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Untethered, wirelessly interconnected devices are becoming pervasive in today’s society
forming the Internet of Things. These autonomous devices and systems continue to scale
to reduced dimensions at the millimeter scale and below, presenting major challenges to
how we provide power to these devices. This article surveys existing approaches to
harvest energy from the ambient or externally supplied sources including radio-frequency,
optical, mechanical, thermal, nuclear, chemical, and biological modalities to provide
electrical power for micro- and nano-systems. The outlook for scaling these energy
conversion approaches to small dimensions is discussed in the context of both
existing technologies and possible future nanoscience developments.
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1 INTRODUCTION

Self-powered systems at the microscale and nanoscale that incorporate sensors, computation, and
wireless data communications enable transformative networks for health, safety, and to enrich our
lives. The Internet of Things (IoT) has already transformed society in areas including smart homes,
medical devices, manufacturing, infrastructure, and transportation. There are currently billions of
connected IoT devices, and an estimate of approximately 127 new devices connected to the web every
second in 2020 (Maayan, 2020). Scaling down the dimensions of cyber-physical systems to the
millimeter scale and below is a continued progression of IoT, termed the Internet of Tiny Things
(IoT2) or Internet of Nano Things (IoNT) with completely new functionalities and application spaces
due to the large number, density, and integration capabilities at these reduced dimensions. In this
work, we will use the term IoT2 to be inclusive of all sub-millimeter systems at both the nanoscale and
microscale. IoT2 systems are enabled by a combination of advances including low-power circuits and
heterogeneous integration (Oh et al., 2019). These small autonomous devices are often called motes
as a part of a vision of “smart dust” (Warneke et al., 2001).

Delivery of sufficient power and energy to autonomous systems is a key requirement for their
success. There are a variety of solutions available for power and energy delivery for systems at
approximately the centimeter scale and larger, including battery powered systems, direct wired
connections, and wireless power delivery. However, scaling dimensions below a centimeter presents
new challenges such as rapidly decreasing efficiency of wireless power transfer at millimeter and
smaller dimensions (Rabaey et al., 2011), while the system constraints for IoT2 devices cannot utilize
conventional integration technologies involving printed circuit boards, current battery technologies,
or physically accessible ports for wired connections (e.g., universal serial bus). The approximate
power density required for these systems is on the order of 100 nW/mm2 based on recent mm-scale
systems. This article will summarize power and energy sources and considerations as systems are
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reduced to the micro- and nano-scale, with attention devoted
specifically to the outlook for IoT2 systems.

2 ENERGY HARVESTING MODALITIES

A range of energy harvesting approaches are needed for IoT2

devices since there will be differing access to energy sources
according to the application of interest. The energy source may be
either available through the background ambient, or intentionally
provided through external excitation. Various modes are
illustrated in Figure 1 and compared in Table 1.

2.1 Radio-Frequency
Energy from radio-frequency (RF) sources can be harvested from
the ambient or from an intentional supply of radiation. RF
technology is easily the most widely used approach for IoT
technology, where devices such as RFID tags and readers have
been around for decades with wide proliferation from
applications ranging from credit cards and card readers to
tracking devices for health and safety. These RFID applications
use inductive coupling for small chips, but can typically still
couple to coil antennas with form factors that are on the
centimeter scale or larger. The link efficiency is determined by

the coil geometry, coil quality factor, frequency, and distance
between transmitter and receiver, where efficiency decreases
dramatically when scaling down to dimensions near 1 mm
(Rabaey et al., 2011). Reducing dimensions further into the
micrometer and nanometer scale, while also maintaining
suitable efficiency, will require corresponding increases in
frequency and/or novel approaches for deep subwavelength
antennas. Scaling to higher frequencies may be practical for
some systems in the near field, though propagation losses and
efficiency of associated high-frequency electronics must be
considered for the nanosystem design. The use of
metamaterials may be used to achieve high efficiency at
subwavelength dimensions and to achieve directionality
(Arslanagić and Ziolkowski, 2018).

2.2 Optical
Light provides a form of energy that is well suited to scaling to the
micrometer and nanometer scale. Energy harvesting can be
readily achieved using photovoltaic (PV) cells designed for
ambient outdoor or indoor lighting, or additional illumination
sources. PV cells can directly provide an operating voltage on the
order of 0.5 V, depending on the illumination source and PV cell
technology, which may be increased through series connections
(Moon et al., 2019) or tandem cell designs (Moon et al., 2020).

FIGURE 1 | Illustration of an example nanosystem and various modalities for energy harvesting.

TABLE 1 | Comparison of energy harvesting modalities.

Energy source Conversion devices Outlook

Radio-frequency Antenna Low loss power transfer, efficient at centimeter scale, antenna efficiency drops steeply sub-mm
Optical Photovoltaic cell Efficient and highly scalable, requires line of site access to light source
Mechanical Piezoelectric, triboelectric Wide range of source availability over range of frequencies, high efficiency for biological systems,

challenges in scaling mechanical structures at sub-mm scale
Thermal Thermoelectric, thermophotovoltaic,

thermoradiative
Waste heat available in many situations, thermoelectric behavior scalable but requires temperature
gradient, challenges in scaling radiative approaches such as thermophotovoltaic

Nuclear Betavoltaic Scalable with long-term stable source, challenges in ensuring health and safety and scaling packaging/
shielding

Chemical,
biological

Chemical and microbial fuel cells Can utilize energy sources in specialized environments, drawbacks of long time constant or startup
time and scaling reactor chambers to sub-mm dimensions
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Scaling down device dimensions below 1 mm can reduce
conversion efficiency due to perimeter non-radiative
recombination effects in semiconductors (Moon et al., 2017),
where passivation of semiconductor surfaces remains a key to
achieving high energy conversion efficiency. At higher power
density, untethered self-powered sensors have been demonstrated
at dimensions of 100 µm (Cortese et al., 2020).

As an alternative to the PV effect, optical energy harvesting
may also be achieved using optical antennas. The dimensions of
these optical antennas are on the nanometer scale (“nantennas”),
and theoretically offer efficiencies great than 60% (Vandenbosch
and Ma, 2012). The concept of optical coupling using antennas
may also be combined with photovoltaics through the use of
plasmons (Jang et al., 2016). Plasmon coupling to PV cells can
provide enhanced optical absorption and a means of optical
coupling at near and subwavelength dimensions.

Challenges for optical energy harvesting are in requirements
for line of sight system configuration and the need for an optical
source (for example, sensors embedded in concrete would not be
realistic). Variability in ambient light sources, and angular
incidence (or line of sight) are extremely important in
considering photovoltaic energy harvesting for applications.
Instability in light levels will generally require energy storage
in the system. Variable light levels can be accommodated by light
level detection circuitry to aid power management (Lee et al.,
2018).

2.3 Mechanical
Mechanical energy from stray vibrations or objects in motion
may be harvested using piezoelectric devices (Yang et al., 2018).
Piezoelectric energy harvesters are widely used for applications
including infrastructure monitoring sensors, tire pressure
sensors, and pacemakers. These devices typically use micro-
electro-mechanical systems technology utilizing cantilevers or
membranes with dimensional scales that are larger than
millimeter. Continued dimensional reductions may use
nanowire technologies, where piezoelectric nanogenerators
have been used to power microelectronics (Xu et al., 2010).
While such nanogenerators often utilize arrays of nanowires in
an energy harvesting device, power generation has been
demonstrated in a single nanowire (Moorthy et al., 2017),
showing great promise for dimensional scaling to power
nanosystems. Piezoelectric nanogenerators typically provide
efficient operation at frequencies on the order of 100 Hz.

Mechanical systems may also generate electricity via the
triboelectric effect and electrostatic induction (Wang, 2013).
There are typically three different classes of coupling
mechanical energy to electricity in these devices: vertical
contact separation, in-plane sliding, and single electrodes.
These devices have thus far been employed at relatively large
dimensions (centimeter scale) where the term “nanogenerator” is
a reference to the basis of generating electricity through
displacement current rather than the physical dimensions of
the device (Wang, 2020). The dimensions can in principle be
scaled to sub-mm dimensions, requiring appropriate design of
dielectric layers and gap spacing between electrodes. Triboelectric
nanogenerators show great promise based on recent advances in

improving charge density generation (Liu et al., 2019). Further
considerations will require compatibility with the relatively large
voltages associated with static electricity discharge.

A special case of mechanical energy harvesting is in the
ultrasonic range (approximately 1–20 kHz). Ultrasound
provides a low loss pathway for wireless power transfer in
biological tissue and has received much attention for biosensor
applications. Scaled systems at the sub-mm scale have been
demonstrated, and show great promise for realizing “neural
dust” for brain-machine interfaces that requiring highly scaled
dimensions with relatively small working distances (Seo et al.,
2016).

2.4 Thermal
Waste heat can be harvested over a range of modalities
including thermoelectric, thermophotovoltaic, and
thermoradiative approaches. The thermoelectric approach is
based on the Seebeck effect, requiring a temperature gradient
across the device. Thermoelectric thin films, superlattices, and
quantum dots can effectively be used for power generation at
scaled dimensions. Miniaturized systems with an active
volume of 1 mm3 have been demonstrated, capable of
harvesting 775 µW/mm3 for an external temperature
difference of 9 K (Venkatasubramanian et al., 2007).
Thermophotovoltaic and thermoradiative approaches rely
on radiative transfer, with net received radiation and
emitted radiation, respectively. The device efficiency
depends strongly on the temperature of the heat source and
choice of material to match the bandgap energy to the
blackbody emission of the heat radiator. Chip-scale
thermophotovoltaic harvesters using microscale heat
reactors have been demonstrated over a 1 cm2 area,
providing 344 mW of power (Chan et al., 2013). Further
scaling of dimensions to the sub-mm scale will be extremely
challenging, requiring either extreme scaling of such
microreactors, or system operation in close proximity to a
heat source at very high temperature. The thermoradiative
approach is the inverse of the thermophotovoltaic approach,
where heat flux into the device is radiatively emitted to a colder
ambient to generate electricity (Byrnes et al., 2014; Strandberg,
2015). Thermoradiative harvesting is still in the exploratory
stage with limited experimental demonstrations. In principle,
the thermoradiative approach is scalable to the sub-mm scale,
where utility for energy harvesting will likely apply to niche
applications where systems are in direct contact to a
substantial heat flux and/or in an environment with low
ambient radiation (e.g., deep space).

2.5 Nuclear
Nuclear energy at small scales can generate electrical current in a
semiconductor junction through absorption of beta particles
from radioactive sources. These devices are commonly referred
to as betavoltaic cells or batteries, and require an internal
radioactive sources such as tritium or nickel-63.
Semiconductor junctions have used a variety of
semiconductors including silicon, silicon carbide, and gallium
nitride. The betavoltaic technology is continuing to advance
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within the field of nanoscience, including nanowire based devices
(Wagner et al., 2020). Betavoltaics can offer a stable source of
power over a long period of time (approximately 10 years or
more), and have been used in applications such a implantable
medical devices and defense applications requiring tamper-proof
source of power. The power density available for betavoltaics is on
the order of nW/mm2 (Hang and Lal, 2003), suitable for many
low-power systems. Primary concerns with betavoltaics are in
health and safety of working with radioactive materials, and in
proper shielding and containment in devices. Scaling betavoltaic
devices down to sub-mm dimensions will likely be limited to
these concerns with packaging to ensure health and safety.

2.6 Chemical and Biological
Scaled fuel cells offer a means to use chemical and biological
sources to generate electricity in micro and nanosystems.
Methanol and ethanol are often used as fuels for proton
exchange membrane fuel cells, where devices on the
centimeter scale have been commercialized (Kundu et al.,
2007). The microreactors in these systems are
conventionally fabricated using MEMS technology, where
scaling to small dimensions will be limited by the ability to
manage gas flow and a fuel cartridge. Microbial fuel cells utilize
decomposing organic matter and micro-organisms that can
transfer electrons extracellularly (exoelectrogens) to generate
electricity. This provides an attractive approach for remote
operation of environmental nanosystems that can provide
energy from naturally occurring biological material in soil,
sediment, or decomposing plant matter (Yamashita et al.,
2019). One area where microbial fuel cells have shown
success is in biosensors for online monitoring of wastewater
(Do et al., 2020). Similar to chemical fuel cells, the scaling of
microbial fuel cells will be determined by requirements for
controlling flow of fuel. An additional consideration for
microbial fuel cells is the start up time associated with
microbial colonization, which is typically on the order of
several days.

3 DISCUSSION

A variety of energy harvesting modalities are available for future
development of nanosystems, through either ambient sources or
intentionally providing an external source. The cost,
environment, and system complexity of the application will
have the primary bearing on the optimal selection of the
energy harvesting approach. The majority of energy harvesting
approaches for miniaturized systems have targeted centimeter
scale devices that enable a broad range of IoT applications and
wirelessly interconnected circuits. While literature and the media
often refer to micro- and nano-technology when referring to
these approaches, they are typically referring to chip-scale and
larger systems, and/or nanoscience that has enabled the overall
larger system size. There remains a large research gap in
translating energy harvesting device technologies to power
IoT2 systems at the sub-mm scale.

3.1 Comparison of Modalities
The physical interactions governing energy conversion pose
unique challenges to scaling down system dimensions. While
radio-frequency provides one of the most efficient means of
wireless power transfer in today’s IoT systems, powering
nanosystems at the sub-mm scale will require breakthroughs
in achieving high efficiency at subwavelength dimensions.
Similarly, mechanical systems based on MEMS technologies
and piezoelectric or triboelectric effects will require new
structural design approaches in order to provide high energy
conversion efficiency, and will likely push the boundaries of
nanofabrication processes for mechanical structures. Systems
requiring complex platforms for packaging, such as
microreactors used in thermophotovoltaic and fuel cells, will
require major engineering breakthroughs in order to become
practical at scaled dimensions. Approaches that directly show
promise for dimensional scaling are optical (photovoltaic),
thermal (thermoelectric), and nuclear (betavoltaic), where the
energy conversion process can be achieved through thin layers of
solid state materials for which power density can scale with
device area.

3.2 Power Handling, Storage, and
Application Specifications
The modalities for energy conversion have wide variation
regarding the stability of the source and the electrical signals
generated, while there are also a vast array of tolerances and
specifications for differing IoT2 systems. Advanced low-power
circuit design has demonstrated efficiencies >80% to handle
power regulation and voltage upconversion to support IoT2

devices, where a non-exhaustive list of demonstrations
includes photovoltaics (Lo et al., 2018), piezoelectrics (Wu
et al., 2017), and hybrid systems combining multiple modes
such as solar/vibration/RF (Chowdary et al., 2016). The power
budget for an IoT2 device will depend on the rate of sensing,
sampling, and external communications (typically among the
most power-hungry operations). Analogous to off-grid
residential power, self-powering may be achieved in cases
where the energy source has a temporal profile that matches
use. Top-down system design can provide the most efficient
energy/power use through considering primary aspects of the
sensing interface, the sensing rate, and the sampling scheme
(Yahya et al., 2018), including an overall energy-neutral scheme
for the network (Hassan et al., 2019).

In cases where higher instantaneous power is required, energy
storage is required. Energy storage and power generation can be
achieved over short timescales using capacitor networks. Longer
term storage can utilize chip-scale storage via supercapacitors or
solid state batteries, where a review of these technologies is
worthy of a stand alone review. Micro-scale supercapacitors
with a volume of less than 0.1 cm3 have demonstrated a range
of energy capacities and power densities (Shen et al., 2017) to
support IoT2 systems, where further development in scaling to
smaller sizes is needed. Microscale lithium-ion batteries (Liu
et al., 2017) can provide an energy storage solution, where

Frontiers in Nanotechnology | www.frontiersin.org March 2021 | Volume 3 | Article 6339314

Phillips Energy Harvesting in Nanosystems

https://www.frontiersin.org/journals/nanotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/nanotechnology#articles


there are current surface mount packages currently available and
substantial effort devoted to continued miniaturization.

Applications for IoT2 devices, and requirements for power
budget and energy harvesting modality, can generally be divided
into a few different classes: health/biological monitoring, asset
monitoring, and environmental monitoring. For health/
biological monitoring, sensors external to the body can use a
wide range of approaches, and are typically not limited to the
microscale. Bio-implantable devices have much higher
constraints on accessible energy sources, dimensions, and
toxicity requirements. An example application with extreme
requirements are floating autonomous neural sensors, where
ultrasound, infrared, and RF have all been pursued (Yang
et al., 2020). Micro and nanoscale sensors have tremendous
opportunity to realize “body dust” for biological monitoring
that extends beyond wearable and implantable devices
(Carrara, 2020). Asset monitoring and surveillance provides
the ability to operate and maintain machines and
infrastructure, track items, assess possible failure modes before
they occur, and to ensure safety. These applications often have a
predictable environment and mode that is event driven, allowing
for a more straightforward path towards design of the power
system. For example, the power system for an industrial machine
monitoring device could harvest energy from stray vibrations or
waste heat during operation with regular sensing and reporting
intervals that fit within the power budget. Environmental
monitoring devices generally serve to detect surroundings such
as temperature, humidity, and chemical environment, which
often have relatively slow variation with time. Environmental
monitoring systems can be optimized to harvest the most
abundant ambient source (e.g., stray light or vibrations), where
the greatest power demand is typically related to wireless
transmission of data. For all applications, a life-cycle

assessment is needed to ensure an appropriate choice of
energy harvesting mode and power management supports the
intended product lifetime and reliability specifications.

3.3 Progression Towards Nanoscale
As nanoscience and nanotechnology continues to evolve, new
device architectures may emerge that can directly convert energy
via nanostructures such as 2D material layers, nanowires, or
quantum dots, providing new avenues for energy conversion that
overcome conventional boundaries placed by existing
microelectronics and MEMS technology. Multiscale
metamaterials provide a pathway to engineer materials and
structures with tailored physical properties to optimize energy
harvesting (Tan et al., 2019). Nanoscience breakthroughs have
the opportunity to achieve high efficiency at dimensions that
approach fundamental limits such as the wavelength of the
source, or in some cases enable subwavelength energy
conversion phenomena. The implementation of nanoscale
energy harvesting technologies in IoT2 devices will depend
critically on the design of electrical interfaces and circuitry.
Traditional IoT systems often place energy harvesting
components and power management circuitry as modular
components in the system. The progression towards continued
scaling may further open opportunities for more distributed
energy harvesting and power conversion, for example, singular
nanowires or quantum dots directly self-powering a sensor within
the IoT2 system.
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