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Abstract— Three-dimensional integrated circuits are a natural
platform for IoT devices. IoT devices exhibit a small footprint,
integrate disparate technologies, and require long term sustain-
ability (extremely low power or self powered). A hybrid energy
harvesting system within a three-dimensional integrated circuit is
proposed in this paper. The harvesting system exploits different
types of energy available from the ambient (electromagnetic,
solar, thermal, and kinetic). Integration of the hybrid harvesting
system onto a three-dimensional platform ensures that each
type of harvested energy can be individually optimized. In
addition, lower parasitic impedances are exhibited within the
three-dimensional structure, leading to improved efficiencies in
the energy harvesting process. For an example IoT system, the
power requirements are less than 57% of the power delivered to
the load.

I. INTRODUCTION

The Internet of Things (IoT) is a novel computing paradigm

based on connecting physical devices to the global network.

IoT devices should typically exhibit the following character-

istics [1]: (1) small physical dimensions, (2) communication

(typically wireless) capability, (3) sensing/actuation modality,

and (4) low energy consumption. In addition to these key

characteristics, IoT devices operate in extreme environments,

such as automotive engines, industrial facilities, building au-

tomation, home appliances, and corrosive surroundings such as

within or on the human body. IoT devices need to withstand

hostile environments such as increased and highly variable

temperatures, liquid immersion, and significant vibration.

Three-dimensional (3-D) integrated circuits (ICs) are a

platform for heterogeneous integration, exhibiting a small form

factor [2]. These traits of 3-D ICs make the 3-D platform a

natural companion for IoT devices. The disparate technologies

of IoT devices, including MEMS sensors and actuators, RF

and wireless communication, energy harvesting circuitry, and

computational logic, can be integrated as individual layers

within a 3-D structure. Interface circuits should efficiently

communicate information from the IoT sensors to the relevant

layer(s) within a 3-D IC, and from the on-chip controllers

within a 3-D system to the IoT actuators.

The layers within a 3-D IC are connected by through

substrate vias (TSVs) [3]. The TSVs are short vertical in-

terconnections (typically 20 μm in length and 2 to 4 μm in

diameter [2]) that carry a variety of signals (power, clock, and

data) between different layers within a 3-D IC.
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IoT devices are typically intended to be self powered.

Some low cost and easily accessible devices can be replaced

when the battery becomes depleted; however, other devices are

dependent on alternative forms of energy to prolong lifetime.

Four basic forms of energy exist in the ambient [4], (1)

electromagnetic (EM), (2) solar, (3) thermal, and (4) kinetic.

The most common energy harvesting circuits target solar and

electromagnetic energy. It has been experimentally shown that

the ambient exhibits EM power densities of 0.1 to 1 μW/cm2

[5]. The available solar power density in the ambient is on

the order of mW when illuminated using the standard global

solar irradiance spectrum [6]. The magnitude of the harvested

thermal power, using a thermoelectric generator (TEG), and

kinetic power, using a piezoelectric device is, respectively,

0.52 mW and 8.4 mW [4]. The different types of energy in

the ambient and the range of harvested power are summarized

in Table I.

Hybrid energy harvesting circuits have recently been devel-

oped for solar and EM energy [7]. The 3-D platform, however,

can integrate the available energy harvesting methods within

a single structure. In addition to harvesting multiple sources

of energy (solar, EM, thermal, and kinetic, see Figure 1), the

power efficiency of delivering harvested power to the load in

3-D ICs is higher than in conventional two-dimensional (2-

D) ICs. Each energy harvesting circuit benefits from different

substrate materials. For example, efficient solar cells have been

demonstrated on a PET substrate [8], while thermoelectric

circuits are commercially available using a Bi2Te3 substrate

[9]. The 3-D platform supports the integration of these het-

erogeneous substrates within a single, small platform.

Communication circuits typically consume significant

power to transmit data. The power overhead occurs when

initializing the transmitter. To lower this power overhead,

memory arrays are sometimes included within the IoT devices.

The data are stored in memory and transmitted at a later time

when a sufficient amount of data has been accumulated. Ad-

vanced memory technologies can also be seamlessly integrated

TABLE I

TYPICAL HARVESTED POWER FOR DIFFERENT ENERGY TYPES AVAILABLE

FROM THE AMBIENT [4]–[6]

Energy type Harvested power

EM 0.1 to 1 μWatt

Solar 1 to 10 mWatt

Thermal 0.52 mWatt

Kinetic 8.4 mWatt
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TABLE II

COMMON CIRCUITS AND COMPATIBLE SUBSTRATE TYPES

Applications Substrate materials
Electrical Thermal Refractive Young’s Thermal expansion Wavelength rangeresistivity conductivity index modulus coefficient at 300◦K nm
Ω · cm W/(m◦K) GPa 10-6/◦K

Processor/
Silicon (Si) 1 to 10 138 3.4 to 3.5 130 to 185 2.6 400 to 1,060memory

Solar cells
Polyethylene

1 · 1016 0.2 1.6 2 to 2.7 3.9 400 to 1,600Terephthalate (PET)

Thermoelectric Bismuth Telluride (Bi2Te3) 0.6 · 10−3 1.2 9.2 50 to 55 1.3 400 to 2,500

Piezoelectric Aluminum Nitride (AlN) 1 · 1014 140 to 180 1.9 to 2.2 308 5.27 1,000 to 1,500

RF/analog Gallium Arsenide (GaAs) 4 · 107 40 3.9 85.9 6.86 650 to 870

Photonics Germanium (Ge) 1 · 10−3 45 4 to 4.1 102.7 5.8 600 to 1,600

Space/ Mercury Cadmium
2 0.2 4 42 to 48 4.7 2,000 to 5,400detectors Telluride (HgCdTe)

within a 3-D IC, exploiting ferromagnetic substrate materials

and the short distance to the computational layer.

The rest of the paper is composed of the following sections.

Common IoT circuits and substrate materials are reviewed in

Section II. A hybrid energy harvesting system within a 3-

D platform is described in Section III. The efficiency of the

hybrid system is discussed in Section IV. Some conclusions

are offered in Section V.

II. COMMON IOT CIRCUITS AND SUBSTRATE TYPES

Each layer in a 3-D IC is individually fabricated using a

process optimized for that application [2]. Different substrate

materials are compatible with different circuits. The electrical,

thermal, mechanical, and optical properties of certain substrate

materials used in common ICs for IoT devices are listed in

Table II.

Each of the substrate materials listed in Table II is beneficial

for a certain type of circuit. Silicon (Si) is typically lower

cost and technologically more mature than the other materials

listed in Table II, and is therefore used for mainstream, high

complexity processor and memory applications. Polyethylene

terephthalate (PET) is low cost and provides high transparency

[8]. PET is used as the substrate of p-i-n type solar cells

and is compatible with traditional deposition processes of

solar cells on glass substrates [8]. Thermoelectric generators

(TEG) typically consist of multiple pairs of p-type and n-type

bismuth telluride (Bi2Te3) thermoelectric structures, which

produce electrical energy by exploiting temperature gradients

between the hot surface (human body) and the cold surface

(ambient air) [9], [10]. Aluminum nitride (AlN) is commonly

used for piezoelectric devices as this material can be pro-

cessed by CMOS compatible technologies at low temperature

(200◦C to 400◦C). AlN also exhibits higher phase velocity

and a moderately high piezoelectric coefficient than other

piezoelectric materials (e.g., GaN and ZnO) [11]. Piezoelec-

tric sensors can harvest kinetic energy from the ambient.

This energy originates from vibrations and other physical

movement. Piezoelectric sensors capture and transform these

motions into electrical energy. The superior electron mobility

and direct bandgap of gallium arsenide (GaAs) makes GaAs

attractive for certain high performance digital, analog, and

optical applications. Germanium (Ge) is also a favorable

Piezoelectric films

Thermoelectric generator

Load circuits and storage devices

AC DC and DC DC converters
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Photovoltaic solar cell array1
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Fig. 1. Proposed hybrid harvesting 3-D system.

substrate material for photovoltaic and photodetector systems

due to the high absorption coefficient of Ge. Military and

space application that require high quality infrared detectors

commonly use mercury cadmium telluride (HgCdTe) which

has a tunable bandgap ranging from 0.1 eV to 1 eV [12]. This

property of HgCdTe supports detection of long wavelengths

of light. Each of these technologies can support a variety of

IoT applications while comfortably fitting into a single 3-D

system.

III. HYBRID HARVESTING SYSTEM WITHIN A 3-D

PLATFORM

The topology of the proposed hybrid energy harvesting

system within a 3-D platform is shown in Figure 1. Each

layer of the 3-D IC consists of an individual substrate material,

fabricated using a process optimized for that technology. The

layers are interconnected using TSVs to create short low

impedance interconnections between the layers. Low power

dissipation is a key objective for IoT devices, therefore,

utilizing a 3-D structure, as illustrated in Figure 1, with short

vertical interconnections is highly desirable.

The proposed system consists of energy harvesting mech-

anisms for each type of ambient energy. For solar energy

harvesting, on-chip solar cells (e.g., photodiodes) are inte-

grated on layer 1. The harvested DC power is directed to the

conversion layer (layer 3) using TSVs. Two sets of stacked
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TSVs deliver power to the conversion layer with a total

vertical interconnect length of ∼ 40 μm. For EM energy

harvesting, an on-chip rectifying antenna (rectenna) is placed

on layer 2 of the hybrid 3-D system. The harvested DC

power is transferred using TSVs on layer 3 and, if necessary,

converted to a different voltage level. A TEG is placed on

layer 5 of the harvesting system (see Figure 1). The TEG

is an on-chip DC voltage source [13]; power conversion is

therefore not required. The TEG-based voltage sources supply

current to the load circuits on layer 4 of the proposed system.

Piezoelectric films are deposited on layer 6 of the hybrid

harvesting structure. AC power is delivered to layer 3 and

converted to DC using AC-to-DC converters placed on this

layer.

On-chip converters [14] are utilized within the conversion

system on layer 3 of the 3-D system. These converters typ-

ically exhibit a high conversion efficiency (above 99%) due

to reduced parasitic impedances. Integrating the harvesting

mechanisms (solar cells, rectenna, TEG, piezoelectric films)

onto a 3-D platform increases the efficiency of the overall

system by reducing the parasitic impedances.

The energy available from the ambient is typically scarce,

therefore integrating harvesting circuits that exploit multiple

types of energy sources within a single system is an effective

approach. In the hybrid system, power is simultaneously

harvested from the different sources depending upon the

availability of each type of energy. Since the availability of the

different energies is inconsistent (e.g., no solar energy during

cloudy days or at night, or no kinetic energy when stationary),

certain harvesting systems may be turned off (sleep mode)

while other systems continue to harvest available energy. This

feature reduces leakage power in non-utilized systems while

harvesting power from available forms of energy.

An electrical model of the proposed hybrid harvesting

system within a 3-D platform is shown in Figure 2. TSVs

transfer power between the layers of the 3-D IC, and are

modeled as resistors with a coupling capacitor to the substrate.

Different models for each type of substrate are applicable [3].
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…
…

Rtsv

Ctsv

Rtsv

Ctsv
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…
…

x3
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EM (layer 2)

Thermal (layer 5)

Piezoelectric (layer 6)

Fig. 2. Model of TSV impedances within proposed 3-D hybrid harvesting
system.

In addition, depending upon the resistivity of the substrate, a

distributed model may be required rather than a lumped model,

as shown in Figure 2.

IV. EFFICIENCY OF HYBRID HARVESTING SYSTEM

An energy harvesting system is shown in Figure 3. The

power harvested from the ambient Ph is strongly dependent

upon the type of harvested energy and harvesting mechanism.

The harvested power is converted and delivered to either the

load or on-chip capacitive storage devices (e.g., micro superca-

pacitors [15]). In certain harvesting mechanisms, as described

in Section III, only DC-DC conversion or no conversion is

required.

Harvesting
mechanism

AC DC
conversion

Load/
storage

Ph PLOAD

DC DC
conversion

Fig. 3. Energy harvesting system.

The power efficiency and output voltage levels of each on-

chip harvesting system are summarized in Table III. Piezoelec-

tric films and solar cells exhibit high harvesting efficiencies,

respectively, 91% and 59% [16], [17]. The high harvesting

efficiency combined with the available ambient power (see

Table I) makes these two sources of energy highly desirable.

Piezoelectric energy is also typically scarce when stationary

since vibrations are required by the piezoelectric harvesting

system. Alternatively, EM and thermal energy are typically

always available although at significantly lower levels. The

harvesting efficiency of on-chip rectennas and TEG device is

low, respectively, 2% and 0.15% [18], [19]. Power delivery

techniques are required to combine the harvested energy and

distribute the multiple generated voltages across a 3-D IC.

The total power delivered to the load using these hybrid

harvesting systems is

P total
delivered = P EM

delivered + P solar
delivered + P thermal

delivered + P piezo
delivered , (1)

where P total
delivered is the total power delivered to the load and is

the sum of the power harvested by each type of harvesting

mechanism. Each harvesting system delivers power according

to

Pdelivered = αPambient · η , (2)

where η is the efficiency of the specific harvesting system, and

α is the availability of the specific energy within the ambient,

TABLE III

EXPERIMENTAL EFFICIENCY AND OUTPUT VOLTAGE OF ON-CHIP

HARVESTING SYSTEMS

Harvester type Efficiency Output voltage [V] References

Rectenna 2% < 3.1 [18]

Solar cells 59% 1.3 to 2.8 [17]

TEG 0.15% < 1.5 [19]

Piezoelectric film 91% 0.5 to 3.2 [16]
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ranging from 0 to 1. The following values for α are assumed

here: αEM = 1, αsolar = 0.3, αthermal = 0.8, and αpiezo = 0.05.
Applying (2) with the power harvesting efficiencies listed in

Table III and the average ambient power (see Table I), the

delivered power for each type of ambient energy is

P EM
delivered =αEM · P EM

harvested · ηEM =

1 · 0.55 μW · 0.02 = 0.011 μW (3)

P solar
delivered =αsolar · P solar

harvested · ηsolar =
0.3 · 5.5 mW · 0.59 = 0.97 mW (4)

P thermal
delivered =αthermal · P thermal

harvested · ηthemal =

0.8 · 0.52 mW · 0.15 = 0.062 mW (5)

P piezo
delivered =αpiezo · P piezo

harvested · ηpiezo =
0.05 · 8.4 mW · 0.91 = 0.38 mW (6)

resulting in a total delivered power,

P total
delivered =0.011 μW+ 0.97 mW+

0.062 mW+ 0.38 mW = 1.41 mW . (7)

Assuming an ultra-low power supply voltage VDD =

0.5 volts and a maximum load current Imax = 1.6 mA required

for sensing, computation, and communication of a typical IoT

device [20], the maximum required power is

Prequired = VDD · Imax = 0.5 V · 1.6 mA = 0.8 mW , (8)

less than 57% of the available power.

The energy efficiencies listed in Table III are based on

experimentally evaluated systems [16]–[19] developed within

classical 2-D ICs. These systems include off-chip components.

A large form factor and multi-millimeter interconnects are re-

quired to integrate multiple harvesting circuits within a single

2-D IC. These issues render a 2-D IC approach significantly

less effective than a 3-D platform for IoT devices.

V. CONCLUSIONS

3-D ICs are a natural platform for IoT devices. The 3-D

structure provides opportunities to enhance the internal power

and external communication of IoT devices. 3-D ICs provide

a platform for heterogeneous integration of the disparate tech-

nologies required for IoT systems, including different substrate

materials and unique processing of individual layers. The 3-

D platform also provides the small form factor necessary for

small IoT devices. In addition, improved power efficiency is

exhibited due to lower parasitic interconnect impedances.

Hybrid power harvesting of all four energy forms available

in the ambient is supported by the 3-D structure, leading to self

sustainable, miniature, and intelligent systems. The different

harvesting circuits can be integrated onto different layers

within a 3-D structure. The harvested power is transferred

using TSVs to the load and storage circuits, or to a separate

layer where AC-to-DC or DC-to-DC conversion is performed.

The benefit of a hybrid harvesting system is the increased

energy available from individually scarce and inconsistent

sources of energy. A 3-D IC-based hybrid harvesting system

is shown to be capable of supplying the required power to IoT

devices.
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