitting, as indicated by the arrows
in the figure. The peaks were assigned to the molecular orbitals of the open- and
closed-ring isomers.

Figure 7c shows the light-induced change in the ratios of the peak areas between
the HOMO and LUMO of the respective isomers. The closed- to open-ring isomer
ratio was increased by UV light irradiation. The value was in turn reduced by VIS
light irradiation, that is, the open-ring isomers were predominant. In all events, the
reversible change in the resonant tunneling originated from the photoisomerization
of the DAE molecules.

The abovementioned results clarify that the DAE molecules can behave as opti-
cally controllable quantum dots in our device configuration. Our proposed device
has the potential to allow us to integrate photonic functionalities in Si-based devices.

4 Vertical Resonant Tunneling Transistor with Molecular
Quantum Dots

Consequently, we realized a novel vertical resonant tunneling transistor for the large-
scale integration of molecular devices based on the abovementioned achievements.

The device configuration of a vertical resonant tunneling transistor is shown in
Fig. 8a, where a MOS-structure-based double-tunnel junction with C60 molecules is
used as the transistor channel [36]. In the transistor, the width of the channel was
scaled down to 50± 10 nm for the effective application of gate voltages (Fig. 8b), and
the lengths were in the 50 to 150 µm range (Fig. 8c) to increase the drain current. A
key feature of the device is that the one-dimensional transistor channel was formed by
standard electron-beam lithography. Designing effective microfabrication processes
is a challenging requirement in the organic electronics field. However, there are still
only few examples of the formation of nanostructures by lithography techniques

Fig. 8 a Schematic illustration of a vertical resonant tunneling transistor with C60 molecules as
quantum dots. b Transmission electron microscopy image and c optical microscope image of the
transistors. Reprinted from [36] with permission; copyright 2017, Royal Society of Chemistry
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because of the complicated processes required to take into account the solubility
and reactivity between organic materials and photoresists [49, 50]. However, in our
proposed transistor, the molecules are protected by the surrounding insulating layers,
which allows the well-defined nanoscale patterning of the structure by standard
lithographic techniques without destroying molecules.

Figure 9a, b show typical transistor properties, namely, the drain current—drain
voltage (Id–V d) and drain current—gate voltage (Id–V g) characteristics, respectively,
in a sample with an n-type Si substrate. The measurements were performed at 20 K.
Multiple staircases were visible at 0.5, 0.8, and 1.0 V in the Id–V d curve without
a gate voltage (Fig. 9a), which coincided with the unoccupied molecular orbitals
(LUMO, LUMO + 1, and LUMO + 2) of C60 molecules as well as those seen in
the two-terminal device (Fig. 2b) [33]. The result proves that the molecules were
not destroyed during any of the lithographic processes. Then, the drain current was
effectively reduced by increasing V g from 0 to −15 V as shown in the Id–V d curve
(Fig. 9a). The same reduction in drain current was confirmed in the Id–V g curve (see
Fig. 9b), where the drain voltage was fixed at 1 V. A steep drop appeared at gate

Fig. 9 a Id–Vd and b Id–Vg curves for a vertical transistor with an n-type Si substrate. c dId/dVd
curves for different gate voltages in the n-type Si substrate, where the curves were obtained by the
numerical derivation of (a). The curves are shifted vertically for better visibility. d Gate voltage
dependence of the capacitance between gate and [36] source electrodes and the normalized peak
shifts on unoccupied molecular orbitals. Reprinted from with permission; copyright 2017, Royal
Society of Chemistry
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voltages of less than −10 V. Particular emphasis should be placed on the fact that
distinct multiple steps, reflecting the molecular orbitals, were visible in both the Id–
V g and Id–V g curves. Namely, an operation analogous with that of single-molecule
transistors ([51, 52]) occurred in the device configuration, which enabled large-scale
integration. The finding has the potential to realize multilevel transistor operation,
which can be tuned by molecules embedded in vertical transistors.

We now discuss the operating principle of the vertical transistor. Transistor oper-
ations are generally explained by the shift in molecular energy levels and/or the
variation in the charging energies in accordance with the gate voltage [14, 51, 52].
Another possible reason is the impact of a depletion layer in the Si substrate. This
impact is not usually felt in conventional single-molecule transistors because the
molecules are directly connected to metallic source and drain electrodes. However,
when a Si substrate functions as a source electrode in our transistors, the change
in the depletion layer with the gate voltage plays an essential role in the transistor
operation.

To investigate these possible mechanisms in our transistor, we evaluated the gate
voltage dependence of the peak positions in the dId/dV d curves under distinct gate
voltages in a transistor with an n-type Si substrate (Fig. 9c). First, three peaks were
seen at 0.5, 0.8, and 1.0 V in the V g range of 0 to –5 V in the dId/dV d curves.
The peak locations agreed with those of unoccupied molecular orbitals, which are
denoted as LUMO, LUMO + 1, and LUMO + 2. The dId/dV d peaks were shifted
toward the positive drain voltage as V g decreased from –10 to –15 V. Significantly,
the shifts in the dId/dV d peaks occurred at V g < –10 V, which corresponded to the
drain current suppression region (see Fig. 9b). In addition, the peak shift amplitude
was closely related to the reduction in the capacitance between the source and gate
electrodes (Fig. 9d). These results reveal that the formation of the depletion layer
in the Si substrate is responsible for the variation in the dId/dV d peaks, which is a
benefit brought about by the integration of molecules into Si devices.

5 Conclusions

We realized resonant tunneling devices in which organic molecules are embedded
as quantum dots in MOS-structure-based double-tunnel junctions. The tunneling
currents were controlled by the molecular orbitals, leading to multilevel control by
binary molecules and optical manipulation with photochromic molecules. These are
unique features that allow organic molecules to be employed as quantum dots and are
not obtained using inorganic molecules. Moreover, we formed a vertical tunneling
transistor using conventional lithographic techniques. The transistor attained the
multilevel control of the stepwise drain currents, which can be manipulated by
controlling the energy levels of the embedded molecules. This feature is expected
to realize attractive molecular functions, such as multilevel transistor operation
with the rational design of molecules, and optical memory functions provided by
photochromic molecules based on our achievements. Furthermore, the depletion
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layer generated in the Si substrate provided effective modulation of the drain current.
As a result, an operation analogous to that of single-molecule transistors was demon-
strated in a device configuration with close affinity to current CMOS devices. Our
proposed devices therefore have the potential to integrate molecular functions into
future nanoelectronic devices and to deliver unique device operations unobtainable
with inorganic quantum dots.
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Nanostructured Bulk Thermoelectric
Materials for Energy Harvesting

Zihang Liu and Takao Mori

1 Introduction

Thermoelectric devices, having unique advantages of no moving parts, no pollu-
tants, high reliability, and simplicity, can directly convert heat energy into electrical
energy and vice versa [1]. They have long been used in NASA deep-space missions
for supplying the electric power of space crafts or for various cooling applications
[2]. In the context of the increased world energy consumption and concerns about
human-induced global warming, developing clean and renewable energy conversion
technologies have received intensive interests during the last decade [3]. Namely,
according to Lawrence Livermore’s U.S. Energy Flow Chart, in 2017 two thirds of
the primary energy consumed in the United States, for example, is ultimately wasted
[4]. The potential various heat resources provide great opportunities for utilizing
thermoelectric power generation for waste heat harvesting. And not just in terms of
energy saving, thermoelectrics is also a promising energy harvesting technology to
dynamically power Internet of Things (IoT) sensors and devices [5–8]. Ideally, the
conversion efficiency η is dominated by the dimensionless thermoelectric figure of
merit ZT = (S2σ /(κ lat + κele))T while the maximum output power density ωmax is
decided by the power factor PF = S2σ , as shown in the following equations:

η = Th − Tc
Th

[ √
1 + ZT − 1√

1 + ZT + Tc/Th

]
(1)

ωmax = 1

4

(Th − Tc)2

L
PF (2)
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where S, σ , κ lat , κele, TH , TC , and L are the Seebeck coefficient, electrical conduc-
tivity, lattice thermal conductivity, electronic thermal conductivity, the hot side and
cold side temperature, and leg length, respectively. Therefore, in regard to the mate-
rial level considerations, developing high-performance thermoelectric devices with
high efficiency relies on pursing a high ZT.

Since these fundamental thermoelectric parameters are mutually cross-correlated
or even contradicted [9, 10], ZT above unity has long been regarded as a bench-
mark for bulk thermoelectric materials from the 1950s to 1990s. In 1993, two
seminal papers by L. D. Hicks and M. S. Dresselhaus proposed a new and creative
concept of quantum effect in thermoelectric [11, 12], which provides the possibility
of increasing power factor (PF = S2σ ) and simultaneously reducing lattice thermal
conductivity through controlling the reduced dimensionality. While thermoelectric
enhancement through the quantum confinement effect has not been widely observed
experimentally, the focus on utilizing nanotechnology has led to the “renaissance
of the thermoelectric field” to date [13–16], where most of the significant advances
in the bulk thermoelectric area come from designing nanostructured materials to
further enhance ZT [17–19]. Here it should be addressed that bulk nanostructured
thermoelectric materials in principle mean that the three-dimensional solid contains
intriguing microstructural features on the nanoscale, including linear defects, inter-
facial defects, and volume defects. Another popular route involves discovering new
materials with an intrinsically low thermal conductivity due to the unique bonding
environment and lattice dynamics [20–23], which may provide an opportunity for
achieving high ZT after fully optimizing electrical transport properties by extrinsic
doping.

During the last decade,we have deepened the fundamental understanding ofmeso-
scopic and nanoscale transport theory [24, 25], witnessed highZT close or above 2 for
the state-of-the-art nanostructured thermoelectric materials [26], and achieved high
conversion efficiency around 10% for single leg, unicouple, or module based on the
nanostructuredmaterials [27, 28]. To review these big developments in the nanostruc-
tured thermoelectric materials and devices, in this chapter we discussed the influence
of nano-microstructural defects on phonon and electron transport behavior in bulk
nanostructured thermoelectric materials, summarized the cutting-edge achievements
in the high-performance nanostructured thermoelectric devices, and finally present
some critical issues in these areas.

2 The Influence of Nano-Microstructural Defects
on Electron and Phonon Transport Behavior

Electrons and phonons are fundamentally basic particles (or quasiparticles) in
condensed matter, which crucially affect the material’s electrical conductivity,
magnetic properties, thermal conductivity, etc. For semiconductors, phonons typi-
cally have a broad mean free path (MFP) range, spanning from several nanometers
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to micrometers [29]. In contrast, the MFP range of electrons is typically sharp, just
around the nanometer scale [29]. Figure 1 compares the phonon and electron MFP
distributions in several representative materials, including SnTe [30], GaAs [31, 32],
Si [31, 33], and PbTe [34, 35],. Taking bulk crystalline silicon as a representative
example, its room-temperature phononMFP spectrum spans over 5 orders of magni-
tude from several nanometers to 100μmwhile the electronMFP spectrum is located
around dozens of nanometers [31, 33]. This critical difference enables realizing
the relatively independent manipulation of electron and phonon transport behavior
through designing nano-microstructural defects.

The formation of point defects is a common phenomenon in thermoelectric mate-
rials due to intrinsic reasons or intentional doping. For instance, GeTe possesses a
high concentration of intrinsic Ge vacancies that critically depends on the crystal
symmetry, which significantly affects the electrical and thermal transport behavior
[36, 37]. Here we only focus on the effect of linear defects (dislocations), interfacial
defects (grain boundaries, stacking faults, and twin boundaries), and volume defects
(precipitates, secondary phases, and voids) in the context of bulk nanostructured
thermoelectric materials. Figure 2 shows the schematic diagram and corresponding
transmission electron microscopy (TEM) or scanning electron microscope (SEM)
image of common defects in solid except for point defects [38–42], which will be
discussed individually in the following.

Fig. 1 Normalized accumulation of thermal (dashed) and electrical conductivity (solid lines) for
four representative materials. The blue, red, green, and gray lines represent the MFP spectra of
SnTe [30], GaAs [31, 32], Si [31, 33], and PbTe [34, 35], respectively. The electrical conductivities
are calculated at n-type carrier concentration of 1 × 1020, 1 × 1013, 1 × 1014, and 1 × 1017 cm−3

for SnTe, GaAs, Si, and PbTe, respectively [29]. Reprinted with permission from Ref. [29]. © 2018
Cambridge University Press



202 Z. Liu and T. Mori

Fig. 2 The schematic
diagram and corresponding
TEM or SEM image of
common defects in solid
except for point defects.
a and c dislocations [38],
reprinted with permission
from Ref. [38]. © 2017,
Nature Publishing Group.
b and d stacking fault [39],
reprinted with permission
from Ref. [39]. © 2017,
Elsevier. e and g grain
boundaries [40], reprinted
with permission from Ref.
[40]. © 2014, Wiley. f and
h twin boundaries [39],
reprinted with permission
from Ref. [39]. © 2017,
Elsevier. i and
k nanoprecipitates [41],
reprinted with permission
from Ref. [41]. © 2012,
Nature Publishing Group.
j and l nanopores [42],
reprinted with permission
from Ref. [42]. © 2017,
Elsevier [29]. Reprinted with
permission from Ref. [29]. ©
2018 Cambridge University
Press

2.1 Linear Defects

Dislocations, including edge dislocations and screw dislocations, were first intro-
duced to explain the plastic deformation properties of metal in the 1930s. For
semiconductors, dislocations significantly affect the electron mobility [43], electron
concentration [44], thermal conductivity [45], etc. The most investigated example is
GaN film that is commonly used in light-emitting diodes and field-effect transistors.
Hansen et al. employed the combination of atomic force microscopy and scanning
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capacitance microscopy to first show the negative charge in the vicinity of disloca-
tions [44], which clearly demonstrated the acceptor-like traps of threading disloca-
tions. Weimann et al. first proposed a charged-dislocation-line scattering model for
electrons when the dislocation density is higher than 108 cm−2, where filled traps
along threading dislocation lines acted as Coulomb scattering centers [43]. They first
theoretically explained the reduction of carrier mobility at high dislocation densities
range. For thermal properties, Klemens applied the second-order perturbation theory
to treat the phonon scattering by static imperfections, including the effect of both
dislocations cores and the corresponding elastic stress field [46, 47]. The phonon
scattering rates from the dislocation core and strain field are described by τ−1

DC ∼ ω3

and τ−1
DS ∼ ω, respectively. Scattering via dislocation cores can be considered in a

short-range-interaction model similar to mass-difference scattering on point defects,
whereas phonon scattering via the elastic field shows the long-range characteris-
tics that depend on the type of dislocations [48]. Very recently, Li et al. utilized a
fully quantized dislocation field, called as a “dislon”, demonstrating that dislocation-
phonon interaction possesses the nature of phonon renormalization, shown in Fig. 3
[45]. It provides new insights to study the influence of dislocation on the thermal
properties from nanomaterials to bulk materials.

Traditionally, plastic deformation can increase the dislocation density in metals
[49]. The dislocation formation mechanism is due to homogeneous nucleation, grain
boundary initiation, or interfaces and surfaces between lattices and surfaces, precip-
itates, dispersed phases, or reinforcing fibers [50]. For example, He et al. found the
large strain and misfit dislocations at the Sb nanoprecipitate/PbTe interfaces, which
strengthened the phonon scattering [51]. Shen et al. applied the simple hot forging
process to the coarse-grained Bi0.5Sb1.5Te3 alloy [52], where in situ nanostructures
and high density of dislocations can be observed. Since bulk semiconductors typically
have a low density of dislocations at equilibrium, the critical role of dislocation scat-
tering in thermoelectricmaterials has long been underestimated or neglected. In 2015,
Kim et al. introduced the high-density dislocation arrays (~2 × 1011 cm−2) at grain
boundaries using the liquid-phase sintering technique in Bi0.5Sb1.5Te3 alloy [53],
which effectively scattered midfrequency phonons. Since grain boundaries and point
defect scattering target the low- and high- frequency ends, thereby we can realize
full-spectrum phonon scattering, and therefore, significantly reduce thermal conduc-
tivity (Fig. 4a). This achieved ultralow lattice thermal conductivity, e.g. 0.33 W m−1

K−1 at 320 K, leading to a record-high ZT ~ 1.86 ± 0.15 (Fig. 4b).
Very recently, they claimed that dislocation arrays also enabled the suppression of

minority carriers, resulting in an increase of the Seebeck coefficient and the carrier
mobility [54]. Subsequently, Meng and Liu et al. used the same synthesis method
for fabricating Yb-filled CoSb3 with excess Sb content [55, 56]. Except for the
dislocation-phonon scattering, it is the first experimental observation that disloca-
tions arrays resulted in the energy filtering effect with little deterioration on the
carrier mobility, as shown in Fig. 5. Because dislocation cores and corresponding
strain fields are comparable with the mean free paths of electrons, they acted as the
headstreams of the energy filtering effect and thus screened the lower-energy carriers.
Low-temperature range Seebeck coefficients were thus largely enhanced, which led
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Fig. 3 a Schematics of classical dynamic dislocation-phonon scattering, where scattering is accom-
plished when the dislocation absorbs an incoming phonon ωk and re-emits another phonon ωk’.
b Due to the electron–ion drag force, an electron is renormalized to a quasi-particle called a
“polaron”. c The quantum picture of the dislocation—phonon interaction (DPI). Due to the long-
range field of the dislocation, a phonon ωk starts to interact with the dislocation even far away from
the core region, making renormalization a more suitable picture than scattering. After renormal-
ization, the strong DPI disappears. We are left with the weakly interacting quasi-phonons with a
renormalized energy Ek and a finite lifetime Γ k [45]. Reprinted with permission from Ref. [45] ©
2017, American Chemical Society

Fig. 4 Full-spectrum phonon scattering in high-performance bulk thermoelectrics. a Lattice
thermal conductivity (κ lat) for Bi0.5Sb1.5Te3 alloys produced solid-phase compaction (BM and
S-MS) and liquid-phase compaction (Te-MS). b The figure of merit (ZT ) as a function of temper-
ature for Bi0.5Sb1.5Te3 alloys [53]. Reprinted with permission from Ref. [53]. © 2015, American
Association for the Advancement of Science
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Fig. 5 Schematic diagram
of carrier and phonon
scattering mechanism by
low-angle grain boundaries
for the Yb filled CoSb3 with
excess Sb content prepared
by liquid phase compaction
[55]. Reprinted with
permission from Ref. [55]. ©
2017, Wiley

to a high room-temperature power factor value around 47 μW cm−2 K−1 and a high
average ZT ~ 1.08 from 300 to 850 K. Introducing dense dislocations using the
liquid phase compaction method were also observed in n-type Bi2Te3 and p-type
cerium filled CoSb3 [57, 58]. Pei et al. used a different approach whereby disloca-
tion loops were generated by the collapse of vacancies discs in lead chalcogenides
[38, 59]. The observed high ZT was mainly attributed to the significant reduction
of the lattice thermal conductivity through the scattering of mid-frequency phonons
by dense dislocations. Zhao et al. proposed a bottom-up nanostructure synthesis
approach for half-Heusler alloys, namely n-type Hf0.25Zr0.75NiSn0.97Sb0.03 and p-
type Nb0.8Ti0.2FeSb, with dense dislocation arrays at the grain boundaries based
on the displacement reaction between metal chlorides/bromides and magnesium (or
lithium), followed by vacuum-assisted spark plasma sintering (SPS) process [60].
The measured lowest lattice thermal conductivity κ lat was about 1 W m−1 K−1 at
900 K, leading to the relatively high ZT ~ 1.

2.2 Interfacial Defects

Interfacial defects, including grain boundaries, stacking faults, and twin boundaries,
are usually observed in thermoelectric materials, where grain boundaries, domi-
nating the grain size, play a more pronounced role in the thermoelectric proper-
ties. For achieving nanostructured materials with grain size below or around several
hundreds of nanometers, the fabrication method can be simply divided into twomain
categories: top-downandbottom-up approaches.The top-downapproachmeans from
the top (larger) to bottom (smaller) whereas the bottom-up approach means from the
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bottom (smaller) to top or up (larger). In the following, we just briefly talk about
these two common approaches for the preparation of nanostructured thermoelectric
materials.

Themost conventional top-downapproach in thermoelectric science is ballmilling
method for directly and efficiently reducing the grain size. Ball milling enables
producing fine powder around microsize, sometimes even down to the nanoscale,
where raw materials can be synthesized by quartz tube melting or arc melting,
or any method which produces the required elements and compounds with large
grain size. According to the main motion of the jar, there are three common ball
milling machines, including rotary, planetary, and shaker (Fig. 6), where planetary
and shaker ballmilling aremore efficient to grindmaterials, especially for the purpose
of mechanical alloying, due to the inputted high dynamic energy resulted from the
difference in speeds between the balls and grinding jaws. For example, Umemoto
et al. used mechanical alloying to prepare β-FeSi2 doped with Al and Mn by the
conventional rotary ball milling around 300 h with a milling speed of 95 rpm [61].
For planetary ball milling, themaximummilling speed is around 400–500 rpmwhich
can easily grind the raw materials down to micro range ~0.1–1 μm with a long ball
milling time. This fabrication method is widely used in academic research insti-
tutes related to material science, even for some industrial productions. For example,
Schilz et al. systematically studied the influence of the planetary ball mill setting
parameters on the evolution of alloy formation on the thermoelectric semiconductor
systems [62], Si-Ge, Mg2Si, and Mg2(Si, Sn), demonstrating that the geometry of
the mill and the ratio of the angular velocities of the planetary and the system wheel
played a crucial role in milling performance. Shaker ball milling, or so-called high
energy ball milling, has a higher milling speed around 1000 rpm through shaking in
a complex motion that combines back-and-forth swings lateral movements. There-
fore, the related ball milling time can be sharply reduced and the powder size can
even be decreased to several nanometers, depending on the material’s properties. For
example, Cook et al. tried to prepare SiGe based thermoelectric materials by plan-
etary ball milling [63], but X-ray diffraction measurements taken of the ball-milled
powder after 72 h of processing showed that the Si and Ge lines had not changed,

Fig. 6 Schematic pictures of ballmillingmotions. a 1-dimensional rotary ballmill,b 2-dimensional
planetary ball mill, and c 3-dimensional shaker ball mill [64]. Reprinted with permission from Ref.
[64]. © 2013, Springer
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indicating alloying had not occurred. Instead, using high energy ball milling for 6 h,
the powderX-ray diffractionmeasurement indicated that an alloy had formed, having
a lattice parameter corresponding to the relative amounts of starting materials.

Another popular top-down approach is the melting spinning technique used for
the rapid cooling of liquids (Fig. 7a), which has gained wide acceptance as a means
of producing amorphous or ultrathin ribbons. Due to the different cooling rate during
the melt spin process, a gradient of multiscale microstructures is observed along the
thickness direction of the ribbon, from the amorphous phase near the contact surface
to the randomly oriented nanocrystalline domains in the midpart of the ribbon, and
finally to the microsize crystals near the free surface (Fig. 7b) [65]. More impor-
tantly, the preparation time for certain compounds can be greatly shortened by using
the melting spinning process because of the much shorter atom diffusion distances
in nanoscale grains. For example, the formation of the skutterudite phase usually
needs an additional long-time annealing process around 7 days, but melting spinning
technique can reduce the preparation time to less than 24 h [66, 67].

The bottom-up approach usually means the solution chemistry approach for the
preparation of nanostructured thermoelectric materials [68, 69]. The most widely
used solution chemistry approaches generally include hydro/solvo-thermal [70, 71],
microwave-assisted synthesis [72, 73], sonochemical and ligand-based synthesis [74,
75], where simple chalcogenides compounds, like Bi2Te3 [70, 71, 74–76], PbTe [70,
77], SnSe [78, 79], Bi2S3, [80, 81], etc., are the most commonly investigated system.
Using the solution chemistry approaches enables the precise control of the compo-
sition, size, shape, boundary roughness, and crystallinity of produced nanoparti-
cles. One example carried out in our lab, is the solvothermal fabrication of Cu1.75Te
nanosheets with a few nanometers in thickness and lateral dimensions in the order
of micrometers, leading to a dramatic reduction in thermal conductivity [82].

Fig. 7 aDiagram of themelting spinning process denoting the free surface (FS) and contact surface
(CS), b schematic structure distribution in the ribbon from the contact surface to free surface [65].
Reprinted with permission from Ref. [65] © 2010, American Chemical Society
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Actually, research about the effect of grain size on thermoelectric properties has
been carried out from around the 1970s [83–86], especially for SiGe alloys [85].
However, due to the contamination of fine powders and also still large grain size
after hot press [84, 85], the corresponding thermoelectric performance did not show
observable enhancement. Until the broad spreading of the spark plasma sintering
(SPS) technique in the 1990s [87], nanostructured thermoelectric materials with fine
grains showed much higher performance than its counterpart with coarse grains. For
example, Li group at Tsinghua University, China used mechanical alloying (plane-
tary ball milling) coupled with SPS to enhance the thermoelectric performance in
various systems, including Bi2Te3 [88], CoSb3 [89], AgPbmSbTe2+m [90], and sulfide
compounds [91]. For theAgPbmSbTe2+m compound, single-phase can be obtained by
mechanical alloying in a relatively short time 3 h, where the average grain size after
SPS was about 1 μm and the highest ZT was about 1.37 at 673 K [92]. Ren group
in Boston College (now moving to the University of Houston) employed the high
energyballmilling andquickhot process to successfully fabricated high-performance
nanostructured thermoelectric materials, like Bi2Te3 [93, 94], CoSb3 [95, 96], Mg2Si
[97, 98], SiGe [99, 100], and half-Heusler alloys [101, 102], and, more importantly,
synthesize some new compounds, like α-MgAgSb [103–106] and Zintl phase [107–
109]. For the nanostructured α-MgAgSb, two-step ball-milling method in combi-
nation with quick hot press process can obtain nanostructured materials with all-
scale hierarchical architectures, including nano-micro scale grains, nanoinclusions,
stacking faults, nanotwins, and high density of dislocations (Fig. 8).

Benefitting from hierarchical microstructure for phonon scattering and getting
rid of impurity phases, the corresponding maximum ZT was around 1.2 at 548 K,
much higher than α-MgAgSb with coarse grains by Ying et al. [111] and Kirkham
et al. [112] (Fig. 9), making it very promising for power generation for room to
mid-temperature applications [94]. Tang group in the Wuhan University of Tech-
nology, China synthesized nanostructured Bi2Te3 [65], CoSb3 [67], Zn4Sb3 [113],
and MnSi1.8 [114] with high performance using the rapid melting spinning followed
by an SPS process. For the nanostructured p-type (Bi, Sb)2Te3, the grain size was
around several hundreds of nanometers with 10–20 nm nanocrystals embedded in the
bulkmatrix. Compared to the commercial zonemeltingmaterial, a 50%enhancement
in the ZT over a wide temperature range can be obtained for nanostructured p-type
(Bi, Sb)2Te3, which was attributed to the sharp reduction of lattice thermal conduc-
tivity [65]. Cabot group in Catalonia Institute for Energy Research, Spain, used the
colloidal synthetic route to prepare nanoparticles for binary, ternary, and quaternary
chalcogenides compounds, like PbS [115], Cu2SnSe3 [116], Cu2ZnGeSe4 [117],
respectively, which served as building blocks for fabricating bulk nanostructured
high-performance thermoelectric materials.

The origin of high performance of nanostructured thermoelectric materials with
fine grains is mainly attributed to the sharp reduction of lattice thermal conduc-
tivity through the strong phonon-boundary scattering. The grain boundary scat-
tering rate shows independence from phonon frequency, τ−1

GB ∼ ω0, when the misfit
angle is small (less than 15°), which means stronger interaction with low-frequency
phonons because of their long wavelength [118]. However, grain boundaries also
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Fig. 8 Typicalmicrostructures for nanostructured α-MgAgSb. a nano-micro scale grains, b nanoin-
clusions, c spearhead shaped type-I nanotwins,d stacking faults, e high density of dislocations inside
the grain, and f corresponding inverse FFT (IFFT) images with the enlarged dislocations and GPA
analysis images as insets [105, 110] Reprinted with permission from Ref. [105]. © 2016, WILEY
and [110] 2017, Elsevier
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Fig. 9 Comparison of temperature-dependent ZT among nanostructured α-MgAgSb [106], α-
MgAgSb with coarse grains by Ying et al. [111] and Kirkham et al. [106, 112] Reprinted with
permission from Ref. [106]. © 2018, The Royal Society of Chemistry

inevitably scatter electrons, resulting in decreased carrier mobilities. Therefore, the
final enhancement of ZT depends on the balance between phonon-boundary scat-
tering and electron-boundary scattering. It should be mentioned that the energy
filtering effect in thermoelectrics was first proposed by Mahan and Woods [119],
and also Shakouri et al. [120], for superlattice structures. Energy filtering enhance-
ment was demonstrated in nanostructured PbTe by Heremans et al. [121], where an
enhancement in the Seebeck coefficient of PbTe nanostructures with grain sizes on
the order of 30–50 nm was observed, relative to the bulk. Enhancement of power
factor can usually only be achieved by band engineering [122], which is not trivial to
implement. Therefore, more readily introduced nanostructuring methods are attrac-
tive. Incidentally, power factor enhancement has also recently been demonstrated by
utilizing magnetism, i.e. magnetic interactions [123–128]. Spin fluctuation has also
recently been demonstrated to lead to significant enhancement of high power factors
[129].

Other interfacial defects, including stacking faults and twin boundaries, also affect
the phonon and electron transport behavior. Stacking faults and twin boundaries are
usually observed in close-packed crystal structures that have a low defect forma-
tion energy or are related to the solid-state phase transformations [130, 131]. For
example, GeTe compound exhibits a ferroelectric phase transition from the low-
temperature rhombohedral structure to high-temperature cubic structure [132, 133],
so twin boundaries are easily observed for GeTe based materials [131, 134]. Due
to the lower formation energies of stacking faults or twin boundaries in comparison
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Fig. 10 Comparison of lattice thermal conductivity between different InSb samples [39]. Reprinted
with permission from Ref. [39]. 2017, Elsevier

with high-angle grain boundaries, the presence of stacking faults and twin bound-
aries would thus decrease the total interfacial energy from a thermodynamic view-
point [135]. Therefore, sometimes the strong plastic deformation can also increase
the density of stacking faults or twin boundaries [39, 110, 136]. Here, it should
be highlighted that nanoscale stacking faults can be also frequently observed in
some compounds having natural superlattice structures, like (MX)1+x(TX2)n (M =
Pb, Bi, Sn, Sb, rare earth elements; T = Ti, V, Cr, Nb, Ta, X = S, Se; n = 1, 2, 3)
owing to the disordered stacking sequence along the c-axis [137]. Generally, stacking
faults and twin boundaries have a weak scattering process for phonons and electrons
compared with normal high-angle grain boundaries due to the semi-coherent or
coherent boundary characteristics. For example, Mao et al. experimentally demon-
strated that nanotwin boundaries in the InSb compound slightly suppressed the lattice
thermal conductivity, around 17% at 300 K, whereas these normal grain boundaries
led to a 40% reduction of lattice thermal conductivity [39], as shown in Fig. 10.
Besides, it is also reported that nanotwin boundaries in Cu-Ni alloy selectively screen
low-energy carriers by potential barrier scattering, which resulted in enhancement
of the Seebeck coefficient by increasing the density-of-states (DOS) effective mass
[138].

2.3 Volume Defects

Volume defects in crystals are three-dimensional aggregates of atoms or vacancies.
In thermoelectrics, it is usual to divide them into three classes based on a combination



212 Z. Liu and T. Mori

of the size and effect of the particle, including precipitates, secondary phases, and
voids.

Precipitates refer to small particles that are introduced into thematrix by solid-state
reactions. Generally, the purpose of precipitates in the solid matrix is to increase the
material’s mechanical strength by acting as obstacles to themotion of dislocations. In
thermoelectrics, since the interface between precipitates and matrix is semi-coherent
or coherent, it is generally assumed that nanoprecipitates can scatter phonons with
little or no deterioration of carrier mobility [139]. Nucleation and growth process
is the common approach to introduce precipitates in the matrix. It requires that
precipitates have low or no solubility in the solid state, but complete solubility in
the liquid state, as shown in Fig. 11a [140]. Due to the final increased system free
energy, interfacial energy and strain energy codetermine the final morphology of
precipitates. Kanatzidis group in the Northwestern University developed nanostruc-
tured AgPbmSbTe2+m with ultrahigh ZT of ~2.2 at 800 K, in which the endotaxi-
ally embedded Ag-Sb–rich nanoprecipitates in the matrix were assumed to play a
profound role [139]. This strategy of forming in-situ nanoprecipitates in the matrix
strongly stimulates the development of nanostructured thermoelectric materials in
other chalcogenides systems [141–145]. It should be mentioned that the appearance
of elemental Ge precipitates is the normal phenomenon in GeTe based materials
owing to the low defect formation energy of Ge vacancy. This provides a feasible
method tomanipulate the precipitate concentration by doping or alloying for reducing
the thermal conductivity and enhancing ZT [146].

Another approach is to use Spinodal decomposition to realize a uniform-sized and
periodic finemicrostructure. In contrastwith the nucleation andgrowthprocess, Spin-
odal decomposition is a typical “uphill” diffusion process without the requirement

Fig. 11 Schematic diagram of nanoprecipitates formation approach: a a strongly temperature-
dependent solubility of the secondary phase of B in the A matrix, b a complete solid solution exists
between the two end-members A and B, including Spinodal decomposition and typical nucle-
ation and growth [147]. Reprinted with permission from Ref. [147] © 2014, The Royal Society of
Chemistry
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to overcome the thermodynamic barrier [140], where Fig. 11b shows the schematic
diagram of Spinodal decomposition formation mechanism between the two end-
members A and B [147]. Therefore, the phase interfaces generally keep coherent
or semicoherent and, more importantly, the separate regions with different chemical
compositions hold the same crystal structure, which situation is believed to have little
detrimental influence on the electron transport process. However, there are only a
few concrete examples showing the typical morphology of Spinodal decomposition,
including PbTe/GeTe [148], PbTe/PbS [149], (Ti, Zr, Hf) NiSn alloys [150], and
p-type filled skutterudite [151].

In certain circumstances, some nanoscale secondary phases are also intentionally
incorporated into the thermoelectric parent phase to form nanocomposites, including
SiC [152], B4C [153], carbon nanotube [154], reduced graphene oxide [155], etc.Due
to the different structure and properties between the secondary phase and matrix, the
introduction of nanoscale secondary phases sharply suppresses the lattice thermal
conductivity. Meanwhile, the mechanical properties can be also improved due to
the particle hardening [88, 152, 156], which is beneficial for real applications. For
example, these homogeneously dispersed CoSi nanoprecipitates in the matrix of
Yb0.3Co4Sb12 not only enhance the average ZT but also increase the hardness and
indentation fracture toughness [156]. Figure 12 showed the microscopy images of
indentation microstructural of p-type Bi0.3Sb1.7Te3 without and with different nano-
SiC content, in which the morphology evolution under indentation clearly revealed
that the resistance against cracking and fracture was increased by the dispersion

Fig. 12 Microscopy images of indentation of Bi0.3Sb1.7Te3 without and with different nano-SiC
content: a 0 vol% SiC, b 0.1 vol% SiC, c 0.4 vol% SiC, and d 0.6 vol% SiC [152]. Reprinted with
permission from Ref. [152] © 2013, WILEY
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of SiC nanoparticles. However, special attention should be placed on the drop of
carrier mobility owing to the strong scattering from incoherent interfaces, which
may eventually reduce ZT.

As another beneficial nanocomposite effect, for some compounds with rela-
tively low electrical conductivity and large Seebeck coefficients, the introduction of
nanoscale metallic secondary phases with partial connecting networks has resulted
in the large increase of electrical conductivity and the overall increase in power
factor [157–160]. While very high ZT > 1 has not been observed yet, this is another
interesting strategy.

To simply analyze the contribution of phonon-scattering from nanoparticles or
nanoprecipitates, their morphologies are generally assumed as the polydispersed
spherical type with one single size. Based on two limiting cases, where the particle
size parameter approaches zero and the size parameter approaches infinity, the relax-
ation time of phonon scattering due to the nanometer-scale precipitates can be esti-
mated by τ−1

NP ∼ ω0+ω4. Therefore, its relaxation time interpolates between the long
(geometrical scattering) and short (Rayleigh limit) wavelength scattering regimes.
This indicates that nanoparticles or nanoprecipitates can scatter the phonon in a
wider range of frequencies [161]. Zhang et al. reported that a broad spectrum of
thermal phonons can be most effectively scattered not by a similarly broad distri-
bution of nanoparticle or nanoprecipitate size, but by one with a few discrete peaks
at well-chosen radii based on the results of theoretical calculations [162]. However,
for the model of carrier-scattering by nanoparticles or nanoprecipitates, there is no
elegant model or formula to describe it. However, in addition to the normal carrier-
scattering process by nanoparticles or nanoprecipitates, an induced carrier filtering
effect can result in an increase in the energy dependence of the relaxation time,
thereby enhancing the Seebeck coefficient. For example, as mentioned before, Here-
mans et al. experimentally demonstrated that PbTe sample containing Pb precipitates
with sizes on the order of 30–40 nm showed enhanced Seebeck coefficients, which
was related with the carrier filter effect as revealed by the measurements of thermo-
electric and thermomagnetic transport coefficients [163]. One interesting study was
done checking the long term stability of the thermoelectric performance of nanocom-
posites. Oxide nanoparticles in Bi0.5Sb1.5Te3 led to the enhancement of Seebeck and
maximum of ZT ~ 1.5 at 350 K, with ZT > 1.0 for a wide temperature range up
to 450 K. A study over two years revealed that ZT shows a slight but not large
degradation in this case, at least [164].

Fabricating bulk sample with porous structure is challenging, especially for
making nanopores. Generally, lowering the hot press temperature or pressure [165],
or the introduction of low volatile phases or hollow precursor [166] can help the
formation of the porous bulk thermoelectric materials. For bulk sample with a porous
structure, the effective medium model is normally used to explore the effect of
porosity on the thermoelectric properties [167]. In this case, the porosity is the
only dominating factor. However, Song et al. observed a significant phonon size
effect bymeasuring the thermal conductivity of single-crystalline siliconmembranes
with periodic through-membrane pores of nominal pore diameters of 2 and 10 μm
[168], where small-pore membranes have smaller thermal conductivity compared
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Fig. 13 a and bTemperature-dependent lattice thermal conductivity and ZT for pristine and porous
Co23.4Sb69.1Si1.5Te6.0 sample, respectively,where the inset as the typical SEMmicrographof porous
microstructure

with the large-pore ones despite the comparable porosity. Lee et al. pointed out that
the alignment of nanometer-sized pores is important to preserve power factor values
comparable with those of bulk Si by molecular dynamics calculations and ab initio
density functional theory [169]. Besides, it is assumed that the majority of reduced
thermal conductivity is due to the low-frequency phonon scattering of the pore bound-
aries [170]. Nanoscale pore also induces the energy filtering effect, contributing to
increasing the Seebeck coefficient [171]. However, the validity of enhancing ZT via
porous structure significantly depends on the competition and offset between the
decreased thermal conductivity, the increased Seebeck coefficient, and the sharply
decreased carrier mobility. In reality, there are already some experimental reports
about the beneficial role of designing a porous structure to enhance bulk thermoelec-
tric performance for some systems, like Si [172], CoSb3 [42], Bi2Te3 [173], Cu2Se
[174], etc. Among them, our group designed a porous bulk architecture contains
nano- to micrometer size and randomly-oriented pores in rare-earth–free un-filled
skutteruditesCo23.4Sb69.1Si1.5Te6.0 by high-temperature annealing, shown in the inset
of Fig. 13a. This nano-micro porous structure effectively scattered a wide spectrum
of phonon and therefore lattice thermal conductivity reached the phonon glass limit
(Fig. 13a), which led to an unprecedented and very promising ZT of 1.6, around
100% enhancement in comparison with dense samples (Fig. 13b) [42].

3 Nanostructured Thermoelectric Devices for Energy
Harvesting

Nanostructuring method has, no doubt, advanced the rapid development of efficient
high-performance thermoelectric materials. However, in terms of nanostructured
thermoelectric devices, in fact, there are few remarkable achievements because of
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the complex and difficult device-fabricating and properties-measuring process. Ther-
moelectric modules consist of an array of p- and n-type thermoelectric legs, which
are connected electrically and thermally in parallel between two ceramic substrates.
Figure 14 shows the schematic diagram of a practical thermoelectric module config-
uration and the stacking layers between the thermoelectric leg and the conducting
strip, where a metalized contact layer is needed between thermoelectric elements

Fig. 14 Schematic diagram of a practical thermoelectric module configuration and the stacking
layers between the thermoelectric leg and the conducting strip [175]. Reprinted with permission
from Ref. [175], 2015, Elsevier
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and solder for most good thermoelectric materials [175]. Since the module assem-
bling process involves greatmechanical engineering efforts, reports about fabrication
method and properties measurement of single leg or unicouple are more common
in thermoelectric community where the process is more simple. In the following,
we just briefly summarized the fabrication method and measurement results of some
typical high-performance nanostructured thermoelectric single leg, unicouple, and
modules.

3.1 Thermoelectric Single Leg

To validate the high ZT of the thermoelectric material or test if the contact layer is
suitable or not, thermoelectric single-legmeasurement is themost reliable and recom-
mended way. Figure 15 shows the experimental setup to measure single thermoelec-
tric leg efficiency under a large temperature difference in a home-made measurement
facility [176]. The measurement principle has also been detailed [176, 177]. Single-
leg of p-type nanostructuredMgAgSb thermoelectric materials with Ag contact pads
fabricated by the one-step hot-press technique demonstrated a record high thermo-
electric conversion efficiency of 8.5% at a relatively low-temperature difference
of 225 K between 293 and 518 K [106, 177]. Single-leg of n-type nanostructured
Mg3Sb2-based thermoelectricmaterials showedahigh conversion efficiency∼10.6%
at a temperature difference of 400 K from 373 to 773 K using the Fe contact layer
[176]. Further optimization via reducing the contact resistance by using 304 stainless
steel power as the contact layer contributed to the suppressed interfacial reaction,
ideal electrical properties, and robust mechanical properties, lead to the increased
efficiency [178]. Nanostructured NbFeSb half-Heusler alloy, which is famous for
its high power factor over 100 μW·cm−1·K−2, demonstrated a record output power
density around 22 W·cm−2 based on a single-leg device using Ti or Hf doping [179,
180]. Very recently, p-type ZrCoBi-based nanostructured half-Heusler alloy, with a
high ZT ~ 1.4 at 973 K, showed a high output power density and conversion effi-
ciency of∼9.3W cm−2 and∼9%with cold-side and hot-side temperature being 323
and 823 K for the single leg [181]. P-type TaFeSb-based nanostructured half-Heusler
alloy had a record-high ZT of ~ 1.5 at 973 K, which demonstrated a high conversion
efficiency ~11.4% at the cold-side temperature of 317 K and hot-side temperature of
973 K for the single leg [182].

3.2 Thermoelectric Unicouple

Taking the nanostructured half-Heusler materials as a representative sample, Fig. 16
shows the flowdiagram illustrating the fabrication processes of the high-performance
thermoelectric generators, where the thermoelectric unicouple is the smallest consti-
tutional unit. Using nanostructured BiSbTe and commercial n-type Bi2Te3 material,
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Fig. 15 Experimental setup to measure single thermoelectric leg efficiency under a large temper-
ature difference: a schematic and b real image of the setup [176]. Reprinted with permission from
Ref. [176], 2019, Elsevier

unicouple cooling devices were fabricated, which produced high-temperature differ-
ences of 86, 106, and 119 K with hot-side temperatures set at 323 K, 373 K, and
423K, respectively [94]. Nanostructured skutterudite unicouple, where CoSi2 is used
as the electrode for the n-type skutterudite (Yb0.35Co4Sb12) and Co2Si for the p-type
skutterudite (NdFe3.5Co0.5Sb12), showed a maximum efficiency of 9.1% operating
between 373 and 823 K [183]. Based on the nanostructured half-Heusler alloys,
where TiCoSb and ZrNiSn based materials as the p-type and n-type, respectively,
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Fig. 16 Pictures illustrating the fabrication processes of the high-performance thermoelectric
generators [184]. Reprinted with permission from Ref. [184], 2015, Elsevier

a unicouple device generated a high power density of 5.26 W cm−2 between hot
and cold sides as 373 K and 873 K, respectively. This unicouple power density
demonstrated negligible degradation after 200 thermal cycles, indicating excellent
reliability despite high thermal stresses under large differences [184].

3.3 Thermoelectric Module

The majority of commercial companies focus on the Bi2Te3 thermoelectric modules
for low-temperature applications whereas these academic institutes or universities
also investigate the fabrication and optimization of medium and high-temperature
thermoelectricmodules, such as skutterudite, PbTe, half-Heusler alloys, etc.A typical
photo of the thermoelectric module is shown in Fig. 17a that is Skutterudite-based
thermoelectricmodulesmanufactured by theShanghai Institute ofCeramics,Chinese
Academy of Sciences [185]. In the following, some representative work related to the
design and optimization of thermoelectric modules is highlighted. A 16 leg thermo-
electric module was made by using n- and p-type skutterudite-graphene nanocom-
posites, where the introduced reduced graphene oxide (rGO) largely increased the
grain boundary thermal resistivity with no deterioration of electrical transport prop-
erties. The measured maximum power output ~3.8 W and conversion efficiency
~8.4% can be achieved under hot/cold-side temperature 873 K/296 K, respectively
(Fig. 17b). The conversion efficiency of skutterudite–graphene nanocomposites was
24% higher compared to 6.8% for a module made of n- and p-type skutterudite
without rGO [186]. P-type sample of PbTe–2% MgTe doped with 4% Na with a
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Fig. 17 a A photo of Skutterudite-based thermoelectric modules (50 × 50 mm) manufactured by
the Shanghai Institute of Ceramics, Chinese Academy of Sciences [185]. reprinted with permission
from Ref. [185]. © 2016, Nature Publishing Group. b The maximum conversion efficiency and
power output as a function of hot side temperature Th for the skutterudite/rGO based modules (M-
SKD/rGO) and the reference device made of pure SKD (M-SKD) [155]. Reprinted with permission
from Ref. [155]. © 2017, The Royal Society of Chemistry

high ZT ~ 1.8 at 810 K due to the largely suppressed lattice thermal conductivity
from nanoprecipitates scattering and n-type sample of PbTe doped with 0.2% PbI2
with high ZT ~ 1.4 at 750 K were used as p- and n-type thermoelectric legs, where
Co0.8Fe0.2 alloy was chosen as diffusion barriers. The eight-couple (sixteen-leg)
PbTe-based module was fabricated, which exhibited the maximum conversion effi-
ciency of 8.8% under hot/cold-side temperature of 873 K/303 K [187]. Similarly,
using p-type nanostructuredPb0.953Na0.040Ge0.007Tewith nanoprecipitates as a p-type
leg and PbTe0.9964I0.0036 as an n-type leg, the fabricated eight-pair module had a high
efficiency of 8.5% under hot/cold-side temperature 873 K/283 K [188]. In addition,
1 kW thermoelectric generators system based on the nanostructured half-Heusler
alloys was experimentally demonstrated by recovering the exhaust waste heat from
an automotive diesel engine, with a maximum conversion efficiency around 2.1%
[184].

In regards to industrial compatible fabrication processes, our lab has previously
utilized a semiconductor fabrication process, i.e. photolithography, to fabricate an
organicπ-type thermoelectric module outputting over 250mVwith 80 °C [189]. The
high contact resistance and relatively low thermoelectric performance of the organic
materials used remains a large issue to solve.

4 Conclusion and Outlook

In summary, significant breakthroughs in nanostructured thermoelectric materials
have been witnessed in the past decade and some of them also demonstrated high
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output power density or high conversion efficiency, or both, when fabricated as the
single leg, unicouple, or module. However, to compete with the traditional heat
engines for power generation, nanostructured thermoelectric materials and devices
still need to be more efficient and cost-effective. Currently, the maximum conver-
sion efficiency of single-stage thermoelectric devices is still below 10% [190], far
lower than heat engines (20–50%). In addition, in regards to the cost-performance
analyses, the $ per W value of thermoelectric modules (at least above $5/W) is more
costly than primary power generation sources, such as coal and natural gas power
plants which have less than $3/W [191]. This situation requires further great efforts
coming from physicists, chemists, material scientists, and mechanical engineers to
address these two aspects; striving for higher efficiency, i.e. higher ZT, and higher
cost efficiency, i.e. being compatible with industry fabrication processes. What is
necessary is to further understand underlying physical property mechanisms and
introduce emerging concepts for higher ZT, identify new higher ZT compounds,
develop advanced fabrication methods and design new device structures compatible
with industry, etc. In the following, several critical issues are discussed regarding
the nanostructured thermoelectric materials and devices, in particular, ranging from
fundamental understanding to real applications.

1. Some of the phonon-defect scattering analysis in thermoelectric is based on
the classical models proposed by Klemens and Callaway [46, 192]. Due to the
employed fitting parameters, this model only provides qualitative conclusions
for low-temperature thermal transport data. Therefore, first-principles based
phonon simulation tools or molecular dynamics analysis for understanding
phonon-defect scattering should be highly considered. For the high-temperature
carrier scattering of semiconductors, the dominant source is normally phonon
scattering, including acoustic phonons and optical phonons. Therefore, there
are few available carrier-defect scattering models at present, let alone gaining
insight into realistic materials with hierarchical defects. In addition, fully first-
principles simulations are also based on the constant relaxation time approx-
imation to realize electron thermoelectric transport properties, which further
makes the detailed understanding of defect-carrier mechanisms difficult.

2. Recently, Deng et al. observed that liquid phase sintering in the BiSbTe system
reported by Kim et al. [53] resulted in grain alignment and therefore obvious
anisotropy of microstructure and thermoelectric properties [193], which indi-
cated that grain boundary dislocation networks are not the primary cause of
enhanced ZT through the reduction in thermal conductivity. This critical work
specifically pointed out that the formation process ofmicrostructural defect may
be related with some unusual consequences, like anisotropic properties, which
may seriously overestimate the role of microstructure defects on enhancing
performance. Therefore, measuring the output power and conversion efficiency
of the single leg with claimed high performance can definitely confirm the
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accuracy and reliability of reported ultrahigh ZT as calculated by conven-
tional measurements. In addition, the long-term thermal stability of nanostruc-
tured thermoelectric materials during thermal cycling process is another critical
challenge [17].

3. Thermoelectricmaterials research is an application-driven fundamental research
field, which should truly have the potential for the efficient energy harvesting
or cooling applications not confined to a niche market. However, nowadays
few achievements in designing and fabricating high-performance thermoelectric
devices have been reported yet, which may seriously affect the confidence and
prospects of investment. Therefore, bridging the gap between thermoelectric
materials and devices is critical for further research, and tangible steps and
strategies need to be towards the realization of high-performance thermoelectric
devices.
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Artificial Photosynthesis: Fundamentals,
Challenges, and Strategies

Davin Philo, Hamza El-Hosainy, Shunqin Luo, Hao Huang,
Fumihiko Ichihara, and Jinhua Ye

1 Introduction

Natural photosynthesis (NPS) is a chemical process conductedbygreenplants, photo-
synthetic bacteria, and all other photosynthetic organisms, where CO2 and water
are transformed into carbohydrates and molecular oxygen, respectively [1, 2]. This
process can be considered as the most efficient and effective method of converting
light energy into chemical energy. Over billions of years, NPS has provided an over-
whelming amount of energy stock, mostly in the form of fossil fuels, for the world
[3]. However, as is widely known, the rate of depletion of this energy stock is much
higher than the rate at which nature can replenish it [2, 4]. Consequently, it is only
a matter of time before fossil fuels finally run out. With this looming energy crisis,
many approaches have been made to imitate NPS by artificially utilizing light energy
to drive the thermodynamically uphill reactions of abundant substances to produce
energy-containing chemicals, such as hydrogen, hydrocarbons, and ammonia [1, 3].
At present, this method is known as artificial photosynthesis (APS) or the so-called
photocatalytic process [5].

As is widely known, the green chlorophyll pigment plays a major role in the NPS
reaction. Generally, light energy or photons are absorbed by chlorophyll and used to
remove electrons from water molecules to produce oxygen gas as follows:

2H2O
light−→O2 + 4H+ + 4e−. (1)

This oxidation reaction occurs in the reaction center of photosystem II. After-
wards, the freed hydrogen and electrons are transferred to photosystem I and trigger
the reduction of carbon dioxide (CO2) to produce sugar (C6H12O6) through theCalvin
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cycle:

CO2 + 4H+ + 4e− light−→ 1

6
C6H12O6 + H2O. (2)

The overall reaction of NPS is written as

CO2 + H2O
light−→ 1

6
C6H12O6 + O2. (3)

Meanwhile, in APS, a material called a photocatalyst (mostly a semiconductor) is
usually employed to harvest light energy [5]. Similar to NPS, this photon energy is
used by the photocatalyst to generate charge carriers or excitons, i.e., electrons (e−)
and holes (h+). In detail, upon light illumination, e− is excited from the valence band
(VB) to the conduction band (CB) of the photocatalyst, leaving behind the h+ in the
valence band region [6]. These charge carriers are transferred separately to different
reaction centers, where they trigger some endothermic redox reactions; electrons
drive the reduction reaction while holes drive the oxidation reaction as follows:

A + e− light−→A−, (4)

D + h+ light→ D+. (5)

Fig. 1 Comparison between natural and artificial photosynthesis
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A and D represent an electron acceptor and electron donor, respectively. Figure 1
illustrates a comparison between NPS and APS.

In the past few decades, many studies have been carried out to obtain a full
understanding of the reaction mechanisms, kinetics, substances involved, and other
important properties of NPS [5]. Even though we do not yet have sufficient under-
standing to further proceed to the industrial stage, much progress has been made
toward applying the key features of NPS to APS [7]. To date, there are three very
well known APS reactions that have attracted considerable attention from scientists
and researchers worldwide, i.e., water (H2O) splitting, carbon dioxide (CO2) reduc-
tion, and nitrogen (N2) fixation; water, CO2, and N2 are very suitable raw materials
for APS applications because they are abundant and easily obtained from the natural
environment. In this chapter, we provide a summary of the principles, requirements,
and latest developments of APS-based reactions.

Before proceeding with the above-mentioned discussion, it is necessary to define
a general term that is often used to evaluate photocatalytic efficiency for any APS
reaction, i.e., apparent quantum yield (AQY). The concept of AQY has been widely
used to make valid comparisons between different experimental and illumination
conditions [6]. AQY is evaluated for a certain photon wavelength (monochromatic)
and calculated as

AQY = nr/I, (6)

where n, r, and I represent the number of e– involved in the photocatalytic reaction,
the corresponding production rate, and the rate of incident photons, respectively.
Typically, the wavelength-dependent AQY follows the optical absorbance pattern
of the semiconductor, which decreases as the irradiation wavelength approaches the
absorption edge because of the lower absorption coefficients and larger migration
distances for photogenerated carriers [6].

2 Requirements for Artificial Photosynthesis

Since the purpose of APS is to drive some thermodynamically uphill reactions,
there are some principal conditions that must be fulfilled so that the reaction may
occur effectively and efficiently. These requirements apply to all APS reactions, and
therefore, it is important to identify them as the very first stepping stones toward
designing any photocatalytic system.
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2.1 Thermodynamic Boundaries and Photon Absorption

To successfully perform any redox reaction, one needs to pay careful attention to
the thermodynamic constraints of the reaction. In this case, we mostly use the term
reduction potential to quantify the thermodynamic state of a certain reaction. The
reduction potential or electrode potential is usually defined as a value for measuring
the tendency of some substances to receive electrons, and thus be reduced. It is
measured as the energy level, with volt (V) as the unit, with respect to a certain stan-
dard potential, such as the standard hydrogen electrode (SHE).1 The higher (more
negative) the value of this potential, the greater the likelihood of the species acquiring
electrons and being reduced. In contrast, the lower (more positive) this value, the
greater the tendency for the backward reaction (oxidation) of the species to occur.
For a redox photon-induced reaction to occur, the CB energy level of the photocata-
lyst must be higher than the potential of the reduction reaction, while the VB must
be located at a more positive potential than the oxidation reaction. Since different
reactions require different thermodynamic boundaries, some photocatalysts will be
suitable for a certain reaction but might not be suitable for other reactions. However,
it is also possible to shift the position of the energy band by introducing some impu-
rities, known as dopants, to meet different thermodynamic requirements [8]. More
details of the thermodynamic constraints of eachAPS reaction and the corresponding
implications will be presented in later sections.

Furthermore, since the ultimate aim of APS is to utilize the energy emitted by
the sun, we also need to consider the characteristics of sunlight itself. The sun emits
a spectrum of electromagnetic waves with a relatively broad wavelength, which
comprises 3–5% UV (<400 nm), 42–43% visible light (400–700 nm), and 52–55%
infrared (>700 nm) [9]. Thus, the utilization of visible light, near infrared (NIR), and
infrared is essential to achieving substantial solar energy conversion, although this is
more challenging.Weoftenuse the termbandgap (Eg) to evaluate the light-harvesting
ability of a semiconductor photocatalytic material. In the electronic structure of solid
materials, including semiconductors, the band gap is usually defined as the energy
difference between the top of the valence band (valence band maximum, VBM) and
the bottom of the conduction band (conduction band minimum, CBM). The value
of Eg is usually obtained by applying the Kubelka–Munk transformation and can be
used to determine the maximum wavelength of light (λmax) that the photocatalyst
can absorb using the following equation:

λmax = hc
/
Eg, (7)

where h is Planck’s constant (6.626 × 10−34 m2 kg/s) and c is the speed of light (3
× 108 m/s). Generally, a photocatalyst can absorb light with a higher energy than its
band gap, or in other words, a wavelength less than the value of λmax calculated as

1 In SHE, the standard electrode potential (E°) of H+/H2 is assumed to be 0, where the pressure of
hydrogen gas is 1 bar and the activity of H+ in the solution is equal to 1 (in short, pH 0).
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Table 1 List of popular and potential semiconductors that have been applied in APS

Semiconductor Band gap (eV) Photocatalytic applications

TiO2 3.2 Water splitting [12–15], CO2 reduction [16–18], N2
fixation [19–21]

SrTiO3 3.2 Water splitting [22–24], CO2 reduction [25],
N2 fixation [26, 27]

ZnO 3.4 Water splitting [28, 29], CO2 reduction [30, 31]

BiVO4 2.4 Water splittinga [32, 33], CO2 reduction [34]

WO3 2.8 Water splittinga [32, 35], CO2 reduction [36, 37]

GaN 3.5 Water splitting [28, 38], CO2 reduction [39]

GaP 2.2 Water splittingb [40, 41], CO2 reduction [42, 43]

TaON 2.5 Water splitting [44, 45]

Cu2O 2.0–2.2 Water splitting [46, 47]

CdS 2.4 Water splittingc [48–50], CO2 reduction [51, 52], N2
fixation [53, 54]

ZnS 3.7 Water splittingc [55, 56], CO2 reduction [57–59]

CoO 2.6 Water splitting [60, 61]

g-C3N4 2.7 Water splitting [62–65], CO2 reduction [66–68], N2
fixation [69]

Black Phosphorus 0.45–0.76 Water splittingb [70]

BiOCl 3.3 N2 fixation [71, 72]

BiOBr 2.8–2.9 N2 fixation [73, 74]

aonly for water oxidation (O2 production); bonly for water reduction (H2 production); cmostly for
H2 production owing to the instability of the material

above. Hence, to enable the absorption of a larger proportion of the solar spectrum,
a semiconductor with a smaller band gap is preferred. Table 1 shows a list of some
semiconductors that have been applied in APS and their corresponding band gaps.

Given that some semiconductors have relatively large band gaps, some approaches
to band-gap narrowing have involved inserting some dopant(s) into the molecular
arrangement of a semiconductor, thus modifying its electronic structure. The basic
concept of this method is to introduce a new energy level below or above the
constituent orbital state [10], so that it may change the position of the CBM or
VBM, which is also beneficial for meeting different thermodynamic requirements
of different reactions as mentioned earlier [8]. For example, one can shift the VBM
level of some oxide materials (usually consisting of the O2p state) upwards by adding
nitrogen as a dopant, thus introducing the new N2p state, which lies above the O2p

state, and generating a higher VBM position [11]. On the other hand, this doping
method also has the drawback that the doping sites can act as recombination centers
for charge carriers [11]. Therefore, in the design of photocatalytic materials, one
must strive to achieve a balance between the modulation of light absorption and the
recombination probability [10].
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2.2 Charge Carrier Dynamics in Light-Harvesting Material

Following the generation of charge carriers due to photon absorption, the electron–
hole pairs need to be separated immediately and transported into different zones;
otherwise, they will recombine with each other within the photocatalyst [75, 76].
This electron–hole recombination usually results in a significant loss of energy, thus
limiting the quantum efficiency of the photocatalytic system [5]. Consequently, the
migration step, which is strongly correlated with the charge carrier dynamics, plays
an essential role in an effective photocatalytic system. There are two parameters that
are usually used to characterize the charge carrier dynamics of a semiconductor:
carrier lifetime and diffusion length [76]. The carrier lifetime can be described as
the average time taken for the charge carriers to recombine, whereas the diffusion
length is defined as the distance that the carriers can travel before they recombine.
From these definitions, it can be easily understood that the higher their values, the
higher the probability that the charge carriers reach the surface of the photocatalyst
and subsequently participate in the surface reactions. Hence, extensive effort has
been made to improve these values, i.e., (1) controlling the shape, structure, and
size of the photocatalysts to reduce the distance that the charge carriers must travel
before reaching the surface of the photocatalyst; (2) formation of a homojunction and
heterojunction to promote the spatial separation of electrons and holes; (3) utilization
of a sacrificial agent as a scavenger of particular charge carriers, thus increasing the
proportion of oppositely charged carriers in the photocatalyst; and (4) introduction
of a cocatalyst on the surface of a photocatalyst that can provide charge accumulation
centers and also accelerate interfacial reaction kinetics [5, 75, 77].

2.3 Existence of Reactive Sites

Last but not least, a photocatalyst material should have active catalytic sites on its
surface for the APS reaction to occur. However, most photocatalyst surfaces are not
typically designed to catalyze redox reactions [76]. To address this problem, a cocat-
alyst that can provide reactive sites for a certain APS reaction is frequently loaded
and dispersed on the surface of the photocatalyst [78]. For this purpose, cocatalyst
components are often adapted from the components of electrocatalysts applied for
the same reactions [10]. In other cases, some surface defects are introduced on the
surface of the photocatalyst, which can unexpectedly provide reactive sites for APS
reactions, especiallyCO2 reduction [59, 79, 80] andN2 fixation reactions [69, 71, 73].

To establish effective surface reactions, the reactive sites must be designed
according to the Sabatier principle,2 which states that the catalytic surface must
have a trade-off between being reactive and not being poisoned by the reaction inter-
mediates [81]. Hence, the interactions between the sites and the substances (either

2 This is often associated with the activity volcano plots used to evaluate the adsorption–desorption
property of any metal (since most of the active sites for the APS reaction are metal atoms) [78].



Artificial Photosynthesis: Fundamentals, Challenges, and Strategies 239

the reactant or the product) should be modest: neither too weak so that the sites can
adequately bind the reactant and the surface reaction (through the electron transfer
process) may take place, nor too strong so that the product can easily desorb from
the catalytic surface [82–84]. Secondly, if a cocatalyst is employed, it should form
a good coordination with the semiconductor to ensure smooth charge migration into
and from the reactive sites [10, 50]. This is because, for any catalytic reaction, a
sustained charge carrier supply is the key to a continuous and effective surface reac-
tion [85]. Accordingly, a suitable loading method and a precursor of the cocatalyst
are crucial. Finally, increasing the number of reactive sites by either altering the
morphology of the material to a low-dimensional structure [48, 86, 87], exposing
more active edges of the cocatalyst [88, 89], or reducing the size of the cocatalyst
into clusters [90–92] or single atoms [64, 93–95] is also an effectiveway of enhancing
the photocatalytic activity.

Recently, an advanced strategy to satisfy such requirements has been demon-
strated by downsizing transition-metal-based cocatalysts to the molecular scale,
thus maximizing the catalytic activity [50]. By anchoring well-dispersed single-
site Co/Ni species on a sulfide semiconductor, excellent photocatalytic H2 produc-
tion was achieved, with AQY as high as 56.2 and 67.5% at 420 nm for Co and Ni
species, respectively. These outcomes indicate the importance of the good disper-
sion of cocatalyst species as well as good coordination between the cocatalyst and
the semiconductor, which will result in the full utilization of reactive sites, efficient
charge transfer, and favorable kinetics for better catalytic performance [50].

3 Water Splitting

Following the pioneeringwork of photo-electrochemicalwater splitting byFujishima
and Honda in the early 1970s [12], much effort has been made toward developing
an effective and efficient water-splitting photocatalytic system. Water splitting itself
is an uphill redox reaction with an increase in Gibbs free energy (�G°) of about
237.13 kJ/mol [78], which can be written as

2H2O
light−→ 2H2 + O2 (8)

The water splitting reaction can be divided into two half reactions, i.e., a hydrogen
evolution reaction (HER) and an oxygen evolution reaction (OER):

2H+ + 2e− → H2, (9)

2H2O + 4h+ → O2 + 4H+. (10)

As already explained for the thermodynamic constraints, the CBM of the semi-
conductor must be located at amore negative level than the H+/H2 reduction potential
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(0 V vs. SHE at pH 0), while the VBM should be more positive than the O2/H2O
energy level (1.23 V vs. SHE at pH 0). Consequently, the theoretical minimum band
gap energy required to drive water splitting is 1.23 eV. Nevertheless, considering
the possible thermodynamic losses (0.4 eV) and overpotentials (0.3–0.4 eV), the
practical minimum band gap energy of the semiconductor for this reaction should be
around 1.9 eV [5, 61]. Generally, if one of these thermodynamic requirements is not
fulfilled, no water splitting will take place. Therefore, using a semiconductor with
suitable band positions is indispensable in this case.

To assess thewater splittingperformanceof anyphotocatalytic system, the concept
of solar to hydrogen efficiency (STH) is also often used together with the AQY
evaluation. STH is defined as the product of the hydrogen production rate and the
increase in Gibbs free energy (�G°) for the water splitting reaction divided by the
total energy of incident solar irradiation:

STH =
output energy

incident solar light energy
= rH2 × �G◦

Psun × S
, (11)

where Psun and S represent the flux energy of solar irradiation and the surface area
of the system available for incident light, respectively. STH is considered as an
absolute and practical standard to evaluate the water splitting performance of any
photocatalyst under solar light irradiation [6]. An AM 1.5 G solar simulator (100
mW/cm2) is commonly used as the source of solar light to evaluate STH.

In a recent review, it was estimated that for any photocatalytic water splitting
system to compete with the conventional methane steam reforming process, it must
attain STH of 10% and a lifetime exceeding 10 years [6, 10, 96]. Figure 2 shows
the relationship between STH and available photon wavelength in an AM 1.5 G
simulator at different AQYs [6]. For example, to achieve an STH of 10%when using
solar irradiation with a wavelength of less than 600 nm, an AQY of 60% is needed.
For UV utilization (<400 nm), the maximum possible STH is 1.7% even at an AQY
of 100%. These calculations once again show the need to develop a photocatalytic
system that can operate using a wider range of wavelengths of the solar spectrum.

3.1 Overall Water Splitting

To perform successful overall water splitting (OWS), there is a critical issue related
to the rapid backward reaction (reformation of H2O), which is thermodynamically
predominant over the forward reaction. Consequently, deactivating the reverse reac-
tion must be the top priority in designing any photocatalytic system for OWS [97].
One of the most popular methods of dealing with this problem is to apply a surface
nanolayer coating [10]. This layer should be able to function as a molecular sieve,
selectively allowing H2 and water molecules to permeate through the layer while
preventing O2 molecules from diffusing and reaching the surface of the cocatalyst
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Fig. 2 Relationship between STH conversion efficiency and photon wavelength at different AQYs
for photocatalytic water splitting. Reprinted with permission from Springer Science + Business
Media New York: Springer US [6], Copyright (2014)

[98]. Since the reactive sites for backward and forward reactions are typically the
same, this method effectively hinders the backward reaction. For example, a Cr2O3

nanolayer has been applied inmany studies and found to be effective for inhibiting the
reverse reaction, thus improving the photocatalytic OWS performance [22, 99]. The
Cr2O3 nanolayer can be photodeposited on the surface of a cocatalyst by reducing
the CrO4

2− ions where it encapsulates the cocatalyst, thus producing a core–shell
structure [99]. Figure 3 illustrates the mechanism by which the Cr2O3 nanolayer
coating suppresses the backward reaction in photocatalytic OWS [100]. The Ni/NiO
core/shell cocatalyst and hydrophilic nanolayers of amorphous oxyhydroxides of
group IV and V transition metals (Ti, Nb, Zr, and Ta) are other successful examples
of this technique [101, 102].

As mentioned earlier, a photocatalyst with suitable band positions is necessary
to fulfill the thermodynamic requirement of any APS reaction. However, it is quite
difficult to find a suitable semiconductor with CBM and VBM levels straddling
the redox potentials of H+/H2 and O2/H2O. An appealing solution to this problem
was demonstrated by Domen and his group, who used two semiconductors to form
a two-step photoexcitation system, so-called Z-scheme water splitting (see Fig. 4),
achievingSTHexceeding 1%[22]. Thismethod is inspired bynatural photosynthesis,
which also involves two photosystemswhere two different reactions occur separately
as previously explained. Similarly, in the Z-scheme system, one semiconductor acts
as a hydrogen evolution photocatalyst (HEP), while the other acts as an oxygen
evolution photocatalyst (OEP). The remaining holes and electrons in the HEP and
OEP respectively recombine through a solid-state electronmediator (e.g., Au, Rh,Ni,
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Fig. 3 Schematic
illustration of the
cocatalyst-Cr2O3 core–shell
for suppressing the backward
reaction in photocatalytic
OWS. Reprinted with
permission from Maeda and
Domen, J. Phys. Chem. Lett.,
1, 2,655–2,661 (2010) [100].
Copyright (2010) American
Chemical Society

Fig. 4 Schematic of Z-scheme OWS on Ru-modified SrTiO3:La,Rh/Au/BiVO4:Mo particulate
photocatalyst sheets. Reprinted with permission from Springer Nature [22], Copyright (2016)

Ag, Ir, andRGO) [22, 24, 103–105] or an aqueous redoxmediator (e.g., Fe3+/Fe2+ and
IO3

−/I− solutions) [23, 106]. With this technique, semiconductors with unsuitable
band positions (CBM lower than the H+/H2 redox potential or VBM higher than the
O2/H2O potential) and a relatively small band gap can be utilized, thus expanding
the choice of semiconductors [5, 9]. Furthermore, this system also provides a larger
driving force for water splitting than the conventional photocatalytic system (one
semiconductor) [10]. However, themajor drawback of Z-schemewater splitting is the
reduced amount of H2 and O2 produced, since half of the charge carriers recombine
within the mediator [77].
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3.2 Hydrogen Production from Sacrificial Water Splitting

Achieving OWS using a simple photocatalytic system is difficult in practice owing
to many strict requirements that must be simultaneously satisfied [75]. Therefore,
some researchers have attempted to apply a sacrificial agent as an irreversible electron
donor or acceptor to perform an HER or OER separately, thus greatly reducing the
complexity of the reaction. This sacrificial water splitting (SWS)method is relatively
effective and efficient for assessing the suitability of a certain photocatalytic system
for performing water splitting in terms of band positions, photogenerated charge
dynamics, compatibility of the cocatalyst, and other properties [75]. Furthermore,
since the reverse reaction (water formation) can be annulled in SWS, it is common
to obtain a higher apparent production rate and quantum yield than in the case of
OWS.

For HER, different semiconductors require different sacrificial agents (as an elec-
tron donor or hole scavenger) to obtain good performance. This phenomenon is due
to the wide range of ability of semiconductors to oxidize a sacrificial agent [107].
For example, the semiconductor graphitic carbon nitride (g-C3N4) can exhibit supe-
rior performance when triethanolamine (TEOA) is used as a hole scavenger but has a
rather poor performance when a different sacrificial agent is applied. Considering the
cost and efficiency, the realization of this sacrificial photocatalytic hydrogen produc-
tion strategy by utilizing biomass and abundant compounds in nature or industrial
waste as the sacrificial agent will be of great significance [75].

CdS is an important and popular semiconductor which is often used in sacrifi-
cial HER. Although CdS has a very suitable band position for water splitting with
a visible-light-responsive band gap (2.4 eV), it is ineffective for OWS owing to the
self-photocorrosion phenomenon, which is often encountered with the use of sulfide
materials [97]. The sulfur (S2–) in CdS, instead of H2O, is very susceptible to oxida-
tion by photogenerated holes accompanied by the elution of theCd2+ cation, as shown
by the following equation [75]:

CdS + 2h+ → Cd2+ + S. (12)

Owing to this problem, a mixture of Na2S and Na2SO3 is often utilized as a sacri-
ficial agent, which not only protects the sulfide semiconductor from photocorrosion,
thus producing a stable photocatalyst, but also greatly boosts its photocatalytic HER
performance [48].

An interesting study about nature-inspired environmental phosphorylation to
boost the sacrificial hydrogen production of g-C3N4 and several other semiconduc-
tors has been reported [62]. In NPS, phosphates play vital roles in establishing the
Calvin cycle, acting as the transporter and pump for charge carrier transfer during
light-dependent reactions and as mediators in carbon fixation during the dark reac-
tions of photosynthesis. In this study, it was found that the addition of a phosphate
component (KH2PO4) markedly boosted the H2 generation of Pt/g-C3N4 by estab-
lishing a similar proton reduction mechanism to the one found in NPS (see Fig. 5),
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Fig. 5 Schematic
illustration of photocatalytic
H2 evolution via the proton
reduction mechanism
involving HPO4

2−. From Liu
et al., Angew. Chem. Int. Ed.,
54, 13,561–13,565 (2015)
[62]. Copyright Wiley–VCH
Verlag GmbH & Co. KGaA.
Reproduced with permission

achieving a very high AQY of 26.1% at a wavelength of 420 nm for a g-C3N4-based
photocatalyst. This finding may provide a promising and facile approach to highly
efficient photocatalysis for both SWS and OWS in the future.

4 CO2 Reduction

Inmodern society, owing to the rapidly increasing demand for energy, CO2 emissions
have escalated, resulting in a very serious state with NPS no longer compensating
for CO2 emission [108]. CO2 is generally regarded as the main greenhouse gas,
with excess CO2 causing environmental problems, such as global warming, melting
of the polar ice caps, sea level rises, and worsening droughts [108, 109]. These
concerns have led to attempts to control the amount of CO2 by converting CO2

into harmless and useful chemical feedstocks [110]. Regarding this approach, solar-
driven CO2 conversion through APS is considered as one of the most reasonable and
ideal approaches not only to reduce the imbalance between NPS and CO2 emission,
but also to provide a new type of energy feedstock, thus increasing the capacity of
the global energy storage system [83, 111].

Since the carbon atom in CO2 molecules possesses the highest valence, the
photoreduction of CO2 may result in a wide variety of carbon products with different
oxidation states, ranging from gaseous CO and CH4 to higher hydrocarbon species
(e.g., C2H4, C3H8), as well as liquid-phase oxygenated hydrocarbons, such as
CH3OH and HCOOH (but not complex products such as carbohydrates) [112]. Table
2 shows the standard electrode potentials (E°) for the transformation of CO2 into
various products in aqueous media at pH 7 with respect to SHE. Unfortunately,
CO2 photoreduction is difficult to realize owing to the extreme stability of the CO2
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Table 2 Standard reduction
potentials (pH 7) for the
reactions of CO2 reduction to
different products in aqueous
media

Reaction E° versus SHE (V)

CO2(g) + e– → CO2
− −1.90

CO2(g) + 2 H+
(aq) + 2 e− → HCOOH

(aq)

−0.61

CO2(g) + 2 H+
(aq) + 2 e− → CO(g) +

H2O(l)

−0.52

CO2(g) + 4 H+
(aq) + 4 e− → HCHO(l)

+ H2O(l)

−0.48

CO2(g) + 6 H+
(aq) + 6 e− → CH3OH(l)

+ H2O(l)

−0.38

CO2(g) + 8 H+
(aq) + 8 e− → CH4(g) +

H2O(l)

−0.24

2 H+
(aq) + 2 e− → H2(g) −0.41

2 H2O(l) → O2(g) + 4 H+
(aq) + 4 e− 0.82

Source [83, 113]

molecule, ascribed to its two symmetric C = O bonds, which possess a high dissoci-
ation energy of about 750 kJ/mol [83]. In this case, the activation of CO2 molecules
very likely becomes the rate-determining step for the CO2 reduction reaction [112].
Moreover, in the presence of water, CO2 reduction must compete with proton reduc-
tion owing to the similar reduction potential and also the preferential adsorption of
water compared with CO2, thus resulting in the low selectivity and efficiency of the
desired reaction [83].

From the kinetic perspective, the CO2 reduction reaction is also challenging.
The first step in CO2 reduction is generally considered to be the formation of an
intermediate CO2

− (through a single electron transfer (ET) to a CO2 molecule),
whose reduction potential is very high (about −1.9 V) [112], as shown in Table 2.
Consequently, a high overpotential is necessary3 for the CO2 reduction reaction to
further proceed. Given this, an alternative reaction route involving a series ofmultiple
proton-coupled electron transfer (PCET)4 processes can be employed to bypass the
formation of CO2

−, thus avoiding the large activation barrier and the formation of
unstable and high-energy intermediates [4, 83] (see Table 2). However, the PCET
process is kinetically dependent on both the concentration of protons in the solution
and the surface electron density at the reactive sites [112]. Moreover, since most of
the CO2 reduction products require multielectron transfer, the corresponding CO2

reduction reactions are less kinetically favorable than the reduction of water, which
only involves two electrons [112].

3 Very few semiconductors have a CB level exceeding the CO2/ CO2
− reduction potential.

4 In PCET, electron transfer is associated with proton (H+) transfer. For the case of CO2 reduction,
the number of protons and electrons involvedwill also determine the products and reduction potential
of the correponding reaction, as listed in Table 2.
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In the following sections, we will briefly discuss the strategies for addressing
some challenges in CO2 reduction reactions: the activation of CO2 molecules and
controlling the selectivity of CO2 reduction.

4.1 Activation of CO2 Molecules

The activation of a CO2 molecule is closely related to its adsorption by the surface
atoms of a photocatalyst. The chemisorption of aCO2 molecule induces the formation
of a partially charged CO2

δ•− adsorbate, which no longer possesses a linear symmet-
rical structure [114]. The bending of CO2 molecules is beneficial for lowering the
barrier for electron transfer into CO2 owing to the decrease in the lowest unoccupied
molecular orbital (LUMO) level [114]. Hence, the basic strategy for driving the acti-
vation of CO2 molecules is to promote the chemisorption of CO2. Figure 6 shows
some possible binding modes for the adsorption of a CO2 molecule on the surface
of a metal oxide (such as TiO2), a popular photocatalyst for the photoreduction of
CO2 [115].

As approaches to activating CO2 molecules, several practical strategies have been
experimentally demonstrated, i.e., increasing the available surface area for adsorp-
tion, establishing surface defects, introducing surface basic sites, and employing a
cocatalyst on the photocatalyst surface. In general, increasing the surface area of the
photocatalyst, either bymodifying the structure andmorphology of the photocatalyst
or by using a porous material, will provide more reactive sites for CO2 adsorption
[116–119]. Surface defects, such as oxygen vacancies [25, 79, 80] and sulfur vacan-
cies [57–59], have attracted considerable attention in the last decade owing to their
potential for generating an active trapping surface for CO2 molecules. The challenge
in this strategy is to prevent the formation of bulk defects, which usually occurs
alongside the formation of surface defects, because bulk defects can act as recom-
bination centers, which adversely affect the photocatalytic performance [75]. The
formation of surface basic sites is also beneficial for CO2 chemisorption owing to
the Lewis acidity of the C atom, which enables CO2 molecules to interact with the
alkaline surface, thus leading to the formation of carbonate or bicarbonate interme-
diates [120–122]. Finally, a cocatalyst with a large work function, such as a noble
metal, can also be employed, which may induce electron backdonation from metal
d-orbitals into the (C–O) π* orbital of CO2, causing the formation of a CO2

δ●−
adsorbate [109, 112].

It has also been reported that CO2 molecules can be polarized and subsequently
activated by utilizing highly energetic electrons excited by the localized surface
plasmon resonance (LSPR) of some plasmonic nanometals (e.g., Au, Pt, Pd, etc.),
assisted by thermal energy [123–127]. The LSPR effect is defined as the reso-
nant photon-induced collective oscillation of valence electrons, established when
the frequency of the photons matches the natural frequency of the surface electrons
oscillating against the restoring force of positive nuclei [128]. This phenomenon
generates hot electrons with very high energy, which are very effective for disrupting
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Fig. 6 Modes of adsorption for CO2 on the surfaces of regular and modified metal oxides.
Reproduced from Ref. [115] with permission from The Royal Society of Chemistry

the stability of CO2 molecules [129]. Figure 7 illustrates a schematic and the reaction
mechanism of the LSPR effect over a Pt-Au/SiO2 catalyst for the photoreduction of
CO2 [127]. Following these studies, the photothermal effect through the self-heating
process was observed on an illuminated boron catalyst5 [130]. It is well known that
CO2 molecules are more reactive at high temperatures. In this case, the photothermal
effect of boron can induce a high local temperature, which facilitates CO2 activation.
It also triggers the self-hydrolysis of boron particles, which in situ produces H2 as the
active proton source and electron donor for CO2 reduction, as well as boron oxides
that function as promoters of CO2 adsorption onto the surface of boron catalysts. All
these effects synergistically promote the CO2 reduction reaction.

5 The corresponding photothermal process is actually considerably different from the conventional
APS process, which involves the generation of charge carriers. However, since this effect is entirely
driven by the illumination of light, we decided to include this study in the discussion.
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Fig. 7 a Schematic of LSPR effect generating light-excited hot electrons for the activation of
stable compounds, such as CO2 and CH4. b Proposed reaction mechanism for photocatalytic CO2
reduction over Pt-Au/SiO2 by utilizing the dry reforming of methane (DRM) reaction. Reprinted
with permission fromSong et al., ACSAppl.Mater. Interfaces, 10, 408–416 (2018) [127]. Copyright
(2018) American Chemical Society

4.2 Controlling the Selectivity of CO2 Reduction

As mentioned earlier, CO2 reduction has several possible reaction pathways,
depending on the number of electrons involved in the reactions, leading to various
carbon products. Therefore, in addition to the competition with proton reduction, it
is also important to ensure that the CO2 reduction selectively proceeds through the
desired reaction. In short, the binding mode of CO2 during the adsorption state (see
Fig. 6) determines the route that the reaction takes [112, 115]. Accordingly, tuning
the surface features of the photocatalyst to favor the formation of a particular adsor-
bate intermediate, which in turn will be converted into the desired carbon product,
is the key to controlling the selectivity of CO2 reduction.

The cocatalyst is also important for not only kinetically driving the multielec-
tron reaction of CO2 reduction (since it may serve as an electron-trapping center),
but also tuning the selectivity of the reaction [109]. The final product of the reac-
tion may vary with the adsorption properties of the intermediate, electron transfer
(for proton reduction and CO2 activation) overpotentials, loading method, elemental
composition, dispersion, particle size, structure, and exposed sites of the cocatalyst
[109, 112, 131]. Therefore, the careful selection and design of the cocatalyst are
indispensable for regulating the reaction mechanism [109]. Figure 8 summarizes
the general selectivity trends of CO2 reduction over various metal-based cathodes
[132]. In addition, it is also necessary to tune the experimental conditions. Among
the many experimental parameters, the pH of the solution can considerably affect the
CO2 reduction reaction mechanism [131]. pH not only determines the concentration
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Fig. 8 Section of the periodic table depicting the primary products in CO2 reduction over some
metal-based electrodes. Reprinted with permission from White et al., Chem. Rev., 115, 12,888–
12,935 (2015) [132]. Copyright (2015) American Chemical Society

of H+ ions in the solution (which is related to the rate of H2 evolution), but also
affects the solubility of CO2 and the relative concentrations of CO3

2− and HCO3
−,

which are strongly correlated with the modes of CO2 adsorption [112, 131].

5 N2 Fixation

TheN2 fixation reaction can be regarded as one of themost crucial chemical processes
in nature, considering the importance of fixed nitrogen compounds6 for living organ-
isms on this planet, owing to its integral role in producing basic biological building
blocks [85, 133, 134]. In particular, ammonia (NH3), the main product of N2 fixa-
tion, is a very important raw material for the production of fertilizers and also as
a promising carbon-free energy carrier [135–137]. The first work on photocatalytic
nitrogen fixation in sterile soils containing natural abundant oxides was performed
by Dhar and Pant in the early 1940s [138]. Subsequently, around 30–40 years later,
Schrauzer and Guth provided more thorough reports of photon-driven nitrogen fixa-
tion over natural materials and as-synthesized TiO2 [19, 139]. These early studies
triggered numerous extensive works to investigate nitrogen fixation over some well-
designed synthetic photocatalysts [133]. Unfortunately, in the following decades,
the studies on semiconductor-based photocatalytic nitrogen fixation were consid-
erably hindered (as indicated by the substantially fewer reported studies) by the
difficulties in N2 adsorption and activation over the catalytic surface, which were
a stumbling block to further development and achieving competitive performance
with other methods [133, 136, 137]. Nevertheless, owing to the recent advancement

6 They are identified by their lack of N–N bonds and can take both the oxidized and reduced forms
of N2, such as NH3, nitrogen oxides, nitrates, and urea [133].
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of nanotechnologies and nanomaterials, which can provide solutions to such kinetic
limitations, photocatalytic N2 fixation has returned to the main stage in the field of
APS in the past few years [85].

Being the ‘youngest’ of the APS applications, photon-driven N2 fixation still has
a long way to go before an ideal catalytic N2 photofixation system can be devised,
inasmuch as the comprehensive knowledge and understanding of the mechanistic
principles of the reaction and also suitable materials are still lacking [85]. In this
section, we briefly discuss the basic mechanism of N2 photofixation (especially to
NH3), the requirements and challenges in achieving effective reaction processes,
and the possible approaches to deal with them. The discussion herein is expected to
contribute to filling the knowledge gap in the study of APS-based N2 fixation.

5.1 Fundamentals of Photon-Driven N2 Fixation

The N2 fixation and CO2 reduction reactions actually have many things in common.
Similar to the CO2 molecule, the N2 molecule is also very stable owing to its
extremely strong N≡N bond, with a dissociation energy of 945 kJ/mol for the direct
cleavage of the triple bond [85]. As a result, a single ET (−4.16 V vs. SHE) and
PCET (−3.20 V vs. SHE) to the N2 molecule (for its activation) are almost ther-
modynamically imposible with currently available semiconductors owing to their
very high reduction potentials. Therefore, in a similar way to the CO2 reduction
reaction mechanism, multiple PCET processes can also be applied in the N2 reduc-
tion reaction to avoid the principal energy barrier while bypassing the formation of
high-energy intermediates [140, 141]. Multiple PCET, depending on the number of
protons and electrons involved, may lead to various partially reduced and stable inter-
mediate species (e.g., N2H2 and N2H4) other than NH3, thus resulting in competition
between them and also with the water reduction reaction [140]. Table 3 provides

Table 3 Standard reduction
potentials (pH 0) for the
reactions of N2 reduction to
NH3 in aqueous media

Reaction E° versus SHE (V)

N2(g) + e– → N2
−
(aq) −4.16

N2(g) + H+
(aq) + e– → N2H(g) −3.20

N2(g) + 2 H+
(aq) + 2 e– → N2H2(g) −1.20

N2(g) + 4 H+
(aq) + 4 e− → N2H4(g) −0.33

N2(g) + 5 H+
(aq) + 4 e− → N2H5

+
(aq) −0.23

N2(g) + 6 H+
(aq) + 6 e− → 2 NH3(g) 0.09

N2(g) + 8 H+
(aq) + 6 e− → 2 NH4

+
(aq) 0.27

2 H+
(aq) + 2 e− → H2(g) 0.00

2 H2O(l) → O2(g) + 4 H+
(aq) + 4 e− 1.23

Source [140, 141, 143]
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a list of possible N2 reduction reactions in aqueous media and their corresponding
standard reduction potentials.

The extremely high stability of the N2 molecule is also a major disadvantage
regarding the kinetic feasibility of the N2 fixation reaction. Because of the high
stability, the adsorption and activation of the N2 molecule can be considered as the
rate-limiting steps of the overall reaction [142]. For the same reason, it still remains
a major challenge to enhance the kinetic feasibility of the N2 photofixation reaction.
Therefore, even though there are other concerns that must be looked into and dealt
with carefully, in the next section, we will only discuss the adsorption and activation
of N2, the most crucial yet challenging steps in the N2 fixation reaction.

5.2 Adsorption and Activation of N2 Molecules

Similar to the CO2 molecule, the activation of theN2 molecule is also strongly associ-
ated with the adsorption of the species on the catalytic surface, since electron transfer
can only occur when there is an intimate interaction between the chemical species
and the catalyst [142]. Generally, a photocatalyst with a high surface area is favorable
for heterogeneous catalytic reactions, includingN2 fixation, owing to its capability of
adsorbing more reactants [144]. Some other potential approaches for promoting the
adsorption of N2 molecules by employing surface defects, such as nitrogen vacancies
[69, 145] and oxygen vacancies [74, 146], have been succesfully demonstrated for
various nitride and oxide semiconductors, respectively. The vacancy species on the
surface of a semiconductor can be occupied by N atoms, thus enabling swift electron
donation to the adsorbed N2 owing to the direct contact between the photocatalyst
and the N2 molecules. Such a phenomenon is essential for the N2 activation step
and will be discussed later. To suppress the faster H2 reduction reaction, employing
a metal-based catalyst with stronger adsorption of N atoms than that of H atoms
might be a promising strategy worth investigating and exploring more thoroughly
[147, 148].

Regarding N2 activation, it is beneficial for the adsorbing sites to be able to syner-
gically accept electrons from and backdonate to N2, which simultaneously weakens
theN2 bond7 and strengthens the bond between the sites andN2, as illustrated in Fig. 9
[135]. As a result, the adsorbed N2 is more susceptible to electron donation owing
to the reduced resistance and activation energy barrier of the attenuated N2 bond.
Subsequently promoting charge exchange between the catalyst and N2 is essential
to provide an accessible kinetic pathway towards the activation step and later stages
of the reaction [85]. Interestingly, the above-mentioned strategies can be simultane-
ously employed by generating vacancy species on the surface of a semiconductor,
which is a powerful method of promoting the photocatalytic N2 fixation reaction, as
mentioned earlier, owing to the N2-capturing ability and nature of the vacancy as an

7 The weakening of the N2 bond is usually associated with an increase in its bond length, indicating
a lower bond energy.
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Fig. 9 Simplified schematic of bonding inwell-knownend-onbound transitionmetalN2 complexes
(left) andmonovalent boron species (right). FromLégaré et al., Science, 359, 896–900 (2018) [135].
Reprinted with permission from AAAS

electron localization center [74]. When the surface vacancy successfully binds a N2

molecule, the backtransfer of charges from the vacancy to the adsorbed N2 occurs,
rendering electron depletion on the vacancy and electron accumulation on the N2

molecule [71].
Even though avacancypossesses great potential forN2 adsorption and activation, a

surface vacancy can be easily consumed through oxidation or a similar phenomenon,
leading to the deactivation of the photocatalyst [149]. Vacancy stabilization through
the self-regeneration of the vacancy under light irradiation is therefore an ideal
solution to this problem [74, 149]. Very recently, an excellent example of light-
switchable oxygen vacancy circulation for sustainable N2 fixation on an ultrafine
Bi5O7Br nanotube has been reported, the scheme of which is shown in Fig. 10 [74].
In addition, similar to the CO2 molecule, the N2 molecule can also be activated by
utilizing hot electrons produced through the LSPR effect [26, 27, 150].

6 Summary and Outlook

Owing to the rapid advancement of human civilization, both global energy consump-
tion and environmental pollution have increased significantly and almost uncontrol-
lably. To make matters worse, the regeneration of fossil fuels, our current primary



Artificial Photosynthesis: Fundamentals, Challenges, and Strategies 253

Fig. 10 Schematic illustration of photoinduced oxygen vacancy (OV) circulation for N2 fixation
on Bi5O7Br. From Wang et al., Adv. Mater. 29, 1,701,774 (2017) [74]. Copyright Wiley–VCH
Verlag GmbH & Co. KGaA. Reproduced with permission

energy resource, is extremely slow. Thus, the realization of artifical photosynthesis
(APS) technology to exploit and convert the limitless solar energy into renewable,
clean, and sustainable energy feedstocks has become an urgent task requiring inten-
sive and extensive effort and study. For this reason, many APS-based scientists and
researchers have attempted to acquire in-depth and comprehensive knowledge on the
APS reaction mechanism as well as practical and efficient approaches to devise an
ideal photocatalytic system.

In this chapter, we have summarized the basic concepts in designing an effec-
tive photocatalytic system by examining the general steps in the APS process, i.e.,
photon absorption, charge carrier migration, and the surface reaction. Furthermore,
the fundamentals of three important APS reactions (water splitting, CO2 reduction,
and N2 fixation) as well as the specific challenges of each reaction and some possible
strategies to address them were briefly introduced. We also discussed several effec-
tive strategies for improving the performance of some photocatalytic materials in
diverse applications, such as a surface nanolayer coating, the Z-scheme system, the
sacrificial photocatalytic reaction, the localized surface plasmon resonance (LSPR)
phenomenon, and surface defects (self-regeneration).

While considerable advances in APS research have recently been accomplished,
efficiency, stability, and cost are still the main issues that must be simultaneously
overcome to enable APS technology to enter industrial use. The development of
novel photocatalytic materials, either by modifying currently available materials or
by discovering completely new materials, may lead to a significant breakthrough in
these problems.Correspondingly, surface and interface engineering are indispensable
for the fabrication of outstanding materials with distinctive and useful features, and
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thus should be considered and further extended. Last but not least, it is also important
to carry out an in-depth study of the mechanism through the combination of in situ
observation and a theoretical approach (commonly by computational methods) to
obtain a full, accurate, and detailed understanding of the mechanism behind all APS
processes.
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Smart Polymers for Biomedical
Applications

Mitsuhiro Ebara

1 Introduction of Biomaterials

Looking back at the last 50 years of biomaterials research, in earlier stages, the
research was generally characterized by trial and error. However, with vigorous
and steady research, our understanding of the biological events at the interface
between materials and the human body has accelerated, leading to the develop-
ment of immune-inert, immune-active, and immune-tolerant materials and devices.
The word “biomaterials” was not used 50 years ago, but they are now widely used
in medicine, dentistry and biotechnology. Interestingly, the introduction of toler-
ated foreign-material implants into the human body was noted far back in prehistory
about 9000 years ago [1]. The remains of a human beingwere found near Kennewick,
Washington, USA in 1996 (referred to as “Kennewick Man”), and a spear tip was
found embedded in his hip. The wound caused by this tip had apparently healed and
the embedded tip did not significantly impede his activity. This unintended implant
illustrates the body’s capacity to deal with implanted foreign materials.

Because foreign materials can elicit immune responses, grand challenges in
biomaterials are how to control the recognition by immune system in the body. Thus,
gaining control of “nano-” structures and properties of materials is a matter of great
interest in biomedicine and healthcare. That is, controlling the behavior of water near
surfaces is a very important challenge in bio-/nanomaterials sciences because water
is the first molecule to come in contact with biomaterials in any clinical applications
and is an active participant in biological processes, which simply could not proceed
the way they do without the unique mediating properties of water [2, 3]. Indeed,
water suspends living cells and is the principal constituent of the interstitial fluid
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that bathes tissues. How can the role of water in biology be controlled, then? In the
following sections, we present answers to this question from various viewpoints.

2 Classification of Smart Polymers

There has been renewed interest in controlling nanointerfaces, as mentioned above,
and a considerable number of studies have been conducted on the design of novel
materials to realize their applications [4–6]. For example, some polymers have
emerged as a very useful class of polymers with their own unique chemical properties
and applications in various areas [7–9]. These polymers are named on the basis of
their physical or chemical properties, such as “stimuli-responsive”, “environment-
sensitive”, “smart”, or “intelligent” polymers. Hereafter, we shall use the name smart
polymers for such polymer systems in this chapter, because “smart” means “able to
adapt to one’s environment, whereas “intelligent” comes from the Latin verb intel-
legere, which means “to understand” [10]. Indeed, smart polymers can adapt to
changes in their environment by changing their interactions with water (Fig. 1). The
characteristic feature that actually makes them smart is their capability to respond to
very slight changes in the surrounding environment. The uniqueness of these mate-
rials lies in not only the fast macroscopic changes occurring in their structure but

Fig. 1 Classification of stimuli-responsive polymers on the basis of stimuli (Physical stimuli; heat,
light, and electric/magnetic field. Chemical stimuli; pH, ions, and biomolecules)
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also the reversibility of such changes. The responses are manifested as, for example,
changes in shape, surface characteristics, and/or solubility, the formation of an intri-
cate molecular assembly, and a sol-to-gel transition [11]. The environmental trigger
behind these transitions can include either a change in temperature or pH, an increase
in ionic strength, or the presence of certain chemicals.More recently, changes in elec-
tric and magnetic fields, light intensity, or radiation forces have also been reported
as stimuli for these polymers.

There are many polymers that exhibit thermally induced precipitation, and the
polymer that has been studied most extensively is poly(N-isopropylacrylamide)
(PNIPAAm) [12, 13]. This polymer is soluble in water below 32 °C, and it precipi-
tates rapidly when the temperature is raised above 32 °C. The temperature at which
a polymer precipitates is called the lower critical solution temperature (LCST). A
critical insight into the precipitation mechanism was gained by Hoffman’s group
with their seminal work on PNIPAAm [14–16]. PNIPAAm can take many forms:
dissolved in aqueous solution, adsorbed or grafted on aqueous-solid interfaces, or
cross-linked in the form of hydrogels. Grafting of PNIPAAm onto solid surfaces
makes the surfaces smart, where the surface energy can be controlled via the temper-
ature [17–19]. PNIPAAm can also be functionalized by chemical conjugation to
biomolecules such as a targeting ligand to yield a large anddiverse family of polymer–
biomolecule hybrid systems that can respond to biological as well as physical and
chemical stimuli [20, 21]. Although these grafting and conjugation processes can
produce smart surfaces or smart conjugations, derivatization of PNIPAAm side
chains or end groups to form reactive groups have resulted in the disappearance
of “smartness” from PNIPAAm. For example, if the NIPAAm monomer is copoly-
merized with a reactive monomer such as acrylic acid, the LCST increases and the
NIPAAm monomer may even disappear [16, 22]. On basis of the hypothesis that
appropriate proportions of hydrophobicity and hydrophilicity in the molecular struc-
ture of PNIPAAm are required for a sharp phase transition to occur, we have newly
designed a series ofmonomers that have a parallel structure to theNIPAAmmonomer
to induce water molecules into behaving like those around PNIPAAm chains even
though they have very hydrophilic reactive groups. For example, the hydrophilic
reactive carboxyl, amino, and hydroxyl groups form carboxy-NIPAAm (CIPAAm)
[22–24], amino-NIPAAm (AIPAAm) [25], and hydroxyl-NIPAAm (HIPAAm) [26],
respectively (Fig. 2). The use of thesemonomers for copolymerizationwithNIPAAm
can synergistically combine the individual properties of two or more components to
yield new and desirable properties. One could say that these polymers are “double-
or multismart”.

3 Smart Hydrogels

Hydrogels are three-dimensional (3D) materials with the capability to absorb large
amounts of water while maintaining their dimensional stability. Hydrogels with
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Fig. 2 Smart molecular design makes it possible to produce a series of comonomers which have
a parallel structure with NIPAAm monomer to deceive water molecules into behaving like those
around PNIPAAm chains even though they have hydrophilic groups such as carboxyl, amino and
hydroxyl group. Use of these NIPAAm-like comonomers for copolymerization with NIPAAm can
synergistically combine the individual properties of the two or more components to yield new and
desirable properties

stimuli-responsive properties can undergo reversible volume phase transitions or gel–
sol phase transitions upon minute changes in environmental conditions. These types
of stimuli-responsive hydrogels are also called smart hydrogels. Smart hydrogels are
promising materials for controlling drug delivery, since they change their properties
in response to specific stimuli in our body. Temperature-responsive hydrogels have
been studiedmost extensively to obtain an ‘on–off’ drug release profile in response to
a stepwise temperature change [27–29]. Many researchers have also investigated the
use of pH as a stimulus because pH-sensitive systems could facilitate drug delivery
to regions of local acidosis, including sites of infection, neoplasia, or ischemia
[30–32]. The incorporation of carboxylic acid-derived monomers has been carried
out to impart pH sensitivity in a variety of copolymers. We demonstrated a timed
explosive drug release from smart pH-responsive hydrogels by utilizing a photo-
triggered spatial pH-jump reaction [33]. A photoinitiated proton-releasing reaction of
o-nitrobenzaldehyde (o-NBA) was integrated into P(NIPAAm-co-CIPAAm) hydro-
gels. The o-NBA-incorporated hydrogels demonstrated the rapid release of protons
uponUV irradiation, allowing the pH inside the gel to decrease to below the pKa value
of P(NIPAAm-co-CIPAAm). After irradiation, the enhanced release of entrapped L-
3,4-dihydroxyphenylalanine (DOPA) from the gels was observed, which was driven
by the dissociation of DOPA from CIPAAm (Fig. 3). The proposed pH-jump system
may be beneficial for the design of predictive and programmable devices for drug
delivery because conventional systems can activate only the illuminated region, and
their response is discontinuous when the light is turned off.

Another example of on–off drug release control is achieved by using sugar-
responsive gels for the possible treatment of diabetes mellitus. Pancreatic islets
release insulin to lower the blood glucose level and regulate the glucose level within
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Fig. 3 a Schematic of timed explosive drug release from pH-responsive hydrogels utilizing a
phototriggered spatial pH-jump reaction. b Drug release profiles of DOPA from gels with and
without UV irradiation

the range from 70 to 110 mg/dl by an autofeedback mechanism under healthy
physiological conditions. It is necessary to externally administer exogenous insulin
to diabetic patients (type I IDDM) who cannot control their blood glucose level.
However, an overdose of exogenous insulin may result in hypoglycemia and coma,
which is a life-threatening state for these patients. Therefore, insulinmust be carefully
administered to avoid hypoglycemia in diabetic patients. Matsumoto and coworkers
have developed a glucose-responsive hydrogel system using phenylboronic acid, a
synthetic molecule capable of reversibly binding with 1, 2- or 1, 3-cis-diols including
glucose [34, 35]. The release of insulin from the gel was continuously controlled by
the skin layer with close correspondence to each addition of glucose. This system
can be used in a self-regulated insulin delivery system to treat diabetes mellitus.

4 Smart Nanofibers

Polymeric nanofibers are an exciting new class of biomaterial and have attracted
great attention because of their remarkable properties, such as high specific surface
area, high porosity, high molecular alignment, or nanosize effects. The incorpora-
tion of stimuli-responsive polymers into nanofibers takes advantage of the extremely
large surface area and porosity of nanofibers to generate a precision “on–off”
switch to control the morphology and function of the nanofiber. We have been
fabricating various temperature-responsive nanofibers using NIPAAm [36, 37]. For
example, cryopreservation of mammalian cells was demonstrated without loss of
viability during freezing process by using a PNIPAAm mesh because dehydrated
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PNIPAAm chains suppressed the formation of large extracellular ice crystals during
the freeze/thaw process [38]. A temperature-responsive fibrous hydrogel was also
used as a cell capture and release membrane [39]. The fibrous hydrogel captured
and released cells by self-wrapping, encapsulation, and shrinking in response to
temperature changes.

We have also synthesized the nanofibers using a temperature-responsive polymer,
P(NIPAAm-co–N-hydroxylmethylacrylamide(HMAAm)) for drug release control
applications. Fluorescein isothiocyanate (FITC)-dextran was directly embedded into
these nanofibers as the drug model. The prepared nanofibers showed on–off switch-
able swelling–shrinking behavior in response to temperature alternation cycles upon
crossing the LCST; correspondingly, the dextran release profile also showed the on–
off switchable behavior. After the first heating, approximately 30% of the loaded
dextran was released from the nanofibers. The release stopped after cooling below
the LCST, but the release restarted upon the second heating cycle. We also showed
temperature- and magnetic-field-responsive electrospun nanofibers containing an
anticancer drug and magnetic nanoparticles (MNPs). Upon applying an alternating
magnetic field, the temperature-responsive nanofibers shrank in response to the
increased temperature triggered by MNPs [40]. The incorporated drug was released
from nanofibers owing to the hyperthermic effect. These nanofibers demonstrated
the synergic effect of hyperthermia and chemotherapy for cancer cell therapy with
the hyperthermic treatment, which can reduce the side effects on normal tissues or
cells.

5 Smart Surfaces

Smart polymers also show considerable promise in designing smart switchable
surface trap systems. For example, a reversible microchannel surface capture system
was developed to capture/release bioanalytical beads (Fig. 4a) [41]. PNIPAAm was
grafted onto polydimethylsiloxane (PDMS) surfaces by a UV-mediated graft poly-
merization fromaphotoinitiator thatwas preadsorbed in the channelwall. The surface
traps captured PNIPAAm-grafted nanobeads uniformly above the LCST and facil-
itated their rapid release as the temperature was reversed to below the LCST. Lai
and co-workers have developed magnetic nanoparticles for diagnostic target isola-
tion because smaller particles display better association and binding properties to
the target analytes [42, 43]. The pH-sensitive magnetic particles showed the sharply
reversible change in size and magnetophoretic mobility to perform separation of
particles under continuous flow processing conditions. This system had been shown
to transfer more than 80% of a target protein from an input flow stream to a second
flow stream in a continuous flow H-filter device.

We have developed a novel approach to observe dynamic affinity changes in
RGD-integrin biding using RGD-immobilized temperature-responsive nano layer
surfaces (Fig. 4b). RGD was successfully immobilized on PNIPAAm copolymer’s
side chains via reactive groups of comonomer, CIPAAm [44]. The nano designed
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Fig. 4 a Smart separation and enrichment of dilute bioanalytical samples with simple ‘on–off’
switch control of the external stimuli. The microchannel walls are modified with the smart poly-
mers to minimize non-specific adsorption of serum components at ambient temperature while
allowing the trapping of the beads at selected positions in the channel at higher temperature. b
Design concept for an ‘on–off’ affinity switch to measure integrin–peptide binding utilizing smart
surfaces. At temperatures above the LCST, the grafted layer dehydrates and shrinks, thus exposing
the immobilized peptides to integrins under cell culture conditions. Upon lowering the temperature,
the grafted polymer is suddenly hydrated and extends outwards to shield the peptides from integrin
access, resulting in decreased binding affinity between integrins and peptides, followed by cell
detachment from the surface

surface can bind cells at 37 °C and spontaneously cause the detachment of cells
at 20 °C. This phenomenon arises from the specific design of the grafted polymer,
which protects peptides from integrin access below the LCST of PNIPAAm. The
tight coupling between cells and peptides on the surfaces produces a delay in the
detachment of cells from the surfaces. Indeed, the time required for cell detachment
is strongly related to the cell adhesion strength according to the trend: RGD < RGDS
< GRGD < GRGDS (R:Arg, G:Gly, D: Asp, S: Ser). This approach provides a quick
and simple method for examining time-dependent affinity changes between cells and
peptides. Also, we have successfully investigated the synergistic effect of PHSRN on
integrin-mediated cell binding using the same technique [45]. The PHSRN and RGD
co-immobilized NIPAAm surfaces dramatically retards cell detachment below the
LCST only when the peptide sequences were specifically designed with the optimal
distance between PHSRN and RGD, as observed in native fibronectin.
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6 Conclusions

Although this chapter focuses solely on the roles of smart polymer-based nanotech-
nologies within the fields of medicine, they have an extensive range of applications.
They are expected to help address many problems facing today’s society. These tech-
nologies, for example, maymake it possible to manufacture programmable materials
that require less energy to produce less waste than conventional materials. Recent
progress in polymeric synthesis has led to intriguing new “smart” polymer systems,
resulting from novel approaches for synthesizing random, block, or graft copolymers
as well as efficient control of molecular weight and its distributions. Furthermore,
smart materials focus onmany types of novel materials, including not only polymers,
but also ceramics, hybrid composites, shape memory alloys, magnetorheological
fluids, electrorheological materials, and nanotubes etc. These materials will enable
us to develop better, faster, cheaper and more powerful “smart” technology that has
the potential for improvements in health, safety, quality of life, particularly for wear-
able healthcare devices in the resource-limited environments such as aerospace, or
low-infrastructure sites such as developing world.
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Nanoarchitectonics at Interfaces
Bridging Molecules with Cell Phenotypes
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1 Introduction

The establishment of induced pluripotent stem cells (iPS) cells and disease-specific
iPS cells has opened doors to rebuild physiological andmalignant tissues in any some
laboratories [1, 2]. To apply these useful cell resources for regenerative medicines
or drug screening, it is crucial to develop methods to keep their stemness, selectively
induce their differentiation, and assemble them into physiologically relevant tissue
structures. The knowledges are accumulating on the recipes when and how much
soluble factors, like cytokines and growth factors, should be added in culture media
[3, 4]. However, the processes are also highly dependent on chemical andmechanical
properties of their substrata and their relationships are yet-to-be-elucidated from
much more fundamental sides.

Cell adhesion to substrates starts from the molecular interactions between trans-
membrane integrins and specific motifs in extracellular matrix (ECM) proteins. The
integrin molecules are existed as heterodimers of an α and β subunits in the plasma
membranes. So far, more than twenty different heterodimers have been identified,
each has its own selectivity against various ECM proteins [5]. The engagement
of the ECM ligands to integrin induces clustering of the transmembrane proteins,
accumulating various signaling and adaptor proteins, such as focal adhesion kinase
(FAK), paxillin, talin, and vinculin, to the intracellular space in between integrin
and actin cytoskeletal networks (Fig. 1a). These large protein clusters are called
focal adhesion or focal complex, depending on their degree of maturation. Such
accumulation process of multiple proteins in response to extracellular signals is like
the activation processes of receptor tyrosine kinase cascades against soluble factors
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Fig. 1 Schematic representations of signaling centers and activation processes of a integrin and b
receptor tyrosine kinase signaling

(Fig. 1b). However, due to the non-diffusive nature of the ECM ligands, the inten-
sity of the signals is determined by the nanoscopic clustering of the ligands, rather
than the concentration of the ligands. Especially, native ECMs have nanometer range
textures, therefore nanoscopic control of ECM ligands is physiologically relevant [6].
Another important feature of focal adhesions is that they serve not only as hubs of
biochemical signal transduction, but also as the mechanical supports against cellular
traction force applied from actomyosin cytoskeletal structures. Therefore, in addition
to local biochemical signal transduction occurring nearby the focal adhesions, we
should pay attentions to reactions at distal sites mechanically transmitted through
the cytoskeletal networks. Such features increase additional complexity compared
to those of soluble ligands-mediated signaling, thereby intriguing researchers to
an emerging discipline, mechanobiology. In this chapter, we will briefly overview
how cells sense their surrounding nanoscopic and mechanical cues and integrate the
information to adapt themselves to specific phenotypes, especially focusing on key
materials and technologies useful to resolve the complex cellular system. The readers
will notice conceptual similarity, in terms of nanoarchitectonics, to the other chapters
of this book.
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2 Geometrical Nanoarchitectonics

One of the straightforward approaches, to look at the impact of cell-ECM interactions
on cellular responses, is to control the surface density of entire ECM proteins or their
fragments immobilized to the substrate surface. Conventionally, the relationships
have been studied by simply changing the amount of physically adsorbed proteins
or the composition of mixed self-assembled monolayers (Fig. 2a). However, this
strategy makes cells exposed to non-homogenous ligand distribution, especially in
the molecular-scale nanoscopic resolutions, thereby the cellular phenotypes become
the products of broad ranges of inter-ligand spacing with obscured causal relation-
ship between them (Fig. 2b(i)). In addition, the scale which integrin molecule recog-
nizes are in the order of tens of nanometer, which are difficult to be produced by
conventional photolithography. To tackle this technical difficulty, Spatz et al. devel-
oped block copolymer nanolithography (Fig. 2c) [7]. This method is based on the

Fig. 2 Approaches to manipulate cell-ECM interactions. a A simple dilution method to control
surface ligand density. b Conceptual diagram of distribution of the distance between neighboring
ligands on the methods based on methods shown in (i) A and (ii) C. c The procedure of block
copolymer nanolithography. d Schematic illustration of a gold nanoparticle array in hexagonal
arrangement. eScanning electronmicrograph images of gold nanoparticle arrayswith different inter-
particle separations. f The nanopatterned substrate activates integrin heterodimers corresponding
to the distance between arrayed nanoparticles
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self-assembly of reverse micelles entrapping HAuCl4 at the substrate surface by
dip-coating or spin-coating. The following plasma treatment burns out the organic
shells and reduces the gold salt into gold nanoparticles embedded in the substrate
surface in a hexagonal arrangement. Subsequent modification of the gold nanoparti-
cles with an ECM ligand via the thiol-gold chemistry and passivation of surrounding
glass regions by poly(ethylene glycol) silane, the surface presents the ECM ligand
corresponding to the gold nanoparticle arrays. The configuration of gold nanopar-
ticle arrays can be tuned by the amount of the gold salt as well as the chain length
of hydrophobic/hydrophilic segments of the block copolymer, ranging from 1 to
12 nmnanoparticleswith 10–200 nm interparticle separations (Fig. 2d, e). Especially,
when the gold nanoparticles size is designed to be in the single nanometer order,
each nanoparticle can accommodate single integrin heterodimer, thereby allowing
to precisely control the separation between ligand-engaged (thus activated) integrin
heterodimers corresponding to the distance among arrayed nanoparticles (Fig. 2b(ii)
and f). By using the nanopatterned substrates, the threshold of integrin heterodimers
clusters required for the focal adhesion maturation has been identified to be around
60 nm [8]. This threshold is universal to various cell types at least the cells are
attached to the rigid substrates, like glass. However, a recent study demonstrated that
the threshold dynamically changes depending on the stiffness of the matrices [9].
Another important aspects of this research strategy is that the size of nanopatterned
substrate can be enlarged up to several cm2 scale, enabling studies of cellular pheno-
types by standard biochemical analyses, such as reverse transcription polymerase
chain reaction (RT-PCR) and western blotting. It is a remarkable feature that normal
top-down approaches lack.

Block copolymer nanolithography gives quantitative and molecular-level control
of cell-ECM interactions. When this technology was combined with other conven-
tional top-down processes, nanoarchitectonic feature of focal adhesion maturation
can be addressed quantitatively. Arnold et al. used the electron-beam (EB) lithog-
raphy to prepare hierarchical structureswith several hundred nanometer islandsmade
of arrayed gold nanoparticles and found the bridging of paxillin-rich nascent adhe-
sions across non-adhesive spacing through actin bundles [10]. On the other hand,
Shimizu and coworkers introduced photocleavable poly(ethylene glycol) (PEG)
together with cRGD ligand (Fig. 3a) [11]. On this substrate, the cRGD ligand is
covered by PEG brushes, therefore the nanopatterned ECM ligand becomes only
addressable upon photoirradiation. They utilized this photoactivatable nanopatterned
substrate to confineHeLacells in a given circular cluster and induce theirmigrationby
releasing the geometrical confinements (Fig. 3b). What they found in this study was
detachment of cell–cell cohesion and loss of collective feature on the nanopatterned
substrate. Such phenotypes was associated to hampering of FAK phosphorylation
signaling between Y397 and Y861. This study demonstrated the effect of nanoscopic
molecular clustering leads to cell–cell cohesion, or further to collective migration,
highlighting the nanoarchitectonic aspects of cell adhesion and collective behaviors.

Besides the clustering of integrin molecules, the existence of another larger
geometrical feature at the cell-ECM interface was identified by different studies.
Garcia and coworkers combined the substrates bearing hundreds of nanometer scale
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gold regions (250, 333, 500, and 1000 nm), prepared by means of EB lithog-
raphy, and the biochemical manipulation of adhesive force, cytoskeletal tension,
and molecules that link integrin and cytoskeleton (Fig. 4a) [12]. This study demon-
strated that geometrical area required for the focal adhesion maturation was not
constant, rather it is determined by the balance between cell-ECM adhesion force
and cytoskeletal tension (Fig. 4b). Also, Gautrot used colloidal lithography [13] to
investigate the effect of geometrical frustration (confinements) on wider range of

Actin Vinculin Talin PaxillinECM protein

Fadhesion

Fcytoskeletal

Small focal adhesion area Large focal adhesion area 

a b

Fig. 4 Manipulation of cell-ECM interactions at the scale around nascent adhesion. a Schematic
illustration of the cell adhesion machinery formed within hundreds of nm scale geometrical gold
regions. b The focal adhesion maturation is determined by a balance of cell-ECM adhesion force
and cytoskeletal tension
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adhesion-associated proteins, including integrin β1, paxillin, talin, FAK, cortactin,
and vinculin in the spreading of endothelial stem cells [14]. It is concluded that this
range of nanoscopic areas change the dynamics of vinculin, which is involved in
mechanical coupling in between the substrate and cytoskeletal tension, but show no
effect on the proteins involved in initial step focal adhesion formation. Furthermore,
a later super-resolution microscopy study demonstrated that large micrometer-size
focal adhesions contains ample smaller adhesion structures with several hundred nm
size below the diffraction limit [15]. Therefore, it is indicated the micrometer size
matured focal adhesions are actually grown up from such small adhesions, upon
fulfilling the biochemical and mechanical criteria discussed above.

The impact of nanotopography surfaces with nano-scale features has been also
extensively studied [16]. These substrates not only provide similar-scale 2D geomet-
rical frustration to those on nanogeometrical surfaces, but also manipulate curvature
of basal membranes due to the 2.5D feature of the substrates. Therefore, additional
unique cellular responses canbe imposedby themembrane curvature sensor signaling
[17].

3 Mechanical Nanoarchitectonics

In living system, cells encounter various mechanical stimuli, like blood flow, hydro-
static pressures, and the elasticity of surrounding matrices. Especially for the last
one, Young’s modulus ranges from tens of pascal in the softest brain to gigapascals
in the stiffest bone tissues (Fig. 5) [18]. These variations play an important role in
keeping homeostasis of different tissues, but also in drastically changing cellular
fates, such as stem cell differentiation [19] and malignant phenotypes of cancer
cells [20]. For example, a pioneering study by Engler et al. demonstrated that the
differentiation lineage of mesenchymal stem cells is determined by the stiffness of
underlying matrices, committing them to the lineage corresponding to the tissue-
level elasticity [21]. In particular, the shape of each cell varies from round to flat
spread shapes as increasing the stiffness of these substrates in a fashion reminiscent
of stem cells attached on surfaces with different micrometer-size adhesive regions
[22]. Interestingly, the lineages impacted by surface stiffness and micro-patterned
structures are closely correlated and those two processes are commonly regulated by
the changes in the cytosolic/nuclear localization of hippo-family transcription cofac-
tors YAP (Yes-associated protein) and TAZ [23, 24]. These facts indicate that the
overall cell morphology is critical for the fate decision of stem cells and the cells feel
their own changes from the bending of cytoskeletal structures or nucleus (Fig. 6a).

Besides such global mechanical sensing, the substrate rigidity is sensed at the
molecular levels, as well. In particular, variousmechanosensingmolecules have been
identified in extracellular matrices, integrins, and focal adhesion-related proteins
[25]. One common force sensing mechanism is traction-induced unfolding at some
parts of their protein structures (Fig. 6b). Such structural changes result in exposing
cryptic binding sites to allow them to polymerize or interact with other proteins [26].
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Fig. 5 Elastic modulus of biomedical tissues

The existence of these molecular-level mechanosensors adds further complexity to
mechanotransdution, such as their dependence on the type of integrin-ECM complex
[27] and the time frame [28]. Therefore, t is important to consider nanoarchitec-
tonics of mechanobiological responses to surrounding mechanical stimuli both from
physiochemical and mechanical aspects.

In most earlier studies, simple linear elastic materials, such as polyacrylamide
hydrogels [29] and polydimethylsiloxane (PDMS), were utilized as substrates
because of their facile preparation and easy-to-analyze. However, it has been
noticed that the ways of tethering ECM ligands to these substrates affect cellular
mechanosensing [30, 31], which intrigues another issue either cells sense stress
or strain [32]. Moreover, native extracellular matrices have visco-elastic property,
and in fact, some ECM proteins, like collagen, show stress-stiffening nature due to
their fibrous structures [33]. Therefore, recent trends are moving to develop synthetic
substrates that mimicmechanical characteristics or fibrous structures of natural ECM
[34]. To focus on the impact of viscosity on cellular responses, Cameron et al. elab-
orated a series of polyacrylamide hydrogels with a constant storage modulus with
varied loss moduli, by carefully choosing monomer and crosslinker ratios [35, 36].
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Fig. 6 The hierarchical feature of mechanical sensing. a Cellular level mechanosensing based on
in response to the global change of cellular shape, which is sensed by the changes in the bending of
actin cytoskeleton or nucleus. bAmolecular-level mechanosensing based on a protein that exposes
a cryptic binding site toward another target protein

Uto et al. tuned the crosslinking as well as crystalline/non-crystalline state of poly(ε-
caprolactone)-based polymers and demonstrated the effect of fluidity as well as elas-
ticity on cell spreading and cell senescence [37, 38]. On the other hand, Chaudhuri
et al. introduced ionic bonds into alginate-based hydrogels to investigate the impact
of stress relaxation on cell spreading and differentiation (Fig. 7a) [39, 40]. The stress
relaxation properties of the alginate gels crosslinked by calcium can be modulated
owing to the changes in connectivity and entanglement in the network depending
on molecular weight of the polymers. To make ECM ligands more mobile, Yui
et al. developed polyrotaxane-based polymeric surfaces composed of cyclodextrin
threaded onto the PEGblock (Fig. 7b). The dynamicity of the ECM ligand accelerates
the initial interactions with integrin [41] and eventual stem cell differentiation [42].
Alternatively, amphiphilic block copolymers [43] or lipid bilayers [44, 45] can be
used as a platform with tunable ligand mobility (viscosity) by changing their compo-
sitions (Fig. 7c). In the direction of focusing on the effect of viscosity (or fluidity) of
matrices on cellular responses, the most extreme case is to use water-immiscible and
denser liquids, like perfluorocarbon, as culture substrates (Fig. 7d). Conventionally,
such liquid–liquid interface has been considered too dissipative to bear cellular trac-
tion force. However, when reactive surfactants, like pentafluorobenzyl chloride, were
added to the organic phase, protein nanosheets, with sufficiently high shear modulus,
were developed at the liquid–liquid interface [46, 47]. Furthermore, by choosing an
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appropriate perfluorocarbon species, robust protein nanosheets were formed by the
self-assembly process [48, 49]. Even though the elasticity of the protein nanosheets
is within the super-physiological level, cells seemed to feel differently the mechanics
of the protein nanosheets, it is shifted to upward range due to larger strain of free-
standing protein layers. Furthermore, the liquid–liquid interface culture system is
expected as an ideal platform for 3D bioreactors, when they were applied to the oil
droplets in microfluidic systems [50].

Above studies used various terms (viscosity, mobility, stress relaxation, fluidity,
etc.) for representing the visco-elastic feature of substrates. Among them, stress-
relaxation becomes nowadays the most widely-used word because it is a reasonable
parameter to discuss how cells respond to mechanical stimuli based on the frame-
work of molecular clutch model (Fig. 7e) [51]. In this model, actin retrograde flow
driven by cellular intrinsic contractility is modulated by dynamic linkage of adhe-
sion machinery between substrate and actin cytoskeleton [51]. Currently, molecular
clutch model is mainly used to discuss the cellular mechanobiology at cell-ECM
interfaces mediated by integrins, but it is expected to be generalizable to cell–cell
cohesion and adhesions mediated by other proteins.
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4 Concluding Remarks

Here,weoverviewedgeometrical andmechanical nanoarchitectonics in cell adhesion
machinery, whose comprehensive understanding is crucial for reproducing phys-
iologically relevant tissues in various biomedical applications. In spite of recent
progress through the development of sophisticated materials with nanomechanical
features, their molecular level understanding of dynamic behaviors are still in the
immature state and await for future work by the combination of these materials and
advanced high-resolution imaging techniques.
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Electrical Measurement
by Multiple-Probe Scanning Probe
Microscope

Yoshitaka Shingaya and Tomonobu Nakayama

1 Introduction

To measure the physical properties of new nanomaterials that are formed using
nanoarchitectonics technology is extremely important. Therefore, we have developed
a multiple-probe scanning probe microscope (MP-SPM) to measure the properties
of new nanomaterials, especially the electrical conductivity, in nanoscale. The aim
of this technology is to enable the measurement of the electrical properties of nano-
materials at designated positions by increasing the number of probes in a scanning
probe microscope to two, three, and four. Since scanning probe microscopes have
very high resolution at the atomic scale [1–3], each probe of multiple-probe SPM
has also high spatial resolution. Therefore, it is possible to place probes on nanoma-
terials with very high positional accuracy. If the resistance between any two points
on a nanowire is measured using two probes of a double-probe SPM, the resistivity
of the nanowire can be obtained. By using the three probes of triple-probe SPM, the
electrical characteristics of a nanotransistor can bemeasured. Furthermore, if the four
probe of quadruple-probe SPMwith four probes is used, the resistivity of nanosheets
can be measured by the “four-probe method” without being influenced by contact
resistance. As mentioned above, multiple-probe SPM is a novel technique that can
accurately determine the electrical properties of nanomaterials that have been diffi-
cult to measure at the nanoscale in the past, and is an indispensable measurement
technology in order to develop the nanomaterials and nanosystem constructions.
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2 Development of Double-Probe Scanning Tunneling
Microscope System

Figure 1a shows the world’s first double-probe scanning tunneling microscope (DP-
STM) that actually worked [4]. This apparatus is composed of a load lock chamber,
a sample preparation chamber, and STM observation chamber. In the apparatus,
all process such as the cleaning sample substrate, producing a nanostructure to be
measured, and STM observation can be performed in an ultrahigh-vacuum environ-
ment. Figure 1b showsmeasurement stage of DP-STM. Both probes are attached to a
cylindrical piezo actuator, and fine scanning is possible. Moreover, they are attached
to a coarse motion stage which is driven by an inertia motion drive system, and the
probes can be arranged at an arbitrary position on the sample surface. Each probe
is bent at an angle of about 50° with respect to the sample surface so that the tips
can approach each other. The STM observation is carried out at room temperature.
After the development of the first DP-STM of our system, various designs of the
MP-SPM have been reported by various research groups [5–21]. Figure 2 shows an

Fig. 1 a Photograph of
world’s first UHV DP-STM
equipped with a sample
preparation chamber and a
long-focus optical
microscope with a CCD
camera. b Photograph of
measurement stage of
DP-STM. Tilted tungsten
tips were attached to the
cylindrical piezo actuators.
Reproduced from [34], with
the permission of Wiley
Publishing
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Fig. 2 a Photograph of the
ultracompact TetraProbe
multitip scanning probe
microscope. Four
independent STM units are
integrated within a diameter
of 50 mm, resulting in
unsurpassed mechanical
stability, enabling
atomic-resolution imaging
with each tip. b Schematic
side view of the internal
structure of the TetraProbe
instrument. Reproduced
from [22] with the authors’
permission

ultracompact multitip STM developed by Cherepanov et al. [16, 22] Cherepanov and
co-researchers have developed an original system, in which four independent STM
units are integrated on a diameter of 50 mm. The heart of this STM is a new type
of piezoelectric coarse approach called KoalaDrive [23]. The compactness of Koal-
aDrive allows the fabrication of a four-tip STM as small as a single-tip STM with a
drift of less than 0.2 nm/min at room temperature and lowest resonance frequencies
of 2.5 kHz (xy) and 5.5 kHz (z).

In measurement by using two-probe system, we should include influence of the
contact resistance between the measured sample and the probe. Generally, the resis-
tance at a certain probe distance L can be written as R(L). R(L) is constant when
the object to be measured is a three-dimensional conductor, R(L) ∝ lnL when it is a
two-dimensional conductor, and R(L) ∝ L when it is a one-dimensional conductor.
After that, a finite contact resistance Rc is added, finally the total measured resistance
is expressed as R(L)+ Rc. In the case of a three-dimensional conductor, R(L) and Rc
cannot be obtained by two-probe resistance measurement, but for two-dimensional
and one-dimensional conductors, R(L) and Rc can be obtained when the resistance is
measured while changing the distance between probes. In DP-STM measurements,
the resistivity of the nanomaterial and the contact resistance between the probes and
the nanomaterial are obtained by measuring the interprobe distance dependence of
the resistance.
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3 Elemental Technology for Realizing Double-Probe
Scanning Tunneling Microscope

3.1 Development of Ultrasharp Probe

In MP-SPM measurement, the shape of the probe is very important. This is because
the minimum distance between the probes is limited by the shape of the probe apex,
that is, the radius of curvature of the probe apex. Figure 3a shows the schematic
diagramof this. Some reseach groups have already reported a carbon nanotube (CNT)
probe, a CNT attached to the apex of a tungsten tip can be used as a sharp probe
of SPM [24–29]. However, the CNT probe has a problem in the reproducibility of
the contact resistance between the CNT and the metal probe. Therefore, although it
can be used as a probe with an SPM for observing the shape, it cannot be used as
a probe for electrical measurement. Konishi and co-researchers have reported that a
metal coating can be applied to the CNT probe so that it can be used as a probe for
electrical measurement [30]. However, the thichness of metal layer is not so small.
Here, we have developed ultrasharp probes with conductive oxide nanorods as an

Fig. 3 a Schematic diagram of the minimum interprobe distance Lmin between two probes: two
conventional tungsten probes and two WOx nanorod probes grown at apexes of two W probes. b
SEM image of WOx nanorods grown on W(001) surface. The aligned WOx nanorods indicate that
they were epitaxially grown on the tungsten substrate. c SEM image of WOx nanorods directly
grown on tungsten tip. d SEM image of WOx nanorod on tungsten tip. Amorphous carbon is
deposited by locally irradiating an electron beam to the portion where the nanorod growth is to be
inhibited using an SEM. Reproduced from [34], with the permission of Wiley Publishing
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alternative to CNT probes. The nanorods were grown directly on a metal probe [31].
Tungsten oxide was deposited on a tungsten tip by heating a tungsten filament in
an ultrahigh-vacuum chamber at an oxygen partial pressure of 10−3 to 10−4 Pa. By
heating the tungsten tip to about 600 to 700 °C, a tungsten oxide rod of 10 to 100 nm
diameter can be grown. Tungsten oxide is known to form intermediate oxides of
various compositions, but it has been clarified that intermediate oxides with a [001]
crystallographic shear (CS) structure mainly form under these growth conditions.
Since this structure has metallic electric conduction, it can be used as an STM probe
and an electric conduction measurement probe. When using an ultrasharp probe
with a nanomaterial having such a high aspect ratio attached to the tip for electrical
conduction measurement, in addition to the electrical conduction characteristics of
the nanomaterial, the part in contact with the nanomaterial and the metal probe
often becomes problematic. Here, since the conductive tungsten oxide nanorods are
grown directly on the tungsten tip, the contact resistance can be kept small. Actually,
it has been revealed that the crystal orientation of a grown nanorod shows epitaxial
growth having a certain relationship with the crystal orientation of the substrate
[32]. Figure 3b is an SEM image of WOx nanorods grown on a single-crystal (001)
plane of tungsten. It can be seen that the nanorods grow in a certain direction on the
single-crystal substrate. This indicates that WOx is grown with a certain epitaxial
relationship with the substrate. Therefore, the part in contact with the nanorod and
the substrate is highly reproducible, and good electrical contact is always guaranteed.

Although a conductive nanorod probe has good electrical contact with the support
substrate, simply growing it on a tungsten tip will cause many nanorods to form on
the tip as shown in Fig. 3c, By using these probes, we cannot approach two probes
at the close position to each other. Therefore, we have developed a method in order
to locally inhibit nanorod growth as follows. First, amorphous carbon is deposited
by locally irradiating an electron beam to the portion where the nanorod growth is
to be inhibited using an SEM. The vicinity of the apex of probe is not deposited.
Next, the tungsten tip is dipped into a hydrogen fluoride solution immediately before
the nanorod growth. By the treatment with hydrogen fluoride solution, the natural
oxide film is removed, and the nanorod can be epitaxially grown. Since the natural
oxide film is not removed by dipping in the hydrogen fluoride solution when the
amorphous carbon is deposited, nanorods do not grow on that portion. Figure 3d
shows an amorphous carbon coating preliminarily applied in the vicinity of the apex
of a tungsten tip and then treated with hydrogen fluoride solution. Here, a single
nanorod can be selectively grown near the apex by preventing amorphous carbon
from coating most of the apex of the probe. This shape of the probe is optimum
structure for measuring the electrical conductivity of nanostructures.

3.2 Electrical Measurement by Using Ultrasharp Probe

This ultrasharp nanoprobe was actually introduced into the DP-STM system, and
the electrical measurement of a nanostructure was performed to estimate the shortest
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interprobe distance that could be realized. Although WO3 unit is a semiconductor,
WOx has metallic electrical conductivity because it is considered that the oxygen-
deficient part has conductivity. Therefore, when the nanostructure to be measured is
very small, the contact resistance varies markedly. This is because that the contact
resistance is depend on which part of the nanorod surface contact with the sample.
As described above, in the electrical conductivity measurement by the DP-STM, it
is necessary to repeatedly measure electrical conductivity by changing the distance
between the probes while keeping the contact resistance constant. Here, for that
purpose, the surface of the WOx nanorod was coated with 3 to 6-nm-thick platinum
and used as a probe for STM and electrical measurement. An ErSi2 nanowire was
used as the measurement target. ErSi2 nanowires were formed by the thermal evap-
oration of Er on a Si (001) surface heated to 650 °C. Figure 4a is an STM image of
ErSi2 nanowires after electrical conductivity measurements using the DP-STM. The
nanowire has a width of 2.1 nm and a height of 0.66 nm. Probes were placed at both
ends of the nanowire, and the I–V curve was measured after placing the probe in
contact with the nanowire as shown in Fig. 4b. Thereafter, both probes were moved
10–20 nm in opposite direction to bring them closer together, and then, placed in
contact with the nanowires again to perform I–V curve measurement. This operation
was repeated to obtain 12 R–L plots as shown in Fig. 4c. From this method, it was
found that the resistivity of the nanowire was 0.27 m�cm. The shortest distance
between probes that could be used for electrical measurement was 72 nm. After the
electrical measurement was performed with a probe distance of 72 nm, when the
distance between the probes was further reduced to 65 nm, the two probes came in
contact with each other. This result indicates that the use of an ultrasharp probe with

Fig. 4 a STM image (546 × 109 nm2) of ErSi2 NW obtained with a Pt/WOx nanorod probe after
electrical resistance measurement using the DP-STM. b I–V curves obtained with three different L
values. c Measured resistances as a function of L. The lower-right inset is a magnified STM image
corresponding to the part indicated by a white rectangle in (a) and its STM profile along the white
line indicated in themagnified image. Reproduced from [31], with the permission of AIP Publishing
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tungsten oxide nanorods enabled electric measurement with a probe distance of less
than 100 nm, which could not be realized with a conventional metal probe.

Using this ultrasharp nanoprobe, it is not only we can reduce the distance between
probes, but also we can keep the contact area small and constant when the probe is
brought into contact with the nanostructure. Because the nanorod is very thin, the
area in contact with the nanostructure for measurement does change little even if
the position of the probe shifts in the Z direction. In addition, since the nanorod is
flexible, even if the position fluctuates in the Z direction, an excessive force is not
applied to the measurement target.

Next, we measured the electrical conductivity of ErSi2 nanowires consisting of
four segments with different thicknesses using the ultrasharp nanoprobe.When ErSi2
nanowires are brought into contact with a probe, nanoparticles are always formed
at the contact position which is considered to be derived from the probe. The probe
cannot again be placed in contact at the same place where a nanoparticle is formed.
Generally, the size of the nanoparticles is about 1 to 2 nm by using an ultrasharp
probe. Therefore, precise electrical measurement is possible by bringing the probe
into contact with the nanowire at 5 nm intervals. Figure 5a is an STM image of ErSi2
nanowires after DP-STM measurement. The four segments have different cross-
sectional shapes. The schematic diagram shows the cross-sectional shape and size
of each segment. Probe 2 moved over segments iv, iii, and ii. On the other hand,
probe 1 moved only over segment i. Figure 5b is a plot of the resistance between
probes versus the probe distance. A different slope was obtained for each segment.
This is due to the change in the cross-sectional area of the nanowire. By performing
electrical measurement using a very sharp nanoprobe and maintaining a constant
contact condition, it was possible to detect a very small change in the cross-sectional
area with a width of 0.6 nm and a height of 0.33 nm as a slope change in the R–L
plot. This result shows that DP-STM measurement, which can accurately measure
distance-dependent resistance, is a powerful tool for determining the local resistance
of nanomaterials. More interesting results have been obtained by performing such
precise distance-dependent resistance measurements. The location where the change
in the slope of the distance-dependent resistance in Fig. 5b occurred was found to
shift from the point where the cross-sectional area actually changed. The distance of
this deviation was 27 ± 10 nm. The model as shown in Fig. 5c has been proposed
to explain why this phenomenon occurred. When a voltage is applied to the ErSi2
nanowire and electrons are injected, the electrons move within the nanowire for a
distance corresponding to the mean free path without being scattered. However, if
the distance exceeds the mean free path, the conduction becomes diffusive and a
resistance component is generated. When the probe approaches the thick segment
of the nanowire, it is considered that the influence of the cross-sectional area starts
to appear in the resistance change from a distance of about the mean free path to
the position where the cross-sectional area change occurs, and the slope changes.
Such precise local resistance measurement was made possible for the first time by
the MP-SPM equipped with an ultrasharp nanoprobe.
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Fig. 5 a STM image (600 × 133 nm2) of ErSi2 NW, on which resistance measurements were
performed using WOx nanorod probes. A schematic illustration of this NW is shown below the
image. The cross-sectional area of the NW changes at positions A and B. b R–L curve measured
on the NW shown in (a). The points in the R–L curve where the slope changes (α and β) are not
aligned with points A and B where the cross section changes, respectively. c Schematic diagrams of
possible transport mechanism. Red broken lines indicate ballistic transport, which is considered to
occur near the point of contact of the probe, whereas black broken lines indicate diffusive transport.
Reproduced from [34], with the permission of Wiley Publishing
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4 Development of Quadruple-Probe Atomic Force
Microscope System

Inspired by the unprecedented measurement results provided by the DP-STM,
quadruple-probe conductive atomic force microscopes (QP-c-AFMs) were devel-
oped to further expand the range of objects of measurement to more general mate-
rials [33–35]. An atomic force microscope adopts a self-sensing-type force sensor
that uses a quartz tuning fork. This eliminates the need for optical axis adjustment
required in the optical cantilever system. The self-sensing method is advantageous
for increasing the number of probes to two, three, and four. The tuning fork uses the
qPlus method, in which one of the two prongs is fixed and the other vibrates [36].
A tungsten wire of 0.1 mm diameter and 2–4 mm length whose tip was sharpened
by electrochemical etching was attached to the end of the prong to be vibrated. As a
result of attaching such a long wire, the tips of the four probes can be brought closer
between the tuning fork assemblies without interfering with each other. A tube-type
piezo actuator is attached to the sample, and the actuator is possible to scan the
sample in the XY directions. The feedback in the Z direction can be performed inde-
pendently using tube-type piezo actuators attached to each probe. Therefore, four
different images can be obtained simultaneously by scanning the sample in the XY
directions. By comparing the four image patterns, the relative positional relationship
among the probes can be obtained. In addition, since the piezo actuators attached to
the probes can be used for XY scanning, potential mapping can also be performed
during current flow through a fixed probe [35]. In this case, one of the four probes is
used for a Kelvin probe forcemicroscope. In suchmeasurement, the four probes need
to be operated in conjunction. To enable such probe control, a four-probe integrated
control system and dedicated control software were developed.

Figure 6 shows a photograph of one of the QP-c-AFM systems. The QP-c-AFM
measures not only individual nanostructures but also nanosystems constructed by
combining nanostructures. In themeasurement of a nanosystem, there aremany cases
where the target structure is formed only in a limited region on the sample surface.
Therefore, it is advantageous to combine the QP-c-AFM with other microscopes
that can observe a wide range quickly. The QP-c-AFM has an arrangement in which
the sample surface to be observed is located near the top of the system, making it
possible to bring the objective lens of an optical microscope or scanning electron
microscope closer to the sample surface. These microscopes can be used to easily
search for specific nanosystems or markers by approaching them.

5 Electrical Measurement of Nanosystem with QP-c-AFM

An example of an actual measurement of a nanosystem using a QP-c-AFM is shown.
A network of conductive polyaniline nanofibers was measured [37]. Polyaniline
nanofibers were produced by a catalyst-free method using H2O2, and a network
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Fig. 6 Photograph of a QP-c-AFM. Four tube-type piezo actuators with tuning fork sensors were
installed horizontally. The sample surface to be observed is located near the top of the system. This
arrangement makes it possible to bring the objective lens of an optical microscope or scanning
electron microscope closer to the sample surface

structure was formed on the SiO2 substrate by drop casting. The typical length of a
nanofiber is 5 μm and the diameter is 50 nm. It is important to clarify the electrical
properties of individual components in the characterization of nanosystems. First, the
resistivity of a single polyaniline nanofiber was determined by two-probe distance-
dependent measurement. Figure 7a is an AFM image of the measured polyaniline.
I–V curves were measured at each measurement point. Figure 7b shows a typical
I–V curve. From the slope of the resistance–distance plot shown in Fig. 7c and the
fiber diameter, the resistivity of the single nanofiber was determined to be 196 �cm.
Next, to obtain information on the resistance between the components, which is
important in the analysis of the nanosystem, the resistance of a single crossing point
of the nanofibers was obtained using a QP-c-AFM. Figure 8a shows an AFM image
of the crossing point of polyaniline nanofibers measured by two-probe distance-
dependent measurements. First, the fiber was cut to isolate a single crossing point
from the network. AFM probes can also be used for nanostructure processing. Here,
the portion indicated by the dashed line in Fig. 8a was cut using the third probe,
which was not used for measurement. While probe 1 moved on the fiber across the
crossing point, probe 2 performed measurement at a nearly fixed position. In this
case, the probe moved on the overlying fiber. A large resistance jump was observed
across the crossing point as shown in Fig. 8b. The resistance at the crossing point
was found to be 2.1 G� from the difference in resistance at this time. On the other
hand, when the probe moved on the underlying fiber, a large variation in resistance
was observed. Figure 8c shows an AFM image of the measured fiber crossing point.
While probe 1moved on the underlying fiber before the crossing point, the resistance
greatly increased and decreased, but when probe 1 moved on the same fiber as probe
2 beyond the crossing point, the resistance became stable, as shown in Fig. 8d,
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Fig. 7 a AFM image of single PANI fiber. Blue dots indicate the initial positions of the probes and
arrows indicate the direction of the tip shift. b Typical I–V curve of single PANI fiber, which was
measured at an interprobe distance of 1.23 μm. c Resistance of single PANI fiber as a function of
interprobe distance. Reproduced with permission from [37], Copyright (2016) The Japan Society
of Applied Physics

and the R–L plot formed a straight line. This result revealed that nanomechanical
stimulation by the probe destabilized the contact between the fibers and induced large
fluctuations in the resistance. Thus, it has been shown that by using an QP-c-AFM,
the electrical characteristics of a single component of a nanosystem and the electrical
characteristics of the contacts between the components can be clarified.

6 Summary

The development of an MP-SPM started from a DP-STM and has evolved into a QP-
c-AFM.TheQP-c-AFM,which canmeasure the potential distribution in a designated
area with current flowing between two designated points, is an indispensable tech-
nology for the characterization of nanosystems such as neuromorphic networks. As
future work, there are two targets. In nanosystems, the interaction among compo-
nents is expected to change sensitively with environmental changes. Therefore, one
target is that the development of an MP-SPM that can be operated under temperature
control and atmosphere control is expected. The other target is about probes. It is also
important for the MP-SPM to further reduce the accessible size. For that purpose, it
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Fig. 8 a AFM image of PANI fibers including a crossing point. Probe 1 was shifted from the
overlying fiber to the underlying fiber across the junction. White dashed lines in the image indicate
the position where the fiber was cut using the probe before resistance measurement. The inset
shows a AFM image of the cut fiber. b Resistance of PANI fibers with crossing point as a function
of interprobe distance. c AFM image of PANI fibers including a crossing point. Probe 1 was shifted
from the underlying fiber to the overlying fiber across the junction. d Resistance of PANI fibers
with crossing point as a function of interprobe distance. Reproduced with permission from [37],
Copyright (2016) The Japan Society of Applied Physics

is important to develop further sharper conductive nanoprobe that can be used for an
SPM and electrical conductance measurement.
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Large-Scale First-Principles Calculation
Technique for Nanoarchitectonics: Local
Orbital and Linear-Scaling DFT
Methods with the CONQUEST Code

Tsuyoshi Miyazaki, Ayako Nakata, and David R. Bowler

1 Introduction

Detailed microscopic information of atomic and electronic structures is necessary
to understand the unique functionalities or highly efficient properties of nanostruc-
tured devices or materials. First-principles calculations based on density functional
theory (DFT) have been playing important roles in clarifying such information at the
atomic scale for various materials [1], and they should be useful for investigating
nanostructured materials. However, a DFT study of nanostructured materials is very
difficult or almost impossible because of its computational cost.

The computational cost of conventional DFT methods, especially with the most
widely used plane-wave basis set, is very high for large systems. There are two main
reasons for this. First, we need many CPUs to employ large-scale DFT calculations,
but the efficiency of plane-wave DFT calculations strongly depends on the perfor-
mance of fast Fourier transforms (FFTs) and it is difficult to achieve high efficiency
for FFTs on massively parallel supercomputers. Second, the computation time of
usual DFT methods increases cubically with the number of atoms (N) in the target
system. If we need to double the system size, the computation cost will increase by
eight times.

Because of these difficulties, it is very expensive to treat systems of more than a
thousand atoms by the conventionalDFTmethods.However, for the study of complex
nanostructured materials, we often need to treat large systems containing many thou-
sands of atoms. To realize DFT studies of complex nanostructured systems, we have
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to overcome this size limitation in the DFT method. To achieve this goal, we have
developed a large-scale DFT code, CONQUEST (Concurrent O(N) QUantum Elec-
tronic Structure Technique) [2–5]. The code is based on two calculation techniques:
the local orbital method and the linear-scaling or O(N) method [6, 7]. It is also impor-
tant that the code has a high parallel efficiency onmassively parallel supercomputers.
Using the code, we can realize DFT calculations for large systems consisting ofmany
thousands of atoms and can treat systems having a length scale of 10–100 nm. In this
chapter, we present an overview of the code and a brief explanation of the calcula-
tion methods, introduce the local orbital method called the multisite support function
method, which is useful especially for large-scale metallic systems, show the parallel
efficiency and possible system size using the linear-scaling method with the code,
and present examples of first-principles molecular dynamics and electronic structure
analysis, together with some applications of the code.

2 Calculation Methods Used in CONQUEST

In this section, we give an outline of the calculation methods used in CONQUEST.

Local orbitals (support functions) for Kohn–Sham orbitals and density matrix

In CONQUEST, Kohn–Sham orbitals (wave functions) or the Kohn–Sham density
matrix is expressed by local orbitals called support functions φiα (r), which are
localized at each atom i with the orbital index α. The nth eigenfunction of the Kohn–
Shamequation inDFT, i.e., theKohn–Shamorbitalψn, is expressed using the support
function,

ψn(r) =
∑

iα
cn(iα) φiα(r)

with the coefficients cn (iα).
In the linear-scaling method, the Kohn–Sham density matrix defined by

ρ
(
r, r′) =

∑
n
fnψn(r)ψ∗

n

(
r′)

is calculated without calculating {ψn} explicitly. Using the support function φiα, this
density matrix is expressed by

ρ
(
r, r′) =

∑
iα, jβ

φiα(r)Kiα, jβφ∗
jβ

(
r′)

Here, K is the density matrix in the support function basis. The electron density
is calculated from ρ(r, r), and the Kohn–Sham Hamiltonian Hiα, jβ in the support
basis and the total energy EDFT within DFT can be calculated from the density
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matrix ρ using the local density approximation (LDA) or the generalized gradient
approximation (GGA).

In CONQUEST, the density matrixKiα, jβ can be calculated from the Kohn–Sham
orbitals ψn, which are obtained by diagonalizing Hiα, jβ with the computation time
proportional to the cube of the number of atoms N or by the density matrix mini-
mization (DMM) method [8] in the linear-scaling or O(N) mode, which is explained
in the end of this section.

PAO basis set for support functions

Support functions are expressed by local basis sets. With the use of the pseudopoten-
tial technique, two types of local basis sets are provided in CONQUEST: B-splines
on regular grids [9] and pseudo atomic orbitals (PAOs) [10]. The former basis set,
called blips, has a considerable advantage because its accuracy can be improved
systematically similarly to the plane-wave basis set. However, the number of basis
functions is large, especially for hard pseudopotentials, and the cost of optimizing
the support functions is high in some cases. On the other hand, with a PAO basis set,
the number of basis functions required is normally much smaller than the number
required with a blip basis set, and the cost of the calculations is lower. The PAO
basis set consists of several numerical radial functions (ζ functions) and analytical
spherical harmonic functions (s, p, d,…) for valence electrons.Weoften include addi-
tional functions called polarization functions, whose azimuthal quantumnumbers are
larger than those of valence orbitals. Although systematic improvement is difficult,
the accuracy of the PAO basis set can be modified by increasing the number of basis
functions.With the PAO basis functions of the orbitalμ for atom i, {χ iμ (r)}, support
functions are expressed by

φiα(r) =
∑

μ
biα(μ)χiμ(r)

with the coefficients biα(μ).
CONQUEST can use the pseudopotentials and PAOs generated by the Siesta

code [11, 12]. In addition, we have recently developed our own code to generate the
PAO basis sets compatible with the norm-conserving pseudopotentials made by the
ONCVPSP code [13, 14]. As a result, freely available pseudopotential databases such
as PseudoDojo [15] and SG15 [16], whichwere obtained by theONCVPSP code, can
be used in CONQUEST. We have recently reported tests of PAO basis sets obtained
using the PAO generation code in CONQUEST with the PseudoDojo pseudopoten-
tials, and compared the results with the fully converged plane-wave results [17]. The
results show that the large PAO basis set (triple ζ with triple polarization functions
(TZTP) or sometimes even double ζ with single polarization functions (DZP)) can
be as accurate as the converged plane-wave calculations for most systems.

It is important that the large PAO basis sets having multiple ζ functions are
sufficiently accurate. However, if each PAO is used as a support function as in many
other local orbital DFT codes (biα (μ) = 1 for μ = α; otherwise 0), the cost of the
calculations increases proportionally to the cube of the number of PAOs in either
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diagonalization or the linear-scaling mode. If we use many ζ functions, the cost
can be very high even with the PAO basis set. In the next section, we introduce the
“multi-site method” used in CONQUEST to solve this problem. By this method, we
can reduce the number of support functions to a minimal basis set size while keeping
the accuracy of the primitive multiple-ζ basis set [18, 19].

Linear-scaling or O(N) method

In the linear-scaling or O(N) mode, we use the density matrix minimization (DMM)
method, which was proposed by Li, Nunes, and Vanderbilt [8]. As in other linear-
scaling methods, this method also uses the locality of the density matrix, which
depends on the properties of the electronic structure. If the electronic structure has
an energy gap, the amplitude of the matrix element Kiα, jβ decays exponentially with
the distance between two atoms i and j.

In the DMM method, we first introduce the auxiliary density matrix L to satisfy
the idempotency (ρ2 = ρ), where we express the real density matrix K as

K = 3LSL − 2LSLSL ,

to make use of purification transformation of McWeeny [20]. Here, S is the overlap
matrix between support functions. Owing to the purification transformation, if the
matrix L is close to idempotency, K is closer to idempotency than L. To use the
locality of the density matrix, we introduce a cutoff RL for the matrix elements of L,
that is,

Liα, jβ = 0 when Ri, j > RL ,

where Ri, j is the distance between two atoms i and j. Then, the matrix L becomes
sparse and the nonzero elements of L are calculated to minimize the DFT total
energy usingminimization techniques, such as a residualminimizationmethod.More
details of the method were explained in our previous papers [3–5]. Considering the
near-sightedness principle [21], the value of RL for accurate calculations should not
depend on the system size, and thus the number of nonzero elements of Liα, jβ is only
proportional to N.

One of the important advantages of the DMM method is that it satisfies a varia-
tional principle, and the accuracy of the method can be controlled solely by changing
RL. A comparison of the total energy between the exact diagonalization and DMM
methods is shown in Fig. 1 for a Si(001) surface. Note that, in most cases, we only
need the difference in the total energy of two or more structures. Thus, we can expect
error cancellation, and sufficient accuracy is obtained with a relatively small RL. For
example, the cutoff of 8.5 Å is satisfactory for Si surface systems. The accuracy in
the study of strained Ge systems was investigated in Ref. [22] for Ge/Si systems.
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Fig. 1 Cutoff dependence of
the total energy of a silicon
surface, Si(001) calculated
by the O(N) method. The
energy calculated by the
exact diagonalization
technique is also shown by
the dotted line

3 Accurate and Efficient Local Orbital Method
in CONQUEST

Asmentioned in the last section, we have to increase the number of ζ functions in the
PAO basis set if we need to perform very accurate calculations. In such cases, the cost
of the calculations increases significantly since the computation time and memory
requirements scale with the cube and square of the basis size, respectively. This is
one of the reasons why the local-orbital DFT calculations of relatively large systems
(say, 1,000–10,000 atom systems) are already very expensive. This problem can be
overcome by the recently developed multi-site support function (MSSF) method,
which was originally proposed by Rayson and Briddon [23], and CONQUEST uses
this method with some modification [18, 19]. In this method, while keeping the
accuracy of original (or primitive) multiple-ζ basis set calculations, we can reduce
the number of support functions to the same size as a minimal basis set. The cost of
the calculations is thus considerably reduced by this method.

In the MSSF method, support functions for each atom are expressed by a linear
combination of not only the PAOs belonging to the target atom but also those of the
neighbor atoms,

φiα(r) =
∑

k

∑
μ∈k biα(kμ)χkμ(r)

Here, χkμ (r) is the PAO of the orbital μ for atom k, and the summation on k runs
over neighbor atoms that are within the cutoff (rSF) region from the target atom i. The
coefficients biα (kμ) can be determined using the local filter diagonalization (LFD)
method [18, 23] or the numerical optimization method [19]. In the LFD method,
we first consider the local region near the target atom, defined by the cutoff rLFD,
which is equal to or larger than rSF. Then, we construct and diagonalize the local
Hamiltonian corresponding to the region, and generate the MSSF using the obtained
occupied eigen orbitals through a projection technique.
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Fig. 2 Deviation of total energy per atom of a crystalline Si and b Al with the MSSF method
from the primitive PAO results with respect to the cutoff for the support functions rSF. In these
calculations, the cutoff of LFD is set to rSF = rLFD. Modified with permission from Ref. [18].
Copyright (2014) American Chemical Society

Using the obtained MSSF, the electronic structure of the whole system is calcu-
lated by the exact diagonalization orO(N)method. This procedure is iterated until the
self-consistent charge density is obtained. The accuracy of the method depends on
rSF and rLFD. One of the advantages is that the error of the method decreases expo-
nentially with the increase in the cutoffs for both insulating (or semiconducting)
and metallic systems. Figure 2a, b show the rSF dependence of the energy differ-
ence between the MSSF and the primitive (original) PAO calculations for crystalline
silicon and aluminum systems, respectively. We can see that the difference decreases
exponentially with increasing rSF in both cases.

With the LFD method, the energy deviation of the MSSF calculation from the
primitive PAO result is large for small rSF. However, if we determine the coefficients
by the numerical optimization method, the accuracy of the MSSF with small rSF
is significantly improved, meaning that we can reduce rSF for accurate calculations.
The energy–volume curve obtained by the numerical optimization and LFDmethods
is shown in Fig. 3 for crystalline silicon, and we can see that even for an MSSF with
small rSF (5.0 bohr), the optimized volume is almost the same as the result obtained
by primitive PAO calculation.

When the electronic structure is calculated by diagonalizing the Hamiltonian
matrix Hiα, jβ , the diagonalization is the most expensive part for large systems. In
the calculations using the TZDP (three ζ functions for s and p, and two polarization
functions for d) basis set for Si systems, for example, the number of support functions
for each atom can be reduced from 22 to 4 by the MSSF method. Then, we can
reduce the computation time of the diagonalization part by about (22/4)3 ~ 166
times. Although we need the procedure to calculate the support functions for each
atom, its cost is basically negligible when treating large systems. In addition, the part
of calculating the MSSF can be parallelized very efficiently.

Using this advantage of the MSSF method, we can perform accurate DFT calcu-
lations of relatively large and complex systems, even by the exact diagonalization
method. One of the examples is a corrugated graphene on a Rh(111) surface [24],
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Fig. 3 Energy–volume curve of crystalline Si, calculated by primitive TZDP PAO basis (black
line with crosses) and MSSF calculations (lines with circles, squares, and triangles). For the MSSF
calculations, the results by LFD and numerical optimization methods are shown by closed and open
symbols, respectively. We used the same cutoffs for rSF and rLFD in these calculations, and they are
5.0 (triangles), 8.0 (squares), and 17.0 (circles) bohr. Reproduced from Ref. [19] with permission
from the PCCP Owner Societies

shown in Fig. 4, containing 3,088 atoms. We calculated the electronic structure of
the system by the MSSF method using 36 nodes of the supercomputer SGI ICE X
(Intel Xeon E5-2680V3 (12 cores, 2.5 GHz) × 2 and 128 GB memory per node)
at NIMS. The computation time was about 66 times faster than those of primitive
PAO (rhodium: DZP, carbon: TZDP) calculations using 72 nodes. Furthermore, for
a smaller graphene on the Rh (111) surface system, we also calculated the density
of states using the MSSF and primitive PAO methods, and compared them with the
plane-wave results. We found that both the MSSF and primitive PAO results agree

(a) G-Rh [3,088 atoms]
(b)

Fig. 4 a Structure of corrugated graphene onRh (111). bUpper panel: Density of states determined
by primitive PAO (green solid line), MSSF (blue dotted line), and plane-wave (black lines) calcu-
lations. Plane-wave calculations were carried out using the VASP code. Lower panel: Difference in
the DOS between primitive PAO and MSSF calculations. (b is from Ref. [24] (https://doi.org/10.
1088/1361-648X/aaec4c).)

https://doi.org/10.1088/1361-648X/aaec4c
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very well with the plane-wave results, meaning that the MSSF calculations are quite
accurate (Fig. 4b).

The MSSF method is powerful for relatively large systems, even without using
the linear-scaling method.We can treat systems containing several thousand atoms if
we are able to use about 100 CPU nodes. The diagonalization method can be applied
to metallic systems as well as semiconducting or insulating systems.

4 Million-Atom DFT Calculations Using a Linear-Scaling
Method

Although theMSSFmethod is powerful for large-scaleDFT calculations, the compu-
tation time is still proportional to the cube of the number of atoms if the method is
used with the exact diagonalization technique. For systems containing more than
10,000 atoms, we need to use a linear-scaling method.

As the DMMmethod in the linear-scaling mode uses the locality of the electronic
structure, it also has an advantage in termsof parallelization efficiency. Figure 5 shows
the wall-clock time to calculate the density matrix and atomic forces of crystalline
silicon with various sizes [25]. The calculations were carried out on the K computer,
which was the fastest supercomputer in the top 500 list [26] in 2011 (June and
November), having 88,128 CPUs and more than 700,000 cores (each CPU had eight
cores). The lines in Fig. 5 show the wall-clock time when the number of atoms
per core is fixed. This data shows so-called weak-scaling parallel efficiency. On the
other hand, we can determine strong parallel efficiency by comparing the timings of

Fig. 5 Wall-clock time to
calculate the density matrix
(electronic structure) and
atomic forces of crystalline
Si having various numbers of
atoms, using different
numbers of CPUs of the K
computer. The number of
CPUs used for each
calculation is also shown in
the graph. Each line shows
the wall-clock time of
calculations having the same
number of atoms per core
(Ref. [25])
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different lines. This comparison shows how we can reduce the wall-clock time for
the calculations of the same system by increasing the number of CPUs.

In the test of weak-scaling parallel efficiency in Fig. 5, we can see that the wall-
clock time does not change when increasing the system size. Even when we double
the system size, the wall-clock time is almost the same if we use twice the number of
CPUs. This result first indicates that the computational cost using the linear-scaling
method is proportional to the number of atoms. Second, the ideal weak-parallel
efficiency is achieved even when using such a large number of CPUs (about 25,000
CPUs or 200,000 cores). Strong scaling parallel efficiency is also good if there are
at least four atoms per core. Finally, it is worth noting that the wall clock time for
the 786,432-atom system using 24,576 CPUs is only 289.0 s. Considering the ideal
weak-scaling parallel efficiency, one step of MD or structure relaxation in the DFT
calculation on a million-atom system should be shorter than five minutes if we will
use more than about 32,000 CPUs. We can conclude that one million atom DFT
calculations are now possible with the CONQUEST code.

Using this capability of CONQUEST, we performed a theoretical study of Ge 3D
nanoscale islands on a Si(001) surface, including structure relaxation [27, 28]. One
of the biggest systems that we calculated is shown in Fig. 6a, which contains about
200,000 atoms. In this study, to investigate the initial process in the formation of
new facets during the growth of the 3D nanoscale island, we calculated the energy
of a single Ge dimer adsorbed at various positions on the facets of the island. The
results suggest that (i) the adsorption energy depends on the adsorption site, (ii) the
top or edges of the facets are more stable sites, and (iii) the higher sites are more
favorable than the lower sites. We also calculated the total energy of the structures
with imperfect facets and those with two and three adsorbed dimers, and discussed
the initial process in the growth of the 3D nanostructure, which is very difficult to
observe experimentally (for more details, see Ref. [28]).

Fig. 6 a Largest system whose atomic positions were optimized in our linear-scaling DFT study
of Ge 3D islands on a Si(001) surface. It contains about 200,000 atoms with a substrate area of 31.5
× 42.4 nm2. b bottom: Adsorption energy map of single Ge dimers adsorbed on the {105} facets.
The disks show the position of a given dimer on a facet projected on the x–y plane. The dimers are
labeled according to their height. The adsorption energy of dimers increases from red to green. top:
Energy values of single Ge dimers on small (circles) and large (rectangles) facets (Ref. [29])
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(b)(a) (c)

Fig. 7 Snapshots of the linear-scaling first-principles MD. a DNA in water from the NVE simula-
tion, b Si/Ge core–shell nanowire [34], and c interface of Si/Ge. The MD simulations for (b) and
(c) were NVT simulations at 3,000 K using the Nose–Hoover chain method (Refs. [29, 32])

5 Molecular Dynamics with CONQUEST

Considering the O(N) method mentioned above, we expect that first-principles
molecular dynamics (FPMD) simulations based on the linear-scaling DFT methods
can be realized for large and complex nanoscale materials. However, we observed a
problematic energy drift in the MD simulations if the density matrix was not strictly
optimized. Owing to this problem, it was difficult to perform efficient and accurate
MD simulations by the O(N) method. We solved this problem [30] by combining
the DMM method with the extended Lagrangian Born–Oppenheimer molecular
dynamics (XLBOMD)method proposed by Niklasson [31]. We investigated the reli-
able calculation conditions in constant energy (NVE) simulations and demonstrated
that it is possible to perform practical, reliable self-consistent FPMD simulations
of large systems containing more than 10,000 atoms. We applied this method to
32,768-atom bulk silicon [30] and ten base pairs of a DNA molecule in water [32]
(Fig. 7a) and observed that the constant ofmotion in theNVE calculationswas almost
perfectly conserved, which indicates that these MD simulations were fairly accurate.
The method was extended to the case of constant temperature (NVT) simulations
[33], and recently, to constant pressure–constant temperature (NPT) simulations.
We have recently applied this method to Si/Ge core–shell nanowires (introduced in
Sect. 2.3), Si/Ge interfaces, and the modeling of an amorphous structure.

6 Electronic Structure Analysis

So far, we have shown that the CONQUEST code can be used to perform reliable and
accurate structure optimization or MD simulations of very large systems using the
MSSF and/or linear-scaling methods. After we determine the self-consistent charge
density for the optimized structure, or some important snapshot structures during
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the MD, it is often useful or necessary to analyze the eigenvalues (band energy) and
Kohn–Sham wave functions near the Fermi level, as in the usual DFT calculations.

However, theMSSFmethod, especiallywhen theMSSFs are calculated by numer-
ical optimization, may not have good accuracy for the unoccupied states. This is
because MSSFs are optimized only for the accurate description of occupied Kohn–
Sham orbitals or the density matrix. However, even in such cases, the calculated
ground-state charge density obtained by the MSSF method is accurate and we can
evaluate the Hamiltonian matrix with the primitive PAO basis set using the charge
density.We have recently shown [35] that, for this sparse Hamiltonianmatrix, we can
use an efficient interior eigenproblem solver called the Sakurai–Sugiura (SS) method
[36] and can calculate the eigenvalues and eigenfunctions in a given energy window.
Here, we show the performance of this method for the hydrated DNA system, shown
in the final section (Fig. 7a).

By following the procedure explained above, the accuracy of the unoccupied
states can be recovered. The red line in Fig. 8a shows the DOS calculated by the SS
method using the Hamiltonian matrix, which is evaluated using the charge density
obtained in the MSSF calculation, with the primitive PAO basis set. We can see

(a) with MSSF density (b) with DZP density (c) difference of (a) from (b)

(eV) (eV) (eV)

(/
eV (/
eV

)

(/
eV

)

HOMO LUMO(d) (e)

Fig. 8 a Density of states (DOS) of the hydrated DNA system calculated with the MSSFs (blue
line), although the data in the occupied region (<0 eV) are covered by the red line. bDOS calculated
using the primitive DZP PAO basis set. The difference between these results is shown in (c) with
the blue line. We can see that while the difference in the occupied states is very small (the fractional
difference is around 0.001), it becomes much larger in higher-lying unoccupied states. The red
line in (a) shows the DOS calculated by the Sakurai–Sugiura method using the Hamiltonian with
the primitive PAO basis, but the matrix elements are evaluated using the charge density obtained
by the MSSF calculation. The difference in the DOS, i.e., the difference between the red lines in
(a) and (b), is shown by the red line in (c), which is very small in the whole energy range. d and e
Distributions of the HOMO and LUMO of the hydrated DNA system, respectively. Reprinted with
permission from Ref. [35]. Copyright (2017) American Chemical Society
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that the DOS of the red line in Fig. 8a is almost the same as that of the primitive
PAOs (Fig. 8b), which can be confirmed by the red line shown in Fig. 8c, which is
the difference between these two DOSs. This demonstrates the high accuracy of the
charge density calculated by theMSSFmethod and that of the eigenvalues calculated
by the SS method. Figure 8d, e show the HOMO and LUMO distributions of the
hydrated DNA system calculated by the SS method, respectively. We confirmed
that the energy levels and distributions of molecular orbitals determined by the SS
method are almost the same as those determined by the primitive PAO calculations
(Ref. [35]). Note that the dimension of the reconstructed Hamiltonian in the primitive
PAO basis (27,883 for the DNA system) is much larger than that of the Hamiltonian
in the MSSF basis (7,447). The diagonalization in the primitive PAO basis is often
difficult even if it is possible in the MSSF basis. Thus, the combination of MSSF and
SS methods is a very useful technique to calculate the unoccupied states accurately
and efficiently.

On the other hand, in the case of linear-scaling calculations, no eigenvalues or
Kohn–Sham orbitals are calculated during the structure relaxation or MD. However,
again using the SS method, we can calculate them near the Fermi level as a
postprocess analysis of the linear-scaling DFT calculations.

Using this technique, we can analyze the electronic structure of nanoscale mate-
rials [35]. Figure 9 shows the electronic structure near the Fermi level of the Ge 3D
nanoisland on a Si(001) substrate containing 23,737 atoms. The electron distribution
shown in Fig. 9 is the sum of the squares of the eigenstates (orbital density) in the
energy window [−0.01: +0.02] eV around the Fermi level. Here, we first calculated
theKohn–ShamHamiltonian using the self-consistent charge density obtained for the
optimized atomic positions. During the structure optimization, we need to calculate
the self-consistent charge density and atomic forces many times, which is possible
only by the linear-scalingmethod.On the other hand, a one-shot calculation is enough
for the calculation of eigenstates. Even a one-shot calculation is extremely difficult
with standard, exact diagonalization techniques for such large systems. However, it
is possible by the SS method. For the system shown in Fig. 9, the computation time
was 146 s when using 64 CPUs of the K computer. Furthermore, we also calculated
the eigenstates of the much larger system shown in Fig. 6a, containing about 200,000

Fig. 9 Distribution of the electron density obtained from the eigen orbitals near the Fermi level
[−0.01 eV: +0.02 eV] of the Ge hut cluster on a Si(001) substrate. The isosurface with the density
of 2 × 10–4 (electron/bohr3) is drawn in red. The area of the substrate is 15.2 × 20.6 nm2 and the
system contains 23,737 atoms. The Kohn–Sham Hamiltonian was evaluated with the SZP basis set
using the self-consistent charge density, which was obtained by a linear-scaling DFT method using
CONQUEST (Ref. [29])
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atoms using 6,400 CPUs of the K computer; the computation time was 2,399 s. By
such analyses of the eigenstates, we can examine the physical andmaterial properties,
such as the electron transport and optoelectronic properties, of very large nanoscale
systems.

7 Summary

Owing to the size restrictions of conventional methods, it has been impossible until
now to study large, complex nanostructured systems with length scales over 10 nm
using DFT. However, using our linear-scaling DFT code CONQUEST, we can now
perform DFT calculations on realistic models of systems with similar sizes to those
studied experimentally. We have performed DFT studies of 3D Ge nanoislands on
a Si substrate [27, 28], Si/Ge and Ge/Si core–shell nanowires [34, 37], complex
biological systems [32, 38], metallic nanoparticles [39], and others [40]. The code
has recently been released publicly with the open-source MIT license [41]. We hope
that it will contribute significantly to future research on nanostructured materials and
towards the implementation of nanoarchitectonics.
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Machine Learning Approaches
in Nanoarchitectonics

Ryo Tamura and Gaku Imamura

1 Introduction

Recently, diverse fields in materials science, including nanoarchitectonics, have
shown interest in materials informatics, which is an emerging approach that utilizes
machine learning (ML) formaterials research. IfML technique is applied tomaterials
dataset, for example, optimizing to obtain the desired property, predicting of phys-
ical quantities, understanding of materials, and upgrading of measurement technolo-
gies can be realized (Fig. 1). Researches on ML methods started around 1950s, and
various methods have been developed so far [1]. MLmethods can be roughly divided
into two categories: unsupervised learning and supervised learning. Unsupervised
learning uses only features (explanatory variables) of given training data to extract
the underlying data structure. This category includes clustering and dimensionality
reduction. On the other hand, supervised learning searches for a function to express
the relationship between features (explanatory variables) and labels (objective vari-
ables). This category includes classification and regression. In materials science,
features are often determined by composition of elements, structure of materials,
and process of manufacturing, and the label is the parameter to be predicted such
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Fig. 1 Roles ofmachine learning inmaterials science. The optimization, prediction, understanding,
and upgrading in materials science can be realized with the aid of machine learning

as physical property. Although both categories of ML methods are applicable to
materials science, supervised learning is more likely to be used than unsupervised
learning becausemost ofmaterials informatics studies aim to predict the properties of
unknown materials. In fact, in all topics covered in this chapter, supervised learning
method is utilized.

In this chapter, we will introduce studies using ML for materials nanoarchitec-
tonics. The following four topics will be discussed: (i) design of functional molecules
based on artificial intelligence as an example of optimization by ML, (ii) effective
model estimation ofmagneticmaterials byBayesian statistics as an example of under-
standing by ML, (iii) efficient estimation of the force field by ML as an example of
prediction, and (iv) upgrading of gas sensor systems that utilize ML. Finally, we will
discuss the perspective of materials science combined with ML.

2 Novel Organic Molecule Development Based on Artificial
Intelligence

Computational techniques for automatically generatingmolecules with desired prop-
erties have been attracting much attention. The recent development of artificial intel-
ligence (AI) technology by deep learning—anMLmethod based onmultilayer neural
networks—has enabled computers to learn complex rules ofmolecules automatically
[2–5]. Sumita, Ishihara, Tamura, and colleagues prepared an AI-assisted chemistry
platform to discover new photofunctional molecules (Fig. 2) [6]. Photofunctional
organic molecules have received attention in green chemistry and molecular sensing.
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Fig. 2 Schematic of an AI-assisted chemistry platform to discover new functional molecules.
(Reprinted from [6], Copyright 2018, with permission from American Chemical Society)

In these molecules, light induces transition between electronic states. If molecules
with the desired level of excited states from their ground states can be designed, these
can be used in various applications such as organic light-emitting diodes, organic
photovoltaic cells, photofunctional sensors, and UV filters. Our prepared platform
consists of ChemTS (amolecule generator) [7] andGAUSSIAN (a density functional
theory (DFT) simulator). ChemTS utilizes a recurrent neural network (RNN) to learn
complex rules of molecules and a Monte Carlo tree search (MCTS) to optimize the
properties of functional molecules. ChemTS is available on GitHub (https://github.
com/tsudalab/ChemTS).

Using this platform, the authors generated molecules that have their first excited
states at desired wavelengths, which are labels in the algorithm. Here, the RNN is
trainedwith a set of simplifiedmolecular input line entry system (SMILES) strings of
13,000 molecules that contain only H, O, N, and C elements from the PubChemQC
database (http://pccdb.org). This SMLIES is used as features in the algorithm. To
design various molecules with different lowest excitation level, five runs of AI-
assistedmolecule generationwere performedwhere the target excitation level in each
run is given as 200, 300, 400, 500, and 600 nm. Each run was performed on a 12-
core server (Intel Xeon E5-2689v3 CPU) for 2 days. In this computation, over 1000
DFT calculations were performed and this part takes a lot of time. In these molecule
generations, 86 potential photofunctionalmolecules were obtained (the breakdown is
34, 26, 13, 12, and 1 for 200, 300, 400, 500, and 600 nm, respectively). Among them,
sixmoleculeswere experimentally synthesized.UV spectralmeasurements indicated
that five of these molecules reproduced the DFT predictions, showing the potential
of AI-assisted chemistry to discover ready-to-synthesize novel molecules without
using supercomputers [6]. The authors concluded that the AI-assisted chemistry

https://github.com/tsudalab/ChemTS
http://pccdb.org
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platform will accelerate the development of new functional molecules for solar cells
and organic electroluminescence.

3 Effective Model Estimation of Magnetic Materials
by Bayesian Statistics

Magnetic materials are used in many devises such as switch, sensor, and memory.
Furthermore, magnetism in materials induces a lot of useful effects such as magne-
toelectric and magnetocaloric effects. To understand these effects and interpret the
microscopic properties of magnetic materials, a spin Hamiltonian as an effective
model is often derived. Many methods have been proposed to determine spin Hamil-
tonians, and they are divided into two groups: (i) ab initio electronic structure calcu-
lation and (ii) fitting by data-driven technique [8–11]. To obtain an effective model
from experimental results, Tamura et al. developed a new method that utilizes an
ML technique based on Bayesian statistics (Fig. 3) [12], which is categorized into
second group.

3.1 Construction of the Posterior Distribution by Bayesian
Statistics

The inverse problem, in which an effective model explaining the given experimental
results is the target to be derived, is considered. Notice that the first step in the forward

Fig. 3 Strategy to estimate an effective model from the experimental results by ML based on
Bayesian statistics
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problem involving conventional theoretical research on magnetic materials should
determine an effectivemodel. SinceBayesian statistics is useful for solving an inverse
problem, the authors proposed amethod of estimating an effectivemodel fromagiven
physical quantity by ML based on Bayesian statistics. Furthermore, using Bayesian
statistics, idea of the prior distribution can be incorporated into model estimation. In
the estimation method, plausible model parameters that explain the given physical
quantity are determined by maximizing the posterior distribution, which is defined
as

P(x|yex) ∝ exp[−E(x)], (1)

where the energy function E(x) as a function of model parameters x is given by

E(x) = 1

2σ 2
(yex − ycal(x))2 − logP(x), (2)

where yex and ycal(x) are sets of physical quantities obtained by experiments and
those calculated from the effective model characterized by x, respectively. Further-
more, P(x) is the prior distribution, which expresses the prior knowledge of model
parametersx. For example, this prior distribution canbe regarded as the regularization
terms in the minimization problem. The most common are L1 and L2 regularizations
and each form is P(x) = exp(−λ|x|) and P(x) = exp(−λ‖x‖2), respectively. Here,
λ determines the strength of regularization. This method is categorized as supervised
learning where the features are model parameters and label is physical quantities.

On the basis of Bayesian statistics, it is expected that both relevant and redundant
terms are effectively selected froma candidatemodelHamiltonianwith the help of the
ML technique by using a sparse prior of P(x) and cross-validation. The efficiency
of the estimation method can be tested with synthetic magnetization curve data
obtained using the classical Heisenberg model. The results showed that the proposed
method correctly estimated the model parameters in the effective Hamiltonian [12].
Furthermore, using our technique, we determined an effective model of KCu4P3O12

from the experimentally observed magnetic susceptibility and magnetization curves
with various temperatures under high magnetic fields [13]. It should be emphasized
that the framework of this estimation method is not limited to magnetization curves
but is applicable to any measured data.

3.2 Bayesian Optimization for Computationally Extensive
Probability Distributions

To accelerate the estimation of an effective model, an efficient method of finding a
preferable maximizer of the computationally expensive probability distributions is
proposed on the basis of a Bayesian optimization technique [14]. In informatics and
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materials science, the Bayesian optimization usingMLpredictionmodel has recently
attracted much attention as a method of searching for the maximizer/minimizer of
a black-box function. In the Bayesian optimization, by using the information of
prediction value and standard deviation calculated by ML prediction model, the effi-
cient optimization is realized. The Bayesian optimization technique developed by
the authors was applied to the posterior distribution in the effective model estimation
given by Eq. (1). Instead of searching for the maximizer of the posterior distribution,
the minimizer of the energy function defined by Eq. (2) is searched. Even when the
number of sampling points on the energy function is small, the Bayesian optimization
provides a better minimizer of the energy function than those provided by the random
search method, the steepest descent method, or the Monte Carlo method (Fig. 4).
In this demonstration, the quantum Heisenberg model is used as the target Hamilto-
nian and the temperature dependence of the specific heat is inputted. Furthermore,
the Bayesian optimization combined with the steepest descent method efficiently
improved the results. Note that the candidate selection by Bayesian optimization
takes a long time compared to that by random search and steepest descent methods.
However, this selection time is shorter enough than the evaluation time of E(x), and
thus there is almost no difference in calculation times of whole optimization for each
optimization methods.

In this study, we demonstrated that the Bayesian optimization is a powerful tool
to search for a preferable maximizer of a computationally expensive probability

Fig. 4 Results of the average Eav of the minimum values of the energy function obtained from 100
independent runs in the effective model estimation. (Left) Eav as a function of sampling number Ns
obtained from the random search method, the steepest descent method, the Monte Carlo method,
and the Bayesian optimization. The value of κ is the strength of the effect of the standard deviation
corresponding to the uncertainty in the Bayesian optimization. (Right) Results from the random
search method (RS), the Bayesian optimization (BO), the random search method with the steepest
descent method (RS + SD), and the Bayesian optimization with the steepest descent method (BO
+ SD). (Reprinted from [14], Copyright 2018, The Authors licensed under CC BY 4.0)
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distribution [14]. The authors concluded that since the maximizer of the probability
distribution is searched in many scientific fields, this method will play a prominent
role in improving the efficiency of scientific studies.

4 Force-Field Estimation by Machine Learning

One of the important issues in materials informatics research is to predict atomic
forces by ML techniques [15–18]. Classical molecular dynamics (MD) simulations
using empirical classical force fields have been playing an important role to under-
stand various phenomena in materials at the atomic scale. However, the reliability of
the force fields is often a problem. On the other hand, DFT calculations can provide
reliable atomic forces. Since the computational cost of DFT calculations is much
more expensive than that of classical force fields, both the system size and simula-
tion time of DFT-MD simulations are limited. If ML can predict atomic forces with
accuracies comparable to DFT calculation, the cost of the force calculations will
be significantly decreased, leading to long-time MD simulations for large systems.
Thus, such ML-based force-field estimation will expand the scope of computational
materials science.

Tamura, Miyazaki, and colleagues provided a simple, intuitive prescription to
train robust ML forces that are applicable to a wide range of temperatures [19, 20].
The prescription consists of MD simulations and the construction of ML models.
First, MD simulations are performed on the basis of DFT with a canonical ensemble
at a very high temperature in each phase. The training data are sampled randomly
from this MD simulation. Then, an ML model is constructed to predict the forces by
a regression technique. Here, the atomic fingerprint proposed in Ref. [19] is used to
express the local structure around a target atom. In this work, the authors trained a
force component along a randomly selected direction (the unit vector is denoted as
e) for each training data. The force component and the atomic fingerprint of the i th
atom are expressed as

Fi (e) = Fi · e, (3)

Xi (e; ηk) =
∑

j �=i

(
r j − ri

) · e
ri j

exp[−(ri j/ηk)
2] f (ri j

)
. (4)

Fi and ri are the atomic force and position of the i th atom, respectively. In
Eq. (4), ri j = |r j − ri | is the distance between the atom i and its neighbor atom j ,
and ηk(k = 1, . . . , K ) is the decay rate for this distance. A cutoff function is denoted
as f

(
ri j

)
. By considering K types of decay rates, the K -dimensional fingerprint

vector corresponding to features in ML is obtained as

Xi (e) = (Xi (e; η1), . . . , Xi (e; ηK ))T. (5)
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Fig. 5 Parity plot of the DFT force and the predicted force by the ML model for 1200 K solid state
and 3000 K liquid state in the silicon system. Snapshots in solid and liquid states are also shown

Many (Fi (e),Xi (e)) were collected as the training data, and Gaussian process
regression was employed as a regression technique. Here, Xi (e) and Fi (e) are the
features and label in the supervised learning.

As a demonstration, the authors focused on a single-component system consisting
of silicon atoms. The trained ML model exhibits noticeably small force predic-
tion errors in the solid and liquid phases as shown in Fig. 5. Furthermore, we
confirmed that the transferability of the ML model in terms of temperature and
system size is satisfactory in the same phase. The authors concluded that the present
ML forces already have sufficient generalization performance for many applications
in computational materials science.

5 Machine Learning Approaches in Gas Sensor Systems

As an example of applications of materials science combined with informatics, here
we will show several studies using nanomechanical sensors, namely, Membrane-
type Surface stress Sensors (MSS) [21], which were introduced in Chap. 15. Since
multidimensional data are obtained through gas-sensing measurements with MSS,
informatics plays an essential role in sensor data analysis.
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5.1 Classification Models from Gas Sensor Signals Toward
Artificial Olfaction

Artificial olfaction is one of the most challenging issues in gas sensor systems. The
definition of artificial olfaction is a gas sensor system that identifies odors—complex
mixtures of gases—from sensing signals. The basic procedure for gas identifica-
tion (i.e., classification of gases) is depicted in Fig. 6. First, sensing signals are
obtained through gas-sensing measurements. In a common gas-sensing measure-
ment, a sample gas and a carrier gas are alternately injected to a sensor array by
using gas flow control units such as pumps and mass flow controllers. Second, the
obtained sensing signals are preprocessed for subsequent analysis: offset subtraction,
smoothing, normalization, and so on. Then, signal features that are intrinsic to gas
species are extracted from the sensing signals. Typically, geometrical parameters of
the signals such as slope, area, and peak height are used as features. Feature selection
and dimensionality reduction are often adopted for the extracted features when the
total number of extracted features is excessively large; high-dimensional datasets
can deteriorate classification accuracy in some classification algorithms. As a typical
dimensionality reduction algorithm, principal component analysis (PCA) is often
used; high-dimensional data are projected to a lower dimensional space composed
of principal components (PCs). Finally, gas species are classified from the extracted
features through a classification algorithm for supervised learning including support
vector machines (SVMs), random forests, and neural networks.

On the basis of this basic procedure, Imamura, Shiba, and Yoshikawa demon-
strated the odor identification of spices and herbs by usingMSS as a sensing platform
[22]. The odors of spices and herbs, which are the headspace gases in glass vials in
which samples are placed, were carried to anMSS chip with pure nitrogen. TheMSS
chipwas then purgedwith pure nitrogen. In this study, the authors used a four-channel
MSS chip coated with four different polymers. From the obtained sensing signals,

Fig. 6 Basic data-processing procedure for developing ML classification/regression models from
sensing signals
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the authors extracted two kinds of features that correspond to static and dynamic
information: the signal intensity ratio and decay time constant. The signal intensity
ratio reflects the chemical affinity of each channel to the gas species. On the basis
of the signal intensity ratio, one can identify gas species through pattern recogni-
tion regardless of the concentration. In contrast, the decay time constant represents
the dynamic behaviors of the gas sensors; the transient response of the decay curve
(sensing signals obtained from the purge part) reflects the dynamics of gas desorption
and the consequent changes in viscoelastic properties [23, 24]. PCA was performed
on the dataset of these features to visualize the data by projecting each data point to a
two-dimensional plane composed of the first and second principal components. The
results are shown in Fig. 7. The data points obtained from the same sample form a
cluster, and the clusters are separated from each other. It is noteworthy that the result
reflects the chemical composition of the odors of spices and herbs. The spices and
herbs that contain similar volatile organic compounds appear in close proximity on
the plane; the odors of the spices and herbs categorized into groups I, II, and III in
Fig. 7 contain thiols, terpenes, and aromatic aldehydes as their main components,
respectively.

Fig. 7 PCA scatter plot for odor identification of spices and herbs. The spices and herbs are
categorized into three groups: I, II, and III. In particular, the spices and herbs marked in the ellipse
contain pinene, which is a kind of terpene. (Reprinted from [22], The Authors licensed under CC
BY 4.0)
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6 Analysis Method Based on System Identification

Such a basic gas identification protocol is often employed to identify odors from
sensing signals. However, signal features such as the signal intensity ratio and decay
time constant strongly depend on gas input patterns (e.g., gas flow control). Thus, gas
input patterns must be strictly fixed for every measurement; otherwise, the measure-
ment data cannot be compared with each other. To resolve this issue, data analysis
methods used in system identification have been developed. In these methods, a gas
sensor system is considered to be an input–output system; for example, the flow
rate of the sample gas and the resultant sensing signals correspond to the input and
output, respectively. To identify gas species, these methods focus on the relationship
between the inputs and the outputs. A transfer function is one of the representations
for the input–output relationship. The mathematical definition of a transfer function
hg(t) for an input x(t) and an output y(t) is as follows:

y(t) =
∫ t

0
hg(τ )x(t − τ)dτ. (6)

Note that t and g denote the time and gas species, respectively. As hg(t) is intrinsic
to the combinationof the gas species and sensor, gas species canbe identifiedbyhg(t).
One of the biggest advantages of using hg(t) as a feature for gas identification is that
hg(t) is independent of x(t); hence, measurement data obtained through different gas
input patterns become comparable. By applying the Fourier transform, the frequency-
domain expression for Eq. (6) is obtained as the following formula:

Y ( f ) = Hg( f )X( f ), (7)

where X( f ), Y ( f ), and Hg( f ) are the frequency-domain expressions for the input,
output, and transfer function, respectively. In the frequency domain, the transfer
function can be more easily calculated than in the time domain. Note that Eqs. (6)
and (7) aremathematically equivalent; no information is lost by theFourier transform.

While several studies that utilize transfer functions have been reported since the
1990s [25, 26], advanced data analysis becomes possible by combining the transfer
functions with ML techniques, which were intensively developed in the 2010s.
Here, we introduce one of the studies performed by Imamura, Yoshikawa et al.
[27]. The authors conducted gas-sensing measurements with a polymer-coated MSS
and utilized uniform-random gas input patterns as shown in Fig. 8. The authors
measured headspace gases of solvent vapors with random gas input patterns and
evaluated the transfer function for each measurement. On the basis of the dataset of
the transfer functions, the authors developedMLmodels by using logistic regression
and SVMs as a classifier. The models were optimized and evaluated through nested
cross-validation. The results are summarized in Table 1. The authors achieved clas-
sification accuracies of 0.94± 0.04 and 0.98± 0.03 with a logistic-regression-based
model and an SVM-based model, respectively. The authors also demonstrated the
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Fig. 8 Uniform-random gas input pattern (gas flow rate of the mass flow controller) and resultant
sensing signal

Table 1 Classification accuracy of the models

Samples Classifiers

Logistic regression Support vector machine

Four solvent vapors (Uniform-random gas
injection pattern)

0.94 ± 0.04 0.98 ± 0.03

Four solvent vapors (Four different gas
injection patterns)

0.92 ± 0.06 0.97 ± 0.06

Four spices and herbs (Uniform-random gas
injection pattern)

0.87 ± 0.08 0.94 ± 0.04

robustness of transfer functions to gas input patterns bymeasuring the solvent vapors
with four types of different gas input patterns including a rectangular injection pattern
(cycles of sample gas injection and carrier gas purge). Classification models based
on transfer functions were developed from the measurement data obtained with the
four different gas input patterns, resulting in high classification accuracies of 0.92
± 0.06 and 0.97 ± 0.06 for a logistic-regression-based model and an SVM-based
model, respectively.

The authors demonstrated the odor identification of spices and herbs (i.e.,
cinnamon, spearmint, rosemary, and thyme) with the uniform-random gas input
pattern. The results are summarized inTable 1, showing that the data analysismethods
focusing on transfer functions are also effective for such practical samples of odor
identification. Thus, their study indicates that constraints on gas input patterns can
be eliminated by using the transfer functions as features for ML; gas species or
odors can be identified regardless of gas input patterns. An advanced application that
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utilizes data analysis methods focusing on transfer functions was also reported by
Imamura, Shiba, Yoshikawa et al. [28].

6.1 Regression Models for Quantitative Analysis with Gas
Sensor Systems

In addition to the classification of odors, regression is another important method of
analysis for sensor systems. Regression models predict continuous values whereas
classificationmodels predict discrete labels. In gas sensor systems, regressionmodels
are often used to estimate the concentration of target gas species such as toxic gases,
oxygen, and water (humidity). However, estimating the concentration of a specific
gas species from sensing signals is difficult because of the effect of interfering gases;
even when samples contain the same amount of a target gas species, different sensing
signals can be obtained from the samples if they have different gas compositions.

Toward resolving this issue, Shiba, Tamura, Imamura, and Yoshikawa reported
the estimation of the alcohol content from the odors of drinks [29]. In this study,
the authors measured the headspace gases of several kinds of drinks such as water,
teas, and liquors with a gas measurement device equipped with an MSS chip. The
MSS chipwas coatedwith four different functional silica/titania hybrid nanoparticles
(STNPs): aminopropyl-STNPs, vinyl-STNPs, C18-STNPs, and phenyl-STNPs. The
measurements were performed through cycles of sample gas injection and carrier
gas purging. From the sensing signals, four kinds of parameters were extracted for
each measurement as features. Then, prediction models for the alcohol content were
constructed from the dataset of the extracted features by kernel ridge regression.
To optimize the combination of parameters that are used for developing regression
models, the authors first trained regression models for each channel of theMSS chip.
Although the prediction models developed from channels coated with C18-STNPs
and phenyl-STNPs successfully predict the alcohol content, the models developed
from the channel coated with aminopropyl-STNPs and vinyl-STNPs show large
prediction errors. This result indicates that hydrophobic STNPs are more suitable
for the receptor materials than hydrophilic ones in order to estimate the alcohol
content. Then, the authors replaced the aminopropyl-STNPs and vinyl-STNPs with
hydrophobic polymers, namely, polysulfone and polycaprolactone. On the basis of
the sensing signals obtained with the four hydrophobic materials as receptor mate-
rials, the authors developed the regression model by using the parameters selected
from each channel. The result is shown in Fig. 9. The prediction accuracy for both
known and unknown samples markedly improved. Thus, the authors succeeded in
estimating specific information, that is, the alcohol content, from sensing signals,
which were obtained from the optimized combination of receptor materials through
the data-driven approach.

Shiba, Tamura, Imamura, Yoshikawa et al. also reported another quantitative anal-
ysis for gas sensor systems based on ML [30]. In this study, the authors measured
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Fig. 9 Parity plot of
predicted alcohol content
versus real alcohol content.
The open (blue) and solid
(red) circles represent the
training and validation
samples, respectively.
(Reprinted from [29], The
Authors licensed under CC
BY 4.0)

the vapors of a ternary mixture consisting of water, ethanol, and methanol. From the
sensing signals, the authors constructed regression models that predict the concen-
tration of each component. STNPs and silica nanoparticles (SNPs) were used as
a receptor material platform for the MSS; the surfaces of the nanoparticles (NPs)
were functionalized with aminopropyl, hydroxyl, phenyl, and octadecyl groups. The
authors synthesized the following functional NPs: NH2(1)−OH(3)− SNPs, NH2 −
STNPs, C18(1) − NH2(1) − STNPs, C18 − STNPs, Ph − STNPs, Ph(1) − OH(3)
− SNPs, C18(4) − NH2(1) − STNPs, and C18(1) − NH2(4) − STNPs. The values
in parenthesis denote the molar ratio of each functional group. Note that the real
molar ratios for the functional NPs are different from the denoted ratios. The vapors
of the ternary mixtures with different concentration ratios were measured with MSS
coated with the functional NPs through cycles of sample gas injection and carrier gas
purging. The authors developed regression models based on the Gaussian process
from the extracted parameters, which are the same as in the case of alcohol content
estimation [29]. After the optimization of feature selection, the authors successfully
estimated the concentration of each component (Fig. 10). This study indicates that
the estimation of the concentration of each component is possible by combining the
NP-coated MSS and ML techniques.

7 Summary

In this chapter, we have shown that machine learning techniques are useful in various
fields of materials science. Machine learning techniques will not only enhance
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Fig. 10 Parity plots of predicted concentration versus real concentration. The open (blue) and solid
(red) circles represent the training and validation samples, respectively. The cross-validation error is
also denoted as CVE, and the inset is the dependence of CVE on the number of NPs used. (Reprinted
from [30], Copyright 2018, with permission from the American Chemical Society)

the efficiency of materials research but also have the potential to discover new
phenomena. In fact, machine learning has realized optimization of property in func-
tional molecules, understanding of microscopic property in magnetic materials,
prediction of atomic forces for molecular dynamics simulations, and upgrading of
the gas sensor system. Thus, we believe that the fusion ofmachine learning andmate-
rials science, especially nanoarchitectonics, will be used to explore a new field of
science and expand the scope of materials science. On the other hand, in many mate-
rials informatics researches, existing machine learning methods purely developed in
informatics have been applied. But, the material dataset is characterized by the phys-
ical laws behind it, although the number of data is not large. Thus, a development
of machine learning methods suitable for material science, which positively utilizes
these characteristics in materials dataset, will be the future important perspective. If
this can be developed, material science will be further speeded up and sophisticated
with the aid of machine learning.
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Epilogue: Today’s Nanotechnology, Future
Nanoarchitectonics

“Arrange the atoms the way we want; the very atoms, all the way down!”, Professor
Richard Phillips Feynman said in his famous speech entitled “There’s Plenty ofRoom
at the Bottom” in 1959 at California Institute of Technology. Nowadays, this is well
known as a very foresighted message and recognized as a takeoff point of today’s
nanotechnology. After that, Japanese scientists made great contributions in this field:
exploratory works on metal nanoparticles by Prof. Ryogo Kubo in 1962, invention
of the superlattice by Prof. Leo Esaki in 1969, and a new concept of nanotechnology
introduced by Prof. Norio Taniguchi in 1974. However, this historical information is
only well known among scientists. We needed to wait until 2000 for nanotechnology
to attract popular attention. An epoch-making speech was made again at California
Institute of Technology in 2000. However, the speaker was not a scientist but a politi-
cian, President Bill Clinton, who announced the National Nanotechnology Initiative
as a national strategic plan of the United States. Since then, the word nanotechnology
has been widely popularized. However, in my opinion, it was not Clinton’s speech
in 2000 but the end of the roadmap of Moore’s law in the 2010s that allowed us
to notice the real significance and emergence of nanotechnology. The size of elec-
tronic elements has already reached the order of sub-10 nm, which can no longer
be achieved by the simple extension of conventional lithographic techniques. As
such, we at WPI-MANA of NIMS proposed a new concept, that is, “nanoarchitec-
tonics”. Here, nanoscale materials are assembled to generate new functionalities that
cannot be attained solely by reducing the size of each material. Difficulties in this
concept are still encountered, particularly in selecting and assembling materials for
specific functions, such as electricity, photonics, electronics, ionics, sensors, and so
on. Here, wewould like to emphasize the urgency of the breakaway from the classical
trial-and-error style of tackling these difficulties. The importance of computational
science has been increasing.Machine learning, materials informatics, and theoretical
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prediction will offer a clear direction in finding solutions. In this special issue, we
proposed potential ways of addressing these difficulties by both experimental and
computational approaches as inseparable aspects. We believe that these approaches
can prepare a path for promoting future nanoarchitectonics.

Yutaka Wakayama
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