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10.1 Introduction

It is not new to anyone that since the last decade, wireless communication microsys-
tems (MSTs) with a high density of nodes and simple protocols have emerged for
low data rate distributed sensor network applications such as those in home automa-
tion [1,2] and industrial control [3.,4]. In this context, the grown interest to implement
the paradigm of using independent operation, management, and maintenance in wire-
less sensors networks, pushed the requirements in WSN nodes to present even more
low-power consumption [5,6]. Additionally, there is also an increasing interest in
ubiquitous electronic devices in the everyday life [7,8]. Also, the complexity and the
requirements of these devices do not know limits. The use of batteries cannot be
enough to ensure an uninterruptible working cycle due to its limited capacity. For
example, the capacity of commercial class AA batteries (the most suitable for power-
ing stand-alone microsystems for ready deployment) is limited to 3000 mAh [9]. This
1s of major importance, especially in the operation of stand-alone microsystems to be
supplied by the energy harvested from the surrounding environment. Thus, the associ-
ation of such devices with the use of some kind of energy recovering system can
reveal an interesting approach [10]. Energy scavengers are currently emerging for a
number of applications from biomedical to automotive [11,12]. The three most
important energy sources of interest for use in remote micro/nanosystems are thermo-
electric (from thermal gradients), piezoelectric (from mechanical vibrations), and
photovoltaic (from solar light). The piezoelectric harvesting systems are widely
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settled and validated, however, direct thermal-to-electric energy conversion without
moving mechanical parts is attractive for a wide range of applications because it pro-
vides compact and distributed power, quiet operation, and is usually environmentally
friendly. Thus, it is not strange the fact worldwide efforts are being undertaken to
expand the technology of thermoelectric devices into the field of microsystems tech-
nologies and more covered in this chapter than other harvesting techniques. Today,
almost all of these platforms are designed to run on batteries that not only have a
very limited lifetime but are also in many areas a cost-prohibitive solution. An attrac-
tive alternative is powering the sensors with energy harvested from the environment.
Thus, a solution for energy generation through energy harvesting by taking advantage
of temperature differences must be found. Since many wireless sensors are powered
on a peak basis (e.g., the transmission of data needs much more current than standby
or receiving mode) and the environmental condition could not always be present, the
energy can be stored in a rechargeable thin-film battery of Li-ion type (integrated
into the system). Ultra-low-power electronics perform DC—DC rectification with a
variable conversion factor and recharge the battery under optimal conditions. All of
these issues are discussed further in this review.

10.2 Energy harvesting systems

Energy harvesters for stand-alone microsystems are currently emerging for a number
of applications from medicine to automotive. Typically, one can distinguish between
two types of energy scavengers, for example, macro-energy scavengers that are typi-
cally in the cm® range, whereas the micro-energy scavengers that are typically in the
mm” range and manufactured using micromachining techniques. Micro-energy har-
vesters are small electromechanical devices that harvest ambient energy and convert
it into electricity [12]. Energy harvesters can collect different types of energies. The
solar energy can be collected and stored by means of photovoltaic solar cells with a
charge-integrating capacitor for periods of darkness [13], mechanical energy can be
collected with piezoelectric or electrostatic converters [14], electromagnetic energy
can be collected through radio frequency resonators [15], and finally, thermal energy
can be collected with thermoelectric generators [16]. The majority of the micro-
energy harvesters are still in the research and development phase. However, thermo-
electrics was the first one to appear in the market [12]. This was due to the easiness
to fabricate these devices with solid-state technology and because their working prin-
ciple is based on a well-established physical theory. Table 10.1 resumes the majority
of features that characterizes each type of energy harvesting presented in this review.
Next, in the further sections, a few energy harvesting types are presented.

10.2.1 Thermoelectric

In 1821, Seebeck observed that the needle of a magnet is deflected in the presence
of dissimilar metals that are connected (electrically in series and thermally in
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Figure 10.1 An artist’s impression of a typical thermoelectric generator and a zoomed view
of a thermoelectric pair (e.g., a thermoleg).

parallel) and exposed to a temperature gradient [16]. The effect he observed is the
basis for thermoelectric power generation. Fig. 10.1 shows the basic cell of a typi-
cal thermoelectric microgenerator, which is composed of two thermoelectric col-
umns (n-type and p-type). As shown in Fig. 10.1, if the junctions at the bottom are
heated and those at the top are cooled (producing a temperature differential), elec-
tron/hole pairs will be created at the hot end and absorb heat in the process. The
pairs recombine and reject heat at the cold ends. A voltage potential, the Seebeck
voltage, which drives the hole/electron flow, is created by the temperature differ-
ence between the hot and cold ends of the thermoelectric elements. The net voltage
appears across the bottom of the thermoelectric element legs.

The physics of these energy converters are widely known and dominated, impos-
ing the research effort in the discovery and research of new materials and structures
to make the process of current extraction from thermal gradients the most efficient
as possible. This implies obtaining materials (both in the bulk [17], nanostructured
[18], and/or superlattice [19] forms) that simultaneously are good electric conduc-
tors to minimize heat losses by the Joule effect, poor thermal conductors to retain
the most heat possible at the site of the junction and at the same time presenting a
maximum Seebeck effect, to produce the required voltage [20]. The performance of
thermoelectric devices depends on the figure of merit ZT of the material [19,21]
and is a dimensionless quantity, which is given by:

zr=%71 (10.1)

where o [V K '] is the Seebeck coefficient, p [£2 m] the electrical resistivity (e.g., the
inverse of the electrical conductivity S [Sm 1]), AWm K™ 1] the thermal conductivity
and 7 [K] the temperature. Another performance factor is more appropriate on thermoelec-
tric devices, for example, the power-factor PF [W K2 m™ '], expressed in terms of:

az
PF = ) [WK™?m™'] (10.2)
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Analyzing the two equations above, it is desirable to select a material or group
of materials that maximize both the ZT and PF, Unfortunately, the three physical
quantitiesa, p and A trade between them, meaning that their mutual interdependen-
cies must be taken when a simultaneous optimization of these properties is desired.
The simple fact the electrons carry unwanted heat and electric charge (traduced as
electrical current) will decrease the Seebeck effect while the electrical conductivity
increases. For bulk materials at both macro- and micro-scales, the highest perfor-
mance is obtained in the presence of heavily doped semiconductors, such as bis-
muth telluride [22] or silicon-germanium [23]. For the case of semiconductors, the
most desirable situation is when the base materials are both n- and p-doped to apply
the same material system on both sides of the junctions [16]. Also, to be used in
microsystems, a thermoelectric generator must be small in size, light in weight, and
possibly have fabrication compatibility with the microsystem elements. Thin-film
generators are the most suited for microsystems applications since they give the
advantage of obtaining modules with minimum size and weight [20].

A lot of new developments about thermoelectric converters for energy harvesting
can be found in the literature. This review tries to focus on the most updated and
the ones with the most potential for a technological breakthrough, as well as in the
case of authors’ work. The work developed by Yang et al. [23] can be considered
unique in the fact it presents a thermoelectric converter directly fabricated on top of
a CMOS device. Thanks to the used material based on polysilicon (in fact, as repro-
duced in Fig. 10.2A, using the polysilicon-1 layer serves as p-type thermoleg, and
the polysilicon-2 layer serves as n-type thermoleg, both represented respectively by
red and green strips) [23]. In order to force the heat flow to take in the lateral
region, a cavity was etched below the thermoelectric pairs, in a way to form a

cold junction
L
rd hot junction
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Figure 10.2 For the work developed by Yang et al.: (A) an artist impression showing the
schematic diagram of a micro thermoelectric converter (working as thermogenerator) with
thermal isolation cavity on the bottom of thermoelectric pairs in polysilicon; and (B) a photo
of a microdevice prototype (with a square area of 4 mm?) containing 10 thermoelectric
converters (red square on bottom) and test structures (the remaining area delimited by red
lines distributed around the perimeter) [23].

Source: Reproduced with the previous authorization of the publisher (Elsevier).
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membrane with minimum thermal conductivity. The hot side of the device is the
upper plane in the region above the thermoelectric pairs in silicon, while the cold
side is the plane located below the cavity. The underneath cavity ensures thermal
isolation to prevent heat loss, maintain the temperature gradient and increase the
efficiency by improving the output power [23]. Their simulations were applied on a
thermoelectric junction (e.g., thermocouple) with optimal dimensions of
71 X 4X0.275/0.18 pm (defined as length X width X thickness for p-/n-thermolegs)
showed a maximum power factor of 0.047 pW cm™ 2K ™2 and a voltage factor of
2788 Vem 2K ™'. They also observed a power factor of 0.042 uW cm™ 2 K2
from a thermocouple (measuring 60 X 4 pm) within a functional prototype of a
microdevice fabricated in the TSMC 0.35 pum CMOS process with 2 layers of poly-
silicon and 4 layers of metal [23].

The field of human body applications experiments a grown in the demand in
last years, ranging from the acquisition of physiological information of several
kinds [24—30]. This field is also known as Body-Area Networks or BAN
[31—33]. Thus, it is also not strange the growth of these applications using energy
harvesting [31,34]. The authors of the work found in [34] made an optimized
design of a full-fledged wearable miniaturized thermoelectric specifically for use
in human body applications. As illustrated in Fig. 10.3A, such a converter has a
shape with a rim structure. This structure was obtained by surface micromachin-
ing applied to the polycrystalline silicon—germanium (poly-SiGe). The photos of
these converters and a few zoomed views can be observed in Fig. 10.3B. In terms
of fabrication details, each thermoelectric converter can contain 2350 or 4700
thermocouples, thermally connected in parallel and electrically in series. In their
experimentations, the authors made a flip-chip bond of the converter into an elec-
tronic microdevice coated with a thin-layer of BCB. Such a configuration demon-
strated the ability to deliver an open-circuit voltage of 12.5 VK™ 'cm™? and
output power of 0.026 pW cm ™~ > K ™2 on a matched external load [34]. The experi-
mental tests also showed that under real field conditions, for example, being worn
on the human body, this thermoelectric generator can deliver an open-circuit out-
put voltage of ~0.15V and output power of ~0.3nW when supplying a
matched load.

An outstanding application of thermoelectric converters on BAN can be found in
[31], where the authors designed and fabricated readout circuits for the acquisition
of biopotential signals. These circuits were optimized for low-power and high-
performance, to allow stand-alone applications outside clinical environments and
without the need for any kind of intervention from health professionals. Fig. 10.4A
shows the photo of a functional prototype of a wireless EEG acquisition system
with eight channels, occupying only 1 cm® [31]. In Fig. 10.4B, it is possible to
observe a thermoelectric generator (composed of 10 sections, each measuring
1.6 X4 cm) to supply the previous EEG acquisition system. It is interesting to
observe the conformity of the generator with the shape of the subject’s forehead
[31]. According to the Ref. [18] of their work, the thermoelectric generator was
designed to work at room temperatures up to 26°C. Additionally, it is claimed the
ability to deliver a power of about 2 mW (e.g., a power density of 30 uW cm?) for



Energy harvesting and storage for stand-alone microsystems 289

thermocouple

rim structure .
Si substrate

(A)

Rim structure

Thermocouples

(B)

Figure 10.3 For the work developed by Wang et al.: (A) an artist impression showing the
schematic of their thermoelectric converter, where it can be observed the several
micromachined thermocouples after being fabricated on top of a rim structure with a height
of 250 pm. (B) Progressively zoomed photos (from left to right) of a few functional
prototypes of micromachined thermoelectric pairs; the middle and right photos only can be
observed through SEM microscopy, where the middle one shows the rim structure and
thermocouples; the photo on right shows a more deep close-up view of few micromachined
thermocouples [34].

Source: Reproduced with the previous authorization of the publisher (Elsevier).

a room temperature of 23°C. This power is more than enough to supply the EEG
acquisition system, whose power consumption is only 0.8 mW.

Thermoelectric converters based on bismuth tellurides [35] and both bismuth
[36]/antimony [37] tellurides allow the fabrication of converters with high figures-
of-merit ZT at room temperatures (e.g., 300K). In the context of this review, a high
value of ZT is defined as one to be close to unity [19]. Unfortunately, this class of
materials is not compatible with silicon, thus, requiring back-end techniques for
their integration with microdevices based on silicon (e.g., CMOS technology).
Despite this drawback, there are still excellent works of thermoelectric converters
for energy harvesting using tellurides. The energy converter developed by Takashiri
et al. [35] 18 a classical work focused on this class of materials and it was fabricated
using the flash evaporation method through thermoelectric generators fabricated by
a flash evaporation method. The n- and p-type powders of Bi,Te,;Seps and
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Figure 10.4 For the work developed by Yazicioglu et al.: (A) a photo of a data acquisition system
with a capacity to acquire 8 EEG channels and (B) a photo of a thermoelectric converter placed in the
forehead of a test subject to power the data acquisition system on left [31].

Source: Reproduced with the previous authorization of the publisher (Elsevier).
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Figure 10.5 For the work developed by Takashiri et al.: (A) schematic and (B) photo of
their functional prototype of thermoelectric converter [35].
Source: Reproduced with the previous authorization of the publisher (Elsevier).

Big4Te; (Sb, ¢ were respectively prepared for flash evaporation of thin films to
form the thermoelectric legs (to make the thermoelectric pairs). As shown in
Fig. 10.5 (schematic and photo), their thermoelectric converter is composed of
seven pairs of thermolegs, electrically connected by electrodes made of aluminum
[35]. Each leach measures 15 X 1 X 1 mm (length X width X thickness) and their
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physical arrangement and electrical connection result in a thermoelectric converter
measuring 20 mm by 15 mm. After the fabrication of thermolegs, the thermoelectric
characteristics of several functional prototypes were improved by submitting them
to a hydrogen annealing at temperatures between 25°C and 250°C. For example,
the functional prototype whose annealing temperature was of 7,, = 250°C provided
a maximum output voltage of 83.4 mV and an estimated power of 21 puV, when
subjected to a temperature gradient of 30°C.

More works based on tellurides, more precisely planar thermoelectric generators
based on bismuth and antimony tellurides can be found in [21] and [38]. Both con-
verters were obtained using the deposition of thin-films. The difference relies on
the fact that in the first case microsystems techniques were used (lithography and
etching [21]), while the shadow mask technique was used in the second case [38].
Fig. 10.6A shows a magnified photo of a thermoelectric generator composed of
eight pairs of n- and p-type elements [22]. A set of measurements were made
for the Bi,Te; and Sb,Tez thin-films, resulting respectively in values of ZT at
room temperatures of 0.97 and 0.56, and in power factors of 0.49 and
0.28 pW cm™ 2 K™ 2. As it can be observed, the thermolegs were deposited on top of
a polyimide foil with a thickness of 25 pm. The technique of shadow masks is sim-
ple and well used in thin-film depositions, where the distance precision is not criti-
cal. The n- and p-type deposited thin films are spaced apart between them by
500 pm. The contact area of the thermoelectric structures measures 1 mm?, while
the metal contacts made of aluminum occupy an area of 7 mm>. A prototype pro-
posed by Silva et al. [38] makes reminds the coiled-up thermoelectric generator
fabricated by Weber et al. [39]. The prototype in Fig. 10.6B was obtained by sput-
tering thermolegs of bismuth and antimony on polyimide foils, whose geometry
was based on the principle of the coiling-up to provide high values of voltages
with smaller generator areas. This kind of geometries applied on a large strip of

(B)

Figure 10.6 (A) Photo of a thermogenerator with eight pairs of n- and p-type elements,
fabricated with bottom contacts [22]. (B) Photo of a coiled-up thermoelectric generator
prototype [39].

Source: The photos on the left and right were reproduced with the previous authorization of
the publisher (Elsevier).
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polymer foil allows the fabrication of many thousands of thermocouples and the
corresponding surround around the target structure where the temperature gradient
is present [39].

A fascinating application using thermoelectric generators was validated by
Wojtas et al. [40]. In strict terms, this application was already known on its funda-
ments, for example, by harvesting energy from the waste heat present in industrial
processes [38] and vehicles [39]. The amazing difference relies on the involved
scale, that is while the known approaches were implemented at the large size scale,
the work of these authors [40] was implemented at the microscale. As illustrated in
the photos Fig. 10.7, this application combines a microfluidic heat transfer system
with a thermoelectric generator and is the first one of its kind reported in the litera-
ture. Their functional prototype was tested and characterized, considering two phys-
ical quantities: the measured thermal and hydrodynamic performance and the
correspondent generated power [40].

The field of energy harvesting doesn’t know limits when looking at the applica-
tion of these systems on planes. In this context, a stand-alone sensorial node was
designed and fabricated by Samson et al. [41] to operate on short-range flights. The
work was validated on laboratory environment to deal with plane fuselage’s tem-
peratures in the range of —21.8°C to +20.4°C. The details about the choice of this
temperature range as well as the specificities to deal with the several physical

Micro channels|

Encapsulation Manifold
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Figure 10.7 For the work developed by Wojtas et al.: (A) Exploded view illustrating the
combination of a microfluidic heat transfer system with a thermoelectric generator, and the
cross-section of the path where the hot fluid passes through; (B) photo of the functional
prototype after being assembled (top), a cross-section of the path where the hot fluid passes
through (middle) and top view (bottom) [40].

Source: Reproduced with the previous authorization of the publisher (Elsevier).
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phenomena during [short-range] flights are fully detailed in their publication [41].
In this sequence of ideas and taking into account the temperature profile, the ther-
mogenerator selection fell on a customized-made device from a well-known manu-
facturer for matching both the temperature range and profiles.

It must be noted that the voltage at the output of the thermogenerator is not con-
stant and can drop below 1.5 V, thus, a power management chip is required to store
the harvested energy and at the same time to make upconversion of the voltage to
operate the sensorial node. In this work, a regulated voltage of 3.3 V is required.
The tests in the laboratory environments have proven to be promised, thus, in the
future is expected real-time tests in real-field operations [41]. Fig. 10.8 shows the
block diagram and the respective photo of a stand-alone prototype mounted on an
aircraft hull for future tests. The sensorial node is composed of a power manage-
ment chip (implemented by a Texas Instruments MSP430 series microcontroller for
intelligent management) and the sensorial node itself (composed of a crack wire
sensor and by the Texas Instruments’ CC2420 RF transceiver for the 2.4 GHz ISM
band able to implement the standard IEEE 802.15.4 relative to the two lowest levels
of the ZigBee’s protocol). The experimental tests showed that the whole function
prototype has a total power consumption of about 189 puW for an output voltage of
3.3V [41].

New developments in materials with high ZTs (close to 1) are the only future
way to follow to improve the characteristics of thermoelectric converters (both for
energy harvesting and cold generation) and pave the way to increase the market
and at the same time to decrease the costs (by providing high-volume production).
It is undeniable the importance that was achieved up to now with telluride-based
materials, both on bulk and microscale, but unfortunately, these materials are not
compatible with the available technologies of microelectronics based on silicon
[42]. Therefore, it is of major interest to develop materials compatible with silicon.

1=0.4-0.5% n~26%
_’.

ement

Heat flux
¥
Thermoelectric
generator
¥
¥
Sensor node

Powerm

(A) (B)

Figure 10.8 For the stand-alone prototype developed by Samson et al. and composed of the
thermogenerator and the energy management chip (e.g., the MSP420 microcontroller) and
the sensorial node (e.g., the crack sensor and the RF transceiver) [41]: (A) block diagram and
(B) respective photo of a stand-alone prototype mounted on an aircraft hull for future tests.
Source: Reproduced with the previous authorization of the publisher (Elsevier).
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New innovative research was proposed by Ashby et al. [42], which proposes and
claims (based on outstanding argumentation and supported by experimentation) a
promising alternative to telluride-based materials (more specifically, with relation
to the Bi,Te3), for example, materials based on silicon nanoparticles. In these mate-
rials, the thermal conductivity is low thanks to the high number of interfaces cre-
ated [42]. Randomly distributed nanostructures in nanocomposite materials (see the
concept in Fig. 10.9) can lead to a reduction in the thermal conductivity below that
of an alloy of the same overall chemical stoichiometry [38.43]. This happens thanks
to the high number of interfaces that are created, therefore increasing phonon scat-
tering [42]. A thermoelectric figure-of-merit Z7 of 0.6 at 300K was measured after
subjecting silicon nanoparticles to a process of surface functionalization with phe-
nylacetylene [42], whose value can be classified as significant (if not outstanding)
for a bulk silicon.

10.2.2 Solar

One of the most important renewable energy sources is those based on photovoltaic
(PV) cells [44—46] because their technology is well established in terms of matu-
rity, applications, and markets. More recently, after the publication of the smart
dust work [47], applications of solar photovoltaic to power stand-alone
Microsystems started to know the interest for application on distributed sensors net-
works. In this classical work done by Warneke et al. [47] at the University of
Berkley, a 16 mm*-microsystem was fabricated for stand-alone operation through
an integrated solar-cell. This microsystem was designed and fabricated to prove the
concept in which it is possible to integrate three microdevices: (1) an SOI (Silicon-
On-Insulator) solar cell to provide the power supply; (2) an ASIC fabricated on a
0.25 pm CMOS process, comprising a photosensor (a n-well/p-substrate CMOS
photodiode), signal processing (amplification, analog-to-digital conversion) and
control electronics (a state-machine with 13 states); and (3) by an optical transmit-
ter [47]. The optical receiver was implemented within the CMOS ASIC through a
second n-well/p-substrate photodiode because this is the CMOS photodetector con-
figuration with the highest responsivity (e.g., highest sensitivity), while the optical
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Figure 10.9 A thermocouple composed of a pair of n- and p-type legs, both made of
nanocomposite materials.
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transmitter was specifically implemented on a third microdevice composed of a
micromachined four-quadrant corner-cube retroreflector (named as CCR chip) [47].
The optical transmission was made passive with respect to the target base-station to
minimize the power consumption of the whole microsystem, for example, an inter-
rogator in the base-station sends a light beam towards the microsystem in the direc-
tion of a set of 3 orthogonal mirrors. The bottom mirror is electrostatically
actuated, thus the microsystem does nothing (saves power) for a “1” transmission.
For a “0” transmission the bottom mirror is slightly actuated and displaced, break-
ing the orthogonality and thus spreading the light beam across the space [47]. This
spreading is detected in the base-station because the received intensity is smaller
for a “0” than for a “1.” This ingenious solution results in a very low-power con-
sumption microsystem.

Fig. 10.10 shows (A) the concept of an autonomous flexible thin-film (FTF) and
(B)-(D) photos of an FTF functional prototype: (B) just after the application of
polydimethylsiloxane (better known as PDMS), (C) after the PV cell placement,
and (D) showing the maximum thickness of the FTF prototype [47]. Fig. 10.10A
highlights the set of flexible substrates that compose the FTF, for example, a PV
cell, a flexible PCB (fPCB), the PDMS material (a key-element between the three

solid-state ; —ecl'ronlcs
battery made &
of lithium
thin-films LS.
@ PADs
drilled holes

through-vias
through-vias
substrate

energy harvesting part
(bottom layer) energy management circuits
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(A) (B)

PV cell

© D)

Figure 10.10 (A) Autonomous flexible thin-film (FTF) concept. Photos of the FTF
prototype: (B) just after the PDMS application, (C) after the photovoltaic cell placement, and
(D) showing the maximum thickness of the FTF [46].

Source: (B) and (C) were reproduced with the previous authorization of the publisher
(Elsevier).
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layers to serve as the adhesion layer) and the respective constructive concept. This
FTF was designed and fabricated taking into account the growing need for deform-
able devices and transducers (either stretchable, foldable, or even compressible)
[47—50]. The fPCB provides physical support to the electronics and battery, while
the fPCB-PV cell adhesion is provided by a layer of PDMS. As shown in
Fig. 10.10D, this TFT has a thickness of 1.62 mm, measures 37 X 114 mm?, and
weighs 10 g. This TFT was able to provide a voltage of 3.8 V under solar irradia-
tions higher than 6 W m~2, while values below the power were provided for the
battery [47]. A certain degree of “intelligence” was thus required to make this
energy management: a DC—DC step-up converter model LTC3105 incorporates an
adjusted control for maximum power point tracking (MPPT) and was used to pro-
vide a regulated voltage for battery charging and power supply to the exterior.
Additionally, it was necessary to either protect the battery from overvoltage peaks
(during the charge) or undervoltage valleys (during the discharge). The LTC4071
was engaged to detect zones of danger and thus disconnect the battery from the
charge/discharge circuit. The complete FTF schematic can be observed in
Fig. 10.11.

This kind of energy harvester was designed and fabricated for applications where
the need for maintenance should be reduced and solar energy is available and abun-
dant. High-precision agriculture is a target field of applications matching these
requirements [47—49].

A cutting-edge idea related to energy harvesting combines the physical charac-
teristic to measure with the harvesting mechanism itself. This philosophy was fol-
lowed by Emadi et al. [50] to design a self-powered Sun sensor to detect the
satellite’s position with respect to the Sun. The conventional approach shares with
this one the use of 4 photodetectors on a matrix 2 X 2. Contrary to the former, the
latter approach remains simple but ingenious because instead of a pin-hole aperture
to allow only one photodetector to be illuminated when the array surface is aligned
with the Sun, this last one takes into account the complementary situation [50]. In
other words, only one photodetector is blocked and dark when the array is aligned
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Figure 10.11 Electronic circuit composed of an maximum power point tracking step-up
converter, a battery power management, and an under/over-voltage protection [46].
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Figure 10.12 For the transduction on Sun sensors to align satellite panels: (A) conventional
and (B) novel concepts [50].
Source: Reproduced with the previous authorization of the publisher (Elsevier).

with the Sun, allowing the collected photocurrents of the remaining 3 photodetec-
tors to be used for both sensing and powering of the sensor. Fig. 10.12 illustrates
the concept behind the (A) conventional and the (B) new approach [50].

Despite the abundant availability of solar light worldwide, this harvesting tech-
nique cannot be used in dark environments (oil wells, buried in the soil below the
surface, embedded inside mechanical/physical structures, and so on). Another draw-
back related to this environmental power source is the lack of low-power/low-
voltage solutions solar harvesting circuits observed at the industrial level, as
concluded in a study conducted by Frohlich et al. [51].

10.2.3 Piezoelectric

Piezoelectricity is the ability of a material to convert mechanical strain into
electric current or voltage [52—55]. This effect is also reversible, by allowing the
conversion of electricity into motion. While the first phenomenon is used on
mechanical sensors and energy harvesters [56], the second phenomenon is used on
mechanical actuators [57]. The most know class of applications is in footstep and
footwear power generation [58,59]. Mechanical vibrations were proven to be one
of the environmental energy sources with one of the highest delivered power and
efficiency [60].

The most common materials used on both energy harvesting and mechanical
actuation include: the lead-zirconate-titanate (PZT) [61], lead-titanate (PbTiO,)
[62], lead-zirconate (PbZrQOs) [63], barium-titanate (BaTiO3) [64] and PVDF [65].
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To date, the most used piezoelectric material is the PZT due to its inherent huge
electromechanical coupling ability [66].

Despite the larger power handling, piezoelectric harvesting suffers from a huge
drawback. As shown in Table 10.1, this kind of energy harvesting is strongly
dependent on the natural frequency of oscillating, which is mainly imposed by the
geometry of the movable part [67,68]. Behind the narrow-band feature, this poses a
lot of problems concerned with miniaturization and integration in microsystems, for
example, normally the resonance frequency increases with the object’s size reduc-
tion [68]. Further improvements can be achieved by optimizing the shape of vibra-
tional parts (for example, the shape of a cantilever and or a mass) [69]. However,
nothing is more cutting-edge than the bimorph cantilever made of thick-films of
PZT to explore the multimodality, allowing the piezoelectric converters to harvest
energy from broadband vibrations [70].

The piezoelectricity is always surprising in the field of electronics. This can be
confirmed through an emergent field in aeronautics, consisting of the electricity
conversion from the aeroelastic vibration of the plane’s wings |[71—74].
Aeroelasticity is divided into static and dynamic aeroelastic phenomena. In the con-
text of dynamic phenomena, it exists the flutter, which can present a high destruc-
tive potential. The flutter consists of self-sustained oscillations, happening on
sustentation surfaces (e.g., on wings) when the flight speed is higher than a thresh-
old (named critical speed of flutter). Below this threshold, the oscillations will be
damped. A disturbance of any kind happening with flight speeds larger than the
critical speed of flutter will result in auto-excited oscillations (e.g., like positive
feedback in a physical system) with a fatal result for the sustaining structure. More
recently and despite the potentially destructive nature of flutter, the recent research
in aeronautics has confirmed its high potential to extract energy from the aeroelastic
vibrations (resultant from the airflow) [72,75] to convert them into electrical energy
for providing useful self-powered aeroelastic control methods [76]. In general
terms, the idea is to harvest the energy on aeroelastic vibrations and use it to pro-
duce the same vibrations in the opposite direction. This implementation is no more
than negative feedback towards the control of aeroelastic control.

10.2.4 Electronics and storage

A harvesting system composed only of the energy converter it is not enough to
allow a microsystem to be fully stand-alone. Two additional energy processing
stages comprising energy storage and power management are needed for a success-
ful energy harvesting implementation [77,78]. In this context, the direct deposition
of microbatteries into a microdevice (responsible for the energy management) was
proposed by Lhermet et al. [79], making this work the first of this kind to be widely
known in the literature. In Fig. 10.13 is possible to observe the block diagram of
their microdevice/microbattery prototype [79], which forms a microsystem able to
harvest (by transforming it into the electrical form) two power sources (e.g., induc-
tive [80] and/or thermal [81]) and to manage the harvested energy through the
microdevice. The microsystem is also able to store energy through microbattery.
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Figure 10.14 (A) Schematic of a simple voltage upconverter circuit. For the functional
prototype of a voltage upconverter, using the Seikos’ microdevices S-8827Z and S-8353:
(B) schematic.

In terms of power management, the microdevice can (1) schedule which external
source will be used to charge the battery, even when both are available. The micro-
system can also (2) provide a compatible voltage to the battery; make decisions
about (3) stopping and (4) starting the charging process, as well as, (5) switch the
provenience of power between the battery and the harvested source towards the
load to supply it. This last control action allows the energy stored in the microbat-
tery to be spared for situations when external power sources are not available.

After considering the specificities related to the energy type to be harvested, the
block diagram of Fig. 10.13 can be considered a base for any power management
circuit design. In this context and independently of the application, the DC/DC con-
verter must be able to upconvert (or downconvert when necessary) the voltage from
the external source. The voltage downconversion is straightforward to understand,
thus, the focus will be placed on the upconversion. Fig. 10.14A illustrates a
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schematic of a simple upconverter to help the physical principle behind this block
[20]. An inductance L, will be required to provide voltage peaking to achieve the
upconversion, while a capacitor C,, [idealy] prevents the voltage to drop and thus,
completing the upconversion process. In terms of operation, the current supplied by
a DC source (for example, a thermogenerator) will charge C,,. Meanwhile, the
switch SW closes and opens synchronously at a high frequency. When closed, the
switch remains in this state for a short amount of time to reduce losses. This implies
that, when closed, the signal responsible for commanding the switch must have a
very low duty-cycle to avoid the capacitor C,, from over-discharge. The stored
energy in the inductor L, forces the capacitor Cy, to discharge through the diode
D, during the time the switch is opened (e.g., the diode makes a DC rectification).
Finally, the current will charge the capacitor, Cg., Which connects to the load (in
the simplest configuration) or a DC regulator (on a more advanced configuration).
The charge-capacity of Cg must be high to sustain [above a certain level] the
voltage when deliver current to the load. This last configuration is very simple and
easy to understand the principle behind the upconversion, using the step-up tech-
nique. On practical circuits, this configuration is very unsuitable due to the huge
number of parameters to trade with the generator itself (switch on/off frequency,
inductor L,p, capacitors Cyp, and Cgre, the forward voltage of diode D and the
quality of electronic switch—for example, the open- and short-circuit losses within
the switch). As illustrated in Fig. 10.14B, a more interesting solution can be imple-
mented, using components off-the-shelf (COTS) [20]. Fig. 10.14B shows the elec-
tronic schematic of a circuit prototype for voltage upconversion through DC—DC
step-upping, using the S-8827Z (start-up microdevice for connecting into a step-up
converter) and S-8353 (DC—DC step-up converter with PWM control and built-in
switch) circuits from the Seiko manufacturer [82]. Table 10.2 shows few results for
several sets of input voltages and currents, and as it can be observed the output
voltage is very close to those required by a lithium battery (& 3.7 V). A significant
feature of the prototype based on these microdevices is their efficiency is always
above 85%: Such efficiencies mean internal power losses below 15%, resulting in
acceptable losses for these kinds of applications.

The combination of energy harvesting systems (comprising energy conversion
and energy management systems) with batteries will expand and capability and
autonomous features of stand-alone microsystems. However, this poses problems in
terms of fully battery/microsystem integration because the battery technology didn’t

Table 10.2 Few tests were made to the circuit of Fig. 10.14B—D for a few combinations
of voltages and currents.

Vin [V] Iin [ma] Vout [V] Iout [ma] Pin [mW] Pout [mW] n [%]

0.31 40.11 3.20 3.32 12.43 10.62 85
0.39 45.30 3.40 5.05 17.57 17.17 98
0.45 50.50 3.60 591 22.70 20.68 91

0.50 70.10 4.50 7.55 35.05 33.97 97
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Figure 10.15 For solid-state microbattery made of thin-films fabricated by Ribeiro et al.
[85]: (A) main blocks of a target application for this microbattery. (B) an artist’s impression
of the selected materials (not in the real scale for a better illustration).

follow the spectacular development of the microelectronics industry [83].
Nonetheless, this did not prevent the research and development of microbatteries
for integration with microdevices as can be confirmed in Fig. 10.13 [79], illustrat-
ing the block diagram of the microdevice/microbattery prototype fabricated by
Lhermet et al. [79]. Their microbattery was fabricated using microsystems techni-
ques, more specifically the deposition of thin-films. The microbattery is of lithium
type and was obtained through a stack of lithium/LiPON/TiSO, forming the cath-
ode/electrolyte/anode respectively. More specific details about the fabrication of the
microbattery can be found in their publications [78] and [84]. Ribeiro et al. [85]
also have fabricated with success a solid-state microbattery on a flexible substrate
made of polyimide (Kapton from DuPont). Fig. 10.15A illustrates the main blocks
of a target application for this microbattery. The blocks of the energy harvesting
system are comprised of a PV cell, which is intended to have a MPPT controller, a
DC—DC converter, a battery charger and protection circuit and a microbattery
itself. In this target application, the MPPT controller measures the voltage and cur-
rent in the terminals of an energy source and calculates the necessary duty-cycle of
the DC—DC converter. The battery charger and protection circuit control the flux
of energy between the energy source, the battery, and the output of the energy har-
vesting system. The materials that compose the microbattery are a succession of
layers made of LiCoO,/LiPON/lithium that act as cathode/electrolyte/anode. In the
future, a flexible solar cell is intended to be used as a substrate, where on its back
side the microbattery was previously deposited using thin-film techniques by
Ribeiro et al. elsewhere [85]. Further details about the deposition of the several
materials that compose this battery can be found on [9,86].

10.3 Conclusions

This chapter has presented an overview of the state of the art related to energy har-
vesting systems for stand-alone microsystems (MSTs). It was intended to present
hot-topics concerning this theme, especially those related to thermal, piezoelectric,
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and solar photovoltaic. In the end, we presented a few integration topics concerning
microelectronic systems and microbatteries for adding energy conversion/manage-
ment and storage functions, respectively.
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