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Powering the increasing number of sensor nodes used in the Internet of
Things creates a technological challenge. The economic and sustainability
issues of battery-powered devices mean that wirelessly powered
operation—combined with environmentally friendly circuit technologies—
will be needed. Large-area electronics—which can be based on organic
semiconductors, amorphous metal oxide semiconductors, semiconducting
carbon nanotubes and two-dimensional semiconductors—could provide
asolution. Here we examine the potential of large-area electronics
technology in the development of sustainable, wirelessly powered Internet
of Things sensor nodes. We provide a system-level analysis of wirelessly
powered sensor nodes, identifying the constraints faced by such devices
and highlighting promising architectures and design approaches. We then
explore the use of large-area electronics technology in wirelessly powered
Internet of Things sensor nodes, with a focus on low-power transistor
circuits for digital processing and signal amplification, as well as high-speed
diodes and printed antennas for datacommunication and radiofrequency

energy harvesting.

The Internet of Things (IoT) could enhance the quality and sustain-
ability of everyday life by providing data connectivity to objects and
the environment"? (Fig. 1a). Its success will depend on the size of its
physicallayer, whichis projected to reach one trillion devices by 2035°.
Essential components of the technology are the IoT sensor nodes
that wirelessly feed the loT with inputs from the physical world. Fur-
thermore, by embedding data processing, smart sensor nodes can
be created, which enhance the loT ecosystem with computing power
atits edge.

Powering this large—and growing—number of sensor nodes is a
technological challenge, especially due to the widespread need for
autonomous operation and small device sizes (typically of the order
of 10 cm). Batteries are the conventional solution but relying solely
on them is problematic. For example, sensor nodes with a 1% duty
cycle, 10-100 pA current demand in silent mode and 15-40 mA cur-
rent demand during data transmission would cause standard bat-
teries to discharge after 4-12 months*. Rechargeable batteries could
potentially offer a solution. However, their charge-discharge cycles
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Fig.1|LAE sensor nodes for sustainable IoT. a, Schematic sensor-node architecture, LAE semiconductors, energy harvesters and application areas. b, Potential
monolithic manufacturing of ecofriendly LAE sensor nodes. ¢, Ideal life cycle of an IoT sensor node.

are constrained and their performance drops over time, leading to
additional costs for replacements.

The battery-centric model of powering sensor nodes also poses
a sustainability challenge due to the environmental impact of main-
stream battery technologies* . For instance, current annual global
lithium production’ would not be sufficient to meet the demands of
a one-trillion-node 10T relying on common lithium-based coin cell
batteries® to power sensor nodes. Therefore, to ensure the sustain-
ability of the loT—and realize its full potential—it is critical to adopt
wirelessly powered sensor nodes. (These are also often referred to as
self-powered sensor nodes, but we avoid this term here because of its
ambiguity—power is not self-generated by the nodes but drawn from
the surroundings.)

Wirelessly powered sensor nodes draw energy from the environ-
ment using energy harvesters, including photovoltaic cells and radi-
ofrequency energy harvesters* (Fig. 1a). This energy could be freely
available (leading to ambient-energy-powered nodes) or supplied
by dedicated sources (leading to dedicated-energy-powered nodes).
The former case is the most attractive from a sustainability perspec-
tive because it does not require a dedicated infrastructure of energy
sources that consume power specifically for harvesting purposes.
Importantly, given the limited power density typically available from
non-dedicated ambient sources, wirelessly powered operationimplies
the needto construct sensor nodes using ultralow-power electronics.

The sustainability of the loT also depends on minimizing the envi-
ronmental burden of the electronics used in its sensor nodes. This
aspect is particularly important due to the environmental impact of
conventionalintegrated circuit and printed circuit board technologies
currently used in mainstream sensor nodes. Conventional integrated
circuits involve energy-intensive fabrication methods and complex
production stepsrequiring transportacross continents, which consid-
erablyincreases their carbon footprint’. The same considerations apply
to ultrathin, flexible siliconintegrated circuits. The use of conventional

printed circuit boards is also problematic in terms of harmful emis-
sions'. The difficulty of recycling such electronics at their end of life
exacerbates their sustainability issues, thus driving increasing regula-
tory efforts towards greener electronics™".

Alternative semiconductor technologies could thus be key in
the development of sustainable, wirelessly powered sensor nodes.
These include thin-film devices based on organic, metal oxide, car-
bon nanotube (CNT) and two-dimensional (2D) semiconductors
(Fig.1a), which are often collectively referred to as large-areaelectron-
ics (LAEs). LAEs are compatible with sheet-to-sheet and roll-to-roll,
bottom-up manufacturing, thus providing flexibility in terms of circuit
area, customizability and economies of scale™. Their processability at
low temperatures (less than 200 °C) can further minimize their envi-
ronmentalimpact™. Importantly, LAE technologies are suitable for the
fabrication of sensors” and energy harvesters'® on the same types of
substrate as used for circuitintegration. Therefore, complete wirelessly
powered LAE sensor nodes could potentially be manufactured at single
productionsites using arange of LAE materials and methods (Fig. 1b),
thus reducing the issues associated with conventional sensor-node
manufacturing. Additionally, LAEs can be fabricated on paper-based
substrates, providing an attractive, environmentally friendly alterna-
tive to conventional printed circuit boards"”. Arecent demonstration of
therecyclingand reuse of LAEs™ illustrates their potential in achieving
circularity in electronics (Fig. 1c). Nevertheless, complete life cycle
analyses of LAE technologies will be needed to identify the most sus-
tainable approaches.

Recent milestones in the development of LAEs highlight
their potential for wirelessly powered sensor nodes. For instance,
ultralow-power circuits have been created with several LAE transistor
technologies”* and in combination withambient-energy harvesting®.
Additionally, LAE circuits withincreasing transistor count—up to tens of
thousands—have beenreported®. Also, LAE-based diodes** and printed
antennas® have been shown to be compatible with radiofrequency
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Fig.2|System view of wirelessly powered sensor nodes. a, Architecture.

b,c, Schematics of active (b) and backscatter (c) transmitters. The receiving
and transmitting antennas of the backscatter transmitter are typically the same
antenna. RF, radiofrequency. d,e, Energy per communicated bit for active and
traditional backscatter systems (d) and active and retrodirective backscatter

Maximum range (m)

systems (e). The energy per bit is plotted as a function of the maximum
communication range of wireless sensor nodes equipped with standard-sized
equigain antennas operatingin standard license-free bands. The frequencies of
operation and antennasizes are indicated in the legends.

energy harvesting at 5G frequencies. In this Perspective, we explore
the use of LAEsin the development of sustainable, wirelessly powered
sensor nodes. We first provide asystem-level assessment of wirelessly
powered sensor nodes. We then examine the development and poten-
tial of low-power LAE circuits. Finally, we consider radiofrequency
energy harvesting and datacommunication schemes.

System view of wirelessly powered sensor nodes
A wirelessly powered sensor node features an energy harvester as its
power source (Fig. 2a). The harvester generally comprises a power
management unitand an energy storage element(for example, asuper-
capacitor) to deliver the intended supply voltage over time, based on
the typical harvest-energy-use scheme (Fig.2a). Additionally, to provide
edgeintelligence, asmart sensor node should comprise digital process-
ing to distil critical data from the sensor signals (Fig. 2a).

The key challenge faced by wirelessly powered sensor nodes con-
cernsthelimited power densities available from ambient sources (for
example, leading to a power output of 220-100 pW cmfor LAE indoor

photovoltaics)*. Therefore, minimal energy consumption is essential
for a sensor node to achieve ambient-energy-powered operation.
Alternatively, the energy-consuming processes can be externalized if
dedicated-energy-powered operation is the main priority.

In the ideal scenario of ambient-energy-powered operation, the
harvested energy should be sufficient for the sensor node to gener-
ate its own carrier to establish a wireless electromagnetic link with
the IoT gateway (active transmission; Fig. 2b). Establishing this link
is typically the most power-consuming feature of a sensor node—
for example, standard wireless communication protocols consume
10-100 mW (refs. **°). Therefore, the alternation of sleep-mode and
active-mode intervals is essential for a sensor node to operate per-
petually. The harvester would replenish the energy storage element
during the sleep-mode intervals to allow the sensor node to cope with
the short bursts of higher power dissipation when the wireless link
becomes active. In fact, sensor nodes often feature aggressive duty
cycles (thatis, ratios between the active-mode interval and the overall
cycletime) of 0.01-1%. Therefore, power dissipation during sleep-mode
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intervals—which relates to the static power consumption of always-on
blocks—could contribute a substantial fraction of the overall energy
consumption. Consequently, a high priority in the development of
wirelessly powered LAE sensor nodes is the minimization of static
power consumption to (sub-)nanowatt levels.

The power constraints and integration complexity required
for wirelessly powered operation have prevented the realization of
ambient-energy-powered LAE sensor nodes to date. However, consid-
erable progress has been achieved in dedicated-energy-powered LAE
sensor nodesrelying on power transfer from dedicated radiofrequency
energy sources. Key to this progress has been the adoption of backscat-
ter communications, in which the sensor node relies on the impinging
signal to carry the data transmitted by the node (Fig. 2c). However,
regulatory limitations, the higher total path loss exponent of such links
andthe non-zero power consumption of backscatter front endsjustify
the use of this option only at shorter ranges. Our model calculations for
active andbackscatter transceivers (Fig. 2d,e) show that backscatter sys-
tems allow lower energy consumption per bit for ranges below 200 m.

Power consumption in a sensor node is also associated with the
signal conditioning chain. To date, circuit blocks needed for the signal
conditioning chain of LAE sensor nodes have been implemented mainly
with unipolar technologies (thatis, with either n-channel or p-channel
thin-filmtransistors (TFTs)), given their simpler fabrication and wider
availability. The power dissipation of aunipolar LAE analogue front end
canvary from the microwatt range” to afew milliwatts*. Additionally,
due to the high power dissipation of digital unipolar circuits, unipo-
lar LAE-based analogue-to-digital converters can become the most
power-hungry circuit blocks in the signal conditioning chain®. To over-
comethislimitation, dedicated-energy-powered sensor nodes based on
LAE unipolar technologies have relied on pulse-width modulated data
representationinbackscatter near-field radiofrequency identification
sensor tags>>*'. Ambient-energy-powered operation, however, would
require appreciably lower power dissipation. At a circuit design level,
anavenue that may be worth exploring to reduce the power consump-
tion of unipolar digital logic involves custom gate-by-gate design™.

Complementary LAE technologies (comprising both n-channel
and p-channel TFTs) would be desirable for ambient-energy-powered
sensor nodes because they can deliver digital circuits with particularly
low static power dissipation, albeit at the price of greater manufactur-
ing complexity. While this may cease to be anissue as complementary
LAE technologies develop further, it also prompts the investigation of
alternative approaches to ultralow-power LAE.

Althoughthe LAEimplementations to date allow or are compatible
with the tracking of abase sensor signal’**', adding a processing engine
is key to realizing smart sensor nodes. To minimize power dissipation
and circumvent theyield challenges of LAE technologies, therealization
of bespoke processors with the bare minimum functionalities should
be preferred. A breakthrough in this direction has been a machine
learning processor based on amorphous metal oxide TFTs*. Due to
itsreliance onunipolarlogic gates, however, thisimplementation dis-
sipated 7.2 mW, whichis not compatible with ambient-energy-powered
operation. Therefore, future efforts in LAE processors should aim at
their integration not only within complete LAE smart sensors, but
alsobased on LAE technologies with much lower power consumption.

Developments and future uses for ultralow-power
LAE circuits

Electronics with ultralow power consumption are essential for sensor
nodes to function with the limited energy available from the environ-
ment. Recent years have witnessed marked developmentsin LAE tran-
sistor technologies that can address this demand.

Complementary LAE technologies
Complementary LAE technologies would potentially be the best can-
didates to realize wirelessly powered LAE sensor nodes, given their

ultralow static power dissipation and wide noise marginsin digital gates
(Supplementary Fig.1). By enhancing the gate-channel capacitive cou-
pling, all LAE technologies have delivered low- or ultralow-voltage digi-
tal gates®**with complementary approaches (supply voltages 0.1-2 V;
Fig.3aand Supplementary Table1). However, akey challenge hasbeen
torobustly achieve matching characteristics between n-and p-channel
TFTs. Given the scarcity of n- and p-channel LAE semiconductor pairs
with symmetric charge transport properties, considerable efforts
have been devoted to the development of strategies to circumvent
thisissue—for example, semiconductor doping and different metals for
the source/drain electrodes of n-and p-channel TFTs (Supplementary
Table 1). However, these strategies inevitably increase manufacturing
complexity. Indeed, while complementary technologies have achieved
some of the lowest static power consumption figures in the LAE domain
(downto100 fW perinverter gate*) (Fig. 3a), they also feature the high-
est fabrication complexity index (FCI), which we introduce hereinas a
proxy for the inherent fabrication complexity of an LAE technology
(Supplementary Note 1). Complementary LAE technologies typically
feature FCIs of >2 (Fig. 3b). Higher FCIs may be problematicin terms of
yield and cost, given that each additional material to be deposited may
increase device variability. Moreover, while sophisticated process engi-
neering may enable circuit scale-up, the need for extra materials and
process steps could be detrimental from a sustainability perspective.
Therefore, while searching for n- and p-channel semiconductor pairs
enabling scalable complementary LAE technologies, a high priority is
to focus on solutions that minimize fabrication complexity.

Deep-subthreshold unipolar LAE for ultralow-power amplifiers
Unipolar LAE technologies typically allow much simpler fabrication pro-
cesses than their complementary counterparts (FCI = 0 in most cases).
However, they traditionally deliver digital circuits with high static power
consumption (Fig. 3a and Supplementary Fig. 1) and noise immunity
issues. These properties make unipolar LAEs unattractive for the digital
circuitry of wirelessly powered sensor nodes and typically unsuitable
forambient-energy-powered operation. However, it has been recently
demonstrated that unipolar LAE technologies have considerable poten-
tial for ultralow-power signal amplification, which is highly relevant
to the analogue front end of sensor nodes. This breakthrough was
based on the operation of unipolar TFTs in the deep-subthreshold
regime’®?, which allows an exponential reduction of their power dissi-
pation. By introducinga Schottky barrier at the source-semiconductor
interface, such TFTs achieved a high, bias-independent intrinsic gain
in the range of 500-1,000 V V! (refs. '**) (that is, approximately one
order of magnitude higher than conventional above-threshold LAE
TFTs*®), making them attractive for ultralow-power sensing. Indeed,
single-ended common-source amplifiers based on thisapproach deliv-
ered voltage gains of 200-400 (Fig. 3c) while consuming <1 nW (refs.
1921) Given the zero-gate-source-voltage (zero-V) TFTloads adopted,
however, the functionality of suchimplementations depended on the
availability of adepletionload” (resulting in higher process complexity,
FCI=1) oranappreciably larger geometric footprint for theload TFT".
Moreover, while the speed limits of these unipolar deep-subthreshold
technologies have not been fully explored®, this may not be an issue
due to the comparatively low frequency of the signals relevant to LAE
sensor nodes.

Deep-subthreshold ambipolar TFTs for ultralow-power logic

Ambipolar TFTs (which allow both electron and hole conduction
depending on their bias point) are attractive for easy-to-fabricate
LAEs because, once connected in complementary metal-oxide-
semiconductor (CMOS) fashion, they can deliver digital circuits with
complementary-like characteristics while relying on a single semicon-
ductor (thus typically leading to FCI = O; Fig. 3b and Supplementary
Table 1). However, conventional ambipolar technologies suffer from
high power dissipation (Fig. 3a and Supplementary Fig. 1), making
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static power dissipation of deep-subthreshold ambipolar inverters®. e, Deep-
subthreshold ambipolar inverters powered by indoor light via a millimetre-scale
indoor photovoltaic cell*. Panels reproduced with permission from:

¢, ref.”, AAAS; d, ref. >’ under a Creative Commons licence CC BY 4.0;

e, ref.”?under a Creative Commons licence CC BY 4.0.

them unsuitable for wirelessly powered sensor nodes. Nonetheless,
anapproach to ambipolar TFT electronics—based on printed CNTs—
was recently demonstrated to overcome this limitation, resulting in
easy-to-fabricate digital circuits (FCI = O; Fig. 3b) with the lowest supply
voltage (0.2 V) and static power consumption (fFW pm™range) to date
(Fig.3d)*.Key to this breakthrough was the adoption of ambipolar TFTs
with balanced n- and p-channel conductioninthe deep-subthreshold
region. Functional NAND gates with static power consumption down to
100 pW were also demonstrated, indicating that this technology could
potentially deliver digital circuits with a gate count compatible with
smart sensor nodes while allowing ambient-energy-powered opera-
tion. In fact, this approach has already enabled the demonstration of

LAE circuits powered by millimetre-scale LAE indoor photovoltaics™
(Fig.3e). Consequently, the scaling up of this technology and its mono-
lithic integration with compact LAE energy harvesters are promising
directionstowards easy-to-fabricate, ambient-energy-powered sensor
nodes. Moreover,ambipolar TFTs with asubthreshold slope approach-
ing the thermionic limit could lead to digital circuits with even lower
supply voltage and power dissipation®, which prompts further efforts
torealize the full ultralow-power potential of this technology.

Future scenarios in ultralow-power LAE circuits
LAEsareinherently attractive because of their compatibility with sim-
ple manufacturing processes, which would enable fit-for-purpose
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sensor-node electronics with a superior sustainability profile and a
production cost of around US$0.01 per circuit* (that is, much lower
than conventional Si-based electronics). Complementary LAE technolo-
gies capable of ultralow power dissipation have reached an advanced
development stage, which points to the opportunity for their integra-
tion with compact energy harvesters and energy storage elements to
create ambient-energy-powered smart sensor nodes. To realize this
potential, itis essential to focus on low-FCl complementary technolo-
gies (FCI =1). Moreover, to ensure a high sustainability profile, akey
priority is to adopt additive processing methods and materials that
do not pose scarcity and/or toxicity issues.

The potential of deep-subthreshold unipolar TFTs for
ultralow-power signal amplification prompts future efforts towards
their scaling up to circuits applicable to wirelessly powered LAE sen-
sor nodes. Moreover, the pursuit of novel materials- and device-based
strategies for minimal fabrication complexity (FCI = 0) and circuit foot-
print could further unlock the potential of this technology, while the
minimization of parasitic capacitance could enable faster operation.

The ultralow-power complementary-like functionality and mini-
mal complexity (FCI = 0) of deep-subthreshold ambipolar LAEs make
this technology an attractive alternative to complementary counter-
parts for ambient-energy-powered sensor nodes. As this technology
is nascent, however, a key priority is to scale it up to larger circuits
relevant to wirelessly powered sensor nodes. Moreover, torealize the
full ultralow-power potential of deep-subthreshold ambipolar TFTs,
various opportunities lie ahead at both materials and device levels.
In addition to engineering the active interface of printed ambipolar
CNT TFTs towards steeper subthreshold slopes, the application of
this approach to other ambipolar LAE semiconductors could deliver
further reductionsin power dissipation.

Radiofrequency energy harvesting and data
communication schemes

Ultralow-power radiofrequency data communications are essential
to realize wirelessly powered LAE sensor nodes. Additionally, radiof-
requency energy harvesting could enable the perpetual operation of
suchnodes. Considerable progress has been recently achieved in LAE
diodes that can harvestenergy up to the 5G frequency range. Moreover,
advances in antenna technologies have resulted in ultralow-power
backscattering communications with unprecedented data ranges.

Recent developmentsin LAE diodes
Radiofrequency energy harvesting is a viable option for wirelessly
powering sensor nodes due to the wide availability of radiofrequency
energy sources (for example, Wi-Fi and cellular signals), which make
it an environmentally friendly solution*'. However, radiofrequency
energy harvesters should be capable of operating over awide range of
input powers and frequency bands to ensure optimal performance®.
The most crucial components of radiofrequency energy harvest-
ers are the antenna and the rectifier, as they determine the frequency
of operation, operating range and power conversion efficiency. There-
fore, their performance and cost have a direct impact on the deploy-
ability of radiofrequency energy harvesting. For instance, recent
developments have led to printed antennas that are inexpensive,
efficient, lightweight, durable and able to operate from kilohertz to
hundreds of gigahertz*. Inregard to radiofrequency rectifiers, Si-based
CMOS devices (see Fig. 4a for acomparison among various technolo-
gies) suffer from low sensitivity, limited flexibility, high leakage current,
large turn-onvoltage and costly manufacturing*’. Among the alterna-
tive solutions, Schottky diodes offer key advantages—for example, low
junction capacitance, low turn-on voltage and fast switching*’. Notably,
LAE Schottky diodes are attractive due to their scalability for industrial
production®. Planar device architectures typically allow lower device
capacitance and higher operating frequencies when compared with
conventional sandwich-type devices****—apart from a few excep-
tions***.Indeed, amongst LAE technologies, the highest values of the
extrinsic cut-offfrequency—animportant figure of merit for radiofre-
quency Schottky diodes—were achieved with a planar device structure
(Fig. 4b).Forinstance, printed ZnO%*, indium gallium zinc oxide** and
polymer-based*’ Schottky diodes with anintrinsic cut-off frequency of
>100 GHz have beenreported, as well as MoS,-based flexible rectifiers
and radiofrequency mixer circuits with a cut-off frequency of 10 GHz
(ref.**). These results highlight the viability of planar LAE rectifiers for
future radiofrequency applications.

Ultralow-power communications via backscattering

Backscatter communications offer anappealing option to enable wire-
lessly powered LAE sensor nodes. However, they have been typically
regarded as unfavourable for long communication ranges due to their
lower energy budget. Recently, high-gain, quasi-isotropic backscatter
antennasystemswithretrodirective frontends have been demonstrated
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to overcome this limitation**"". These structures use the phase gradient
ofthe wave impinging from the gateway to passively reflect the modu-
lated wave with high gaininthe very direction of the reader—afeat that
requires energy-hungry schemes and costly radiofrequency compo-
nents when implemented in active systems. This capability, uniquely
accessible to backscatter schemes, lends much greater practicality to
the backscatter option (Fig.2d,e). Indeed, aretrodirective backscatter
system keepsits energetic advantage up toamaximum communication
range of 800 m when compared with an active system of identical size
(Fig. 2e), that is, four times as far as a traditional backscatter system.
Furthermore, inthe context of LAEs, retrodirective structures allow the
use of ultralarge antennas capable of providing more energy-efficient
communications thantheir active counterparts up todistances of 4 km:
at1km, forinstance, a printed 900 MHz retrodirective LAE system
83 x 83 cm?insize would require approximately 25 times less energy per
bit ofatypical active device operating at the same frequency. By reduc-
ingthe energy required for communications and enabling long-range
communications at millimetre-wave frequencies, retrodirective back-
scatter architectures set the stage for the emergence of fully passive
5G-powered radiofrequency identification.

Future LAE scenarios for radiofrequency harvesting and
communication

Attempts to power devices remotely must contend with the dilution
by A/(4TtR?) of any power sent isotropically, where A is the size of the
receiver and Ritsrange fromthe transmitter. Therefore, for reasonably
sized receivers, wireless power transfer rapidly becomes unworkable.
However, systems capable of focalizing energy in narrow solid angle
ranges can provide practical solutions. A dense deployment of electro-
magnetic transmitters offering this capability is currently being built
in the form of millimetre-wave 5G networks®. Through the clever use
of the Rotman lens, it was shown that such millimetre-wave energy
will become usable at ranges far exceeding that of current systems.
This could potentially enable wirelessly powered printable LAEs with
long-range communication capabilities.

Antennas andrectifiers are on the brink of satisfying the commu-
nication and power demands for radiofrequency energy harvesting.
The main challenge to meeting the 5G/6G requirements involves the
development of reliable, efficient, low-cost and scalable manufactur-
ing for solution-processed Schottky diodes, TFTs and antennas that
can be embedded into future IoT sensors. Ideally, these manufac-
turing technologies should be circular and rely on environmentally
friendly materials and processing. Fortunately, recent developmentsin
solution-processed diodes may enable the emergence of such systems,
while the environmentally friendly printing of liquid metals may pave
the way for the sustainable fabrication of antennas®.

Conclusions

Recent developments in TFT technologies have delivered LAEs with
ultralow power dissipation. In turn, this has led to the creation of
ambient-energy-powered printed TFT circuitry that draws energy from
indoor light viaa printable energy harvester. To realize environmentally
friendly, ambient-energy-powered LAE sensor nodes, manufacturing
simplicity will be key. This will ensure that LAE technologies can be eas-
ily scaled up and that wirelessly powered smart sensor nodes can be
created fromarange of materials that are sequentially printed/coated
within a single production site with minimal environmental impact.
Improvementsin backscattering communications and emerging radi-
ofrequency diode technologies will further support the development
of LAE sensor nodes capable of drawing energy from electromagnetic
waves and transmitting data with low power consumption over long
distances. However, further advances in LAE diodes are needed—in
terms of both performance and manufacturing—to unlock the potential
of LAEs for easy-to-fabricate, environmentally friendly sensor nodes
for theloT revolution.

Data availability

Dataassociated withtheoriginal plots presentedinthisarticle (Figs.2d e,
3a,band4) areavailable from the corresponding authors upon reason-
ablerequest.

References

1. Hassan, Q.F. (ed.) Internet of Things A to Z (Wiley, 2018).

2. Arias, R, Lueth, K. L. & Rastogi, A. The effect of the
Internet of Things on sustainability. World Economic
Forum https://www.weforum.org/agenda/2018/01/
effect-technology-sustainability-sdgs-internet-things-iot/ (2018).

3. Sparks, P. The economics of a trillion connected devices.

Arm Community Blogs https://community.arm.com/
arm-community-blogs/b/internet-of-things-blog/posts/
white-paper-the-route-to-a-trillion-devices (2017).

4. Pecunia, V., Occhipinti, L. G. & Hoye, R. L. Z. Emerging indoor
photovoltaic technologies for sustainable Internet of Things. Adv.
Energy Mater. 11, 2100698 (2021).

5. Harrop, P. Battery Elimination in Electronics and Electrical
Engineering 2018-2028 (IDTechEx, 2017).

6. Kang, D.H.P, Chen, M. & Ogunseitan, O. A. Potential
environmental and human health impacts of rechargeable lithium
batteries in electronic waste. Environ. Sci. Technol. 47, 5495~
5503 (2013).

7. Mineral Commodity Summaries 2022—Lithium (US Geological
Survey, 2022); https://doi.org/10.3133/mcs2022

8. Energizer CR2032 Product Datasheet (Energizer); https://data.
energizer.com/pdfs/cr2032.pdf

9. Boyd, S. B. Life-Cycle Assessment of Semiconductors (Springer,
2012).

10. Zheng, L.-R., Tenhunen, H. & Zou, Z. Smart Electronic Systems
243-267 (Wiley-VCH, 2018).

1. CENELEC European Standardisation Organisation Directive
2012/19/EU of the European Parliament and of the Council of 4
July 2012 on Waste Electrical and Electronic Equipment (WEEE)
(EUR-Lex, 2012); https://eur-lex.europa.eu/legal-content/EN/TXT/
?uri=CELEX:02012L0019-20180704

12. National Strategy for Electronics Stewardship (NSES)

(US EPA, 2022); https://www.epa.gov/smm-electronics/
national-strategy-electronics-stewardship-nses

13. PragmatlC Development of a Modular, Integrated and Autonomous
‘Factory-in-a-Box’ Production Line for Manufacturing High Volumes
of Flexible Integrated Logic Circuits (EC, 2018); https://cordis.
europa.eu/project/id/726029

14. Gong, J., Darling, S. B. & You, F. Perovskite photovoltaics:
life-cycle assessment of energy and environmental impacts.
Energy Environ. Sci. 8,1953-1968 (2015).

15. Fuentes-Hernandez, C. et al. Large-area low-noise flexible
organic photodiodes for detecting faint visible light. Science 370,
698-701(2020).

16. Maisch, P. et al. in Organic Flexible Electronics (eds Cosseddu, P. &
Caironi, M.) 305-333 (Elsevier, 2021).

17. Liu, J. et al. Future paper based printed circuit boards for green
electronics: fabrication and life cycle assessment. Energy Environ.
Sci. 7, 3674-3682 (2014).

18. Williams, N. X., Bullard, G., Brooke, N., Therien, M. J. & Franklin, A. D.
Printable and recyclable carbon electronics using crystalline
nanocellulose dielectrics. Nat. Electron. 4, 261-268 (2021).

19. lJiang, C. et al. Printed subthreshold organic transistors
operating at high gain and ultralow power. Science 363, 719-723
(2019).

20. Portilla, L. et al. Ambipolar deep-subthreshold printed-
carbon-nanotube transistors for ultralow-voltage and
ultralow-power electronics. ACS Nano 14, 14036-14046
(2020).

Nature Electronics | Volume 6 | January 2023 | 10-17

16


http://www.nature.com/natureelectronics
https://www.weforum.org/agenda/2018/01/effect-technology-sustainability-sdgs-internet-things-iot/
https://www.weforum.org/agenda/2018/01/effect-technology-sustainability-sdgs-internet-things-iot/
https://community.arm.com/arm-community-blogs/b/internet-of-things-blog/posts/white-paper-the-route-to-a-trillion-devices
https://community.arm.com/arm-community-blogs/b/internet-of-things-blog/posts/white-paper-the-route-to-a-trillion-devices
https://community.arm.com/arm-community-blogs/b/internet-of-things-blog/posts/white-paper-the-route-to-a-trillion-devices
https://doi.org/10.3133/mcs2022
https://data.energizer.com/pdfs/cr2032.pdf
https://data.energizer.com/pdfs/cr2032.pdf
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:02012L0019-20180704
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:02012L0019-20180704
https://www.epa.gov/smm-electronics/national-strategy-electronics-stewardship-nses
https://www.epa.gov/smm-electronics/national-strategy-electronics-stewardship-nses
https://cordis.europa.eu/project/id/726029
https://cordis.europa.eu/project/id/726029

Perspective

https://doi.org/10.1038/s41928-022-00898-5

21. Lee, S. & Nathan, A. Subthreshold Schottky-barrier thin-film
transistors with ultralow power and high intrinsic gain. Science
354, 302-304 (2016).

22. Peng, Y. et al. Lead-free perovskite-inspired absorbers for indoor
photovoltaics. Adv. Energy Mater. 11, 2002761 (2021).

23. Biggs, J. et al. A natively flexible 32-bit Arm microprocessor.
Nature 595, 532-536 (2021).

24. Georgiadou, D. G. et al. 100 GHz zinc oxide Schottky diodes
processed from solution on a wafer scale. Nat. Electron. 3,
718-725 (2020).

25. Eid, A., Hester, J. G. D. & Tentzeris, M. M. 5G as a wireless power
grid. Sci. Rep. 11, 636 (2021).

26. Mathews, I, Kantareddy, S. N., Buonassisi, T. & Peters, |. M.
Technology and market perspective for indoor photovoltaic cells.
Joule 3,1415-1426 (2019).

27. Elsaegh, S. et al. Low-power organic light sensor array based on
active-matrix common-gate transimpedance amplifier on foil for
imaging applications. IEEE J. Solid State Circuits 55, 2553-2566
(2020).

28. Garripoli, C., Abdinia, S., van der Steen, J.-L. J. P., Gelinck, G. H. &
Cantatore, E. A fully integrated 11.2-mm? a-IGZO EMG front-end
circuit on flexible substrate achieving up to 41-dB SNR and 29-MQ
input impedance. IEEE Solid State Circuits Lett. 1,142-145
(2018).

29. Papadopoulos, N. P. et al. Toward temperature tracking with
unipolar metal-oxide thin-film SAR C-2C ADC on plastic. IEEE J.
Solid State Circuits 53, 2263-2272 (2018).

30. Fattori, M. et al. A fully-printed organic smart temperature
sensor for cold chain monitoring applications. In 2020
IEEE Custom Integrated Circuits Conference (CICC)1-4
(IEEE, 2020).

31. Myny, K. et al. 15.2 A flexible 1ISO14443-A compliant 7Z.5mW 128 b
metal oxide NFC barcode tag with direct clock division circuit
from 13.56 MHz carrier. In 2017 IEEE International Solid-State
Circuits Conference (ISSCC) 258-259 (IEEE, 2017).

32. Fattori, M. Circuit Design for Low-Cost Smart Sensing Applications
Based on Printed Flexible Electronics (Technische Univ. Eindhoven,
2019).

33. Ogzer, E. et al. A hardwired machine learning processing engine
fabricated with submicron metal oxide thin-film transistors on a
flexible substrate. Nat. Electron. 3, 419-425 (2020).

34. Liy, Y. & Ang, K.-W. Monolithically integrated flexible black
phosphorus complementary inverter circuits. ACS Nano 11,
7416-7423 (2017).

35. Yuan, Y. et al. Oxide-based complementary inverters with high
gain and nanowatt power consumption. IEEE Electron Device Lett.
39, 1676-1679 (2018).

36. Zschieschang, U., Bader, V. P. & Klauk, H. Below-one-volt organic
thin-film transistors with large on/off current ratios. Org. Electron.
49, 179-186 (2017).

37. Hills, G. et al. Modern microprocessor built from complementary
carbon nanotube transistors. Nature 572, 595-602 (2019).

38. Pecunia, V., Fattori, M., Abdinia, S., Sirringhaus, H. & Cantatore,

E. Organic and Amorphous-Metal-Oxide Flexible Analogue
Electronics (Cambridge Univ. Press, 2018).

39. Cheng, X., Lee, S. & Nathan, A. Deep subthreshold TFT operation
and design window for analog gain stages. IEEE J. Electron
Devices Soc. 6, 195-200 (2018).

40. Dyson, M. How Flexible Integrated Circuits Unlock Their Potential
(IDTechEx, 2020).

41. Kim, S. et al. Ambient RF energy-harvesting technologies for
self-sustainable standalone wireless sensor platforms. Proc. IEEE
102, 1649-1666 (2014).

42. Kanaujia, B. K., Singh, N. & Kumar, S. Rectenna: Wireless Energy
Harvesting System (Springer, 2021).

43. Viola, F. A. et al. A13.56 MHz rectifier based on fully inkjet printed
organic diodes. Adv. Mater. 32, 2002329 (2020).

44. Zhang, X. et al. Two-dimensional MoS,-enabled flexible rectenna
for Wi-Fi-band wireless energy harvesting. Nature 566, 368-372
(2019).

45. Balocco, C., Halsall, M., Vinh, N. Q. & Song, A. M. THz operation of
asymmetric-nanochannel devices. J. Phys. Condens. Matter 20,
384203 (2008).

46. Shaygan, M. et al. High performance metal-insulator-graphene
diodes for radio frequency power detection application.
Nanoscale 9, 11944-11950 (2017).

47. Wang, Z. et al. Flexible one-dimensional metal-insulator-
graphene diode. ACS Appl. Electron. Mater. 1, 945-950 (2019).

48. Loganathan, K. et al. Rapid and up-scalable manufacturing of
gigahertz nanogap diodes. Nat. Commun. 13, 3260 (2022).

49. Loganathan, K. et al. 14 GHz Schottky diodes using a p-doped
organic polymer. Adv. Mater. 34, €2108524 (2022).

50. Hester, J. G. D. & Tentzeris, M. M. A mm-wave ultra-long-range
energy-autonomous printed RFID-enabled Van-Atta wireless
sensor: at the crossroads of 5G and |oT. In IEEE MTT-S International
Microwave Symposium Digest 1557-1560 (IEEE, 2017).

51. Eid, A., Hester, J. G. D. & Tentzeris, M. M. Rotman lens-based wide
angular coverage and high-gain semipassive architecture for
ultralong range mm-wave RFIDs. IEEE Antennas Wirel. Propag.
Lett. 19, 1943-1947 (2020).

52. Park, Y. et al. Liquid metal-based soft electronics for wearable
healthcare. Adv. Healthc. Mater. 10, 2002280 (2021).

Competinginterests
The authors declare no competing interests.

Additional information
Supplementary information The online version
contains supplementary material available at
https://doi.org/10.1038/s41928-022-00898-5.

Correspondence should be addressed to Thomas D. Anthopoulos or
Vincenzo Pecunia.

Peer review information Nature Electronics thanks the anonymous
reviewers for their contribution to the peer review of this work.

Reprints and permissions information is available at
www.nhature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with
the author(s) or other rightsholder(s); author self-archiving of the
accepted manuscript version of this article is solely governed by the
terms of such publishing agreement and applicable law.

© Springer Nature Limited 2022, corrected publication 2023

Nature Electronics | Volume 6 | January 2023 | 10-17

17


http://www.nature.com/natureelectronics
https://doi.org/10.1038/s41928-022-00898-5
http://www.nature.com/reprints

	Wirelessly powered large-area electronics for the Internet of Things

	System view of wirelessly powered sensor nodes

	Developments and future uses for ultralow-power LAE circuits

	Complementary LAE technologies

	Deep-subthreshold unipolar LAE for ultralow-power amplifiers

	Deep-subthreshold ambipolar TFTs for ultralow-power logic

	Future scenarios in ultralow-power LAE circuits


	Radiofrequency energy harvesting and data communication schemes

	Recent developments in LAE diodes

	Ultralow-power communications via backscattering

	Future LAE scenarios for radiofrequency harvesting and communication


	Conclusions

	Fig. 1 LAE sensor nodes for sustainable IoT.
	Fig. 2 System view of wirelessly powered sensor nodes.
	Fig. 3 Ultralow-power LAEs.
	Fig. 4 High-speed diodes for radiofrequency energy harvesting.




