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ABSTRACT Energy efficiency in digital systems faces challenges due to the constraints imposed by small-
scale transistors. Moreover, the growing demand for portable consumer electronics necessitates the use of
compact energy sources. To address these challenges, heterogeneous 3D IC technology has emerged as a
promising solution for the former. Regarding the latter, we propose the concept of distributed batteries
within a heterogeneous 3D IC. This approach involves utilizing multiple smaller batteries with different
specifications among different modules of 3D ICs. This approach optimizes performance and overcomes
limitations associated with both 3D ICs and conventional power delivery methods. Distributed batteries play
a vital role in effectively managing the heat generated by energy sources and modules within a 3D IC.
Furthermore, they contribute to achieving a uniform distribution of heat throughout the entire structure,
which ultimately ensures the optimal performance of the batteries and modules. The simulation results
indicate a 40 percent enhancement in achieving a more even distribution of generated heat. Additionally, the
proposed distributed battery techniques improve power delivery, enhance reliability, and enable optimized
voltage regulation while improving efficiency. In addition to the primary benefits, alternative configurations
of the proposed approach can offer extra energy storage capacity and act as efficient electromagnetic shields,
resulting in an impressive reduction of external electromagnetic noises by 60 dB.

INDEX TERMS Heterogeneous 3D IC, point of loads, solid-state batteries, power delivery network.

I. INTRODUCTION
The aspiration for enhanced energy efficiency in digital
systems through silicon CMOS scaling encounters growing
difficulties owing to the inherent limitations in the physi-
cal size, complexity, and manufacturability of small-scale
transistors [1]. Additionally, the increased costs and lower
yield associated with producing miniature transistors pose
significant obstacles. To address this technical challenge, 3D
integration has emerged as a promising solution, involving
the vertical stacking of smaller, low-cost, high-yield dies [2].
This approach offers notable benefits such as improvements
in input/output (I/O) bandwidth, energy efficiency, latency,
and form factor [3], [4], [5]. Heterogeneous ICs, which
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combine discrete modules or chiplets (such as logic, memory,
mixed-signal circuits, and RF circuits) into a single system
in package (SiP), further enhance system functionality [6],
[7]. The integration of ICs with sensors and passive compo-
nents is also gaining importance in distributed wireless sensor
networks.

Along with improvements in 3D ICs, the worldwide need
for portable consumer electronics has increased the demand
for miniature energy sources. Efforts have been ongoing
to create miniature sensing and computing nodes for use
in intelligent medical implants and the Internet of Things
(IoT). Such small autonomous devices are typically wire-
less, which means they need to be energy autonomous, i.e,
include their own energy sources [8], [9], [10]. Conven-
tional large-scale energy sources can be utilized to energize
groups of sensors and actuators, but this approach results in
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FIGURE 1. (a) Conventional on-chip battery structure (b) Proposed
on-chip battery structure.

problems with interconnection, noise, and voltage regulation.
By designing the energy source to be commensurate in size
with the sensors and actuators, the intricacies involved in
the process of delivering power are mitigated. Thus, the
efficiency and operating lifetime of autonomous devices
can be improved by incorporating miniaturized energy stor-
age elements such as micro-batteries. Since planar 2D cells
have inherent energy density restrictions [11], the imple-
mentation of 3D micro-structures is critical for improving
micro-battery technology [12]. The development of 3D solid-
state batteries (SSBs) has accordingly been driven by the
goal of enhanced energy density. Micro-batteries employing
such 3D structures have the potential to provide signifi-
cant energy and power densities after attachment to planar
surfaces [13].

Obtaining access to a high-quality power source is a crit-
ical prerequisite for both 2D and 3D ICs. The integration
of on-chip micro-batteries with heterogeneous 3D ICs is
expected to be compelling because it would allow for extreme
miniaturization of the point-of-load (POL) DC-DC convert-
ers used to generate such power sources [14]. The use of
on-chip batteries is also likely to 1) improve the efficiency
of such converters by eliminating the parasitic impedance
of the package and board-level traces, and 2) simplify the
development of on-chip power distribution networks for sup-
plying multiple voltage domains. It is important, however,
to recognize that alongside these benefits, there are signifi-
cant challenges associated with this integration. To overcome
these challenges, we proposed the concept of distributed
batteries in the 3D IC structure, fully leveraging the potential
benefits that on-chip batteries offer. This paper primarily
aims to conduct a comprehensive examination of the benefits
associated with integrating distributed micro-batteries within
heterogeneous 3D ICs. Additionally, we will provide a con-
cise overview of the potential challenges and limitations that
may emerge during the implementation of these structures
within 3D ICs.

The rest of the paper is organized as follows. The proposed
architecture for utilizing distributed batteries in heteroge-
neous 3D ICs is discussed in Section II. In Section III, the
advantages of the proposed concept are discussed. The con-
cept has some extensions and limitations, which are discussed
in Section IV. Finally, Section V concludes the article.

FIGURE 2. Layout of TSVs andÂ connections for connecting upper and
lower modules. (a) Around the battery. (b) Inside the battery by using a
perforated substrate [16].

II. PROPOSED STRUCTURE
In order to generate high-quality power supplies with min-
imal energy loss for the various voltage domains within a
chip, it is crucial to effectively manage the available power
regulation and conversion resources. Fig. 1(a) shows a typ-
ical on-chip battery configuration, in which the unregulated
DC voltage from the battery is converted and stabilized to
a suitable voltage level and then distributed to individual
modules by the power delivery system. However, this power
distribution approach faces several challenges, including low
efficiency, localized heat generation, noise, design complex-
ity, and reduced lifetime [15]. To overcome these issues,
we propose to use distributed batteries within a heteroge-
neous 3D IC. Fig. 1(b) illustrates a simplified version of this
concept, which uses multiple smaller batteries with various
voltage levels and specifications (instead of one larger bat-
tery) to power a heterogeneous 3D IC. These batteries can
output various voltage levels and currents for different loads.
Different battery technologies and chemistries can be utilized
to optimize the performance of individual modules, resulting
in heterogeneous batteries. Implementing this approach can
mitigate or resolve all the problems and challenges men-
tioned earlier. However, placing batteries between modules
also acts as a barrier to data transfer between them. It is
crucial to identify a solution to overcome this issue, which
should not add to the design complexity or nullify the benefits
of 3D ICs. One potential solution involves moving all the
through-silicon vias (TSVs) and other connections between
upper and lower modules outside the battery area, as shown
Fig. 2(a). While this technique makes it simple to incorporate
the battery, it severely reduces the density of inter-module
connections, thus negating the benefits of 3D integration to
some extent.

A higher-performance alternative involves the use of a
perforated substrate to establish connections between upper
and lower modules in the presence of an SSB located in the
middle. The use of multichannel plate substrates to fabricate
3-D thin-film micro-batteries was demonstrated for the first
time in [16]. The battery substrate was modified by introduc-
ing a large number of ‘‘through holes’’ to enhance the area,
resulting in an increase in both power density and energy
density. The utilization of a perforated substrate, instead of a
solid substrate, enables a substantial gain in geometrical area
for film deposition. The additional area for each cylindrical
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FIGURE 3. Typical process flow for putting a battery between two different modules. (a) Module A inside a 3D IC with its I/O pins. (b) Placing power
delivery interface (PDI) on top of Module A. (c) Opening I/O pin locations on PDI by lithography/Etching technique and depositing Inter-layer Barrier
(ILB) on top of PDI. (d) Opening I/O pin locations on the ILB and placing the battery with the perforated substrate. (e) Adding connections inside through
holes of battery with perforated substrate. (f) Depositing another ILB. (g) Opening connection locations on ILB by lithography/Etching technique and
placing Module B on the top. (h) Final structure with a battery between two Module A and B.

hole can be determined as [16]:

AG =
π.d

(d + s)2

(
t −

d
2

)
+ 2 (1)

where AG is the area gain, s is the interchannel spacing, d is
the micro-channel diameter, and t is the substrate thickness.
As a practical example, for a perforated substrate with a
d = 50µm, s = 10µm and t = 500µm, the active
surface area gain is approximately 23. The TSVs can be
routed through these through holes to connect the upper and
lower modules. Fig. 2(b) depicts the positioning of TSVs and
other inter-module connections inside a battery with such a
perforated substrate.

It is crucial that the battery fabrication process work with
standard semiconductor fabrication technology. The silicon
substrate used by the SSB only serves as a structural support,
so it is important to incorporate a barrier interlayer, like
TiN, Pt, SiO2, or Al2O3, between the battery substrate and
other integrated electronic devices to prevent any injection of
Li ions into other parts of the structure and other modules.
Battery components can be deposited on 3D Si-based sub-
strates using atomic layer deposition (ALD), chemical vapor
deposition (CVD), and sputtering techniques [17], [18], [19].
The typical process flow for placing a battery between two
distinct modules is illustrated in Figs. 3 (a) through (h). For
the sake of simplicity and to highlight other concepts, the
positioning of inter-module connections is disregarded for the
rest of this study.

III. ANALYSIS OF THE PROPOSED TECHNOLOGY
A. HEAT MANAGEMENT
One of the primary concerns that lead to a decrease in
system performance in heterogeneous ICs is the production
of heat by various modules. Heat is generated not only by
components such as power amplifiers and processors but
also by on-chip batteries, exacerbating the problem. During
charging and discharging cycles, a battery produces heat

due to internal electrochemical reactions and charge trans-
port processes. The rate at which heat is generated depends
on factors such as internal resistance, charging/discharging
rate, and cell temperature. Inefficient dissipation of the heat
generated can cause the cell temperature to rise, leading to
reduced battery performance and enhanced degradation of
the electrodes and/or electrolyte. Therefore, efficient heat
management is crucial to maintain optimal battery perfor-
mance and prevent damage. Given the requirement for a
battery to supply significant current to various sections and
modules in a heterogeneous IC, it is anticipated that a sub-
stantial amount of heat will be produced in and around the
battery. Due to the localized heat generated in this area,
a specific volume of the 3D IC will experience elevated
temperatures. The high heat density resulting from confine-
ment within a small volume poses a challenge for con-
ventional heat transfer techniques to dissipate it externally.
Additionally, it is critical to consider the mechanical stress
and dimensional changes that result from such localized
heating.

Controlling battery temperature is essential for both safe
operation and a long lifespan. The surface area to volume
ratio of a battery decreases with size, thus making it difficult
to maintain a uniform and controlled temperature across all
the components of a large battery. Consider the situation
where a single large battery energizes all the modules of a
heterogeneous 3D IC. Such a battery has to supply the entire
load current of the 3D stack, resulting in the generation of a
significant amount of internal heat that cannot be efficiently
transferred to the environment. The result is a localized
hotspot, as shown in Fig. 4(a). By contrast, the proposed
distributed batteries concept suggests using one battery per
module, resulting in much lower current demand for each
battery and less heat generated per unit area. Furthermore,
the generated heat will be more evenly dispersed throughout
the 3D IC structure, thus avoiding the generation of hotspots
as indicated in Fig. 4(b).
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FIGURE 4. (a) Localized generation of heat as a result of using a single
large battery. (b) Distribution of heat generation throughout the 3D IC
structure using distributed batteries.

FIGURE 5. Geometry employed to directly compare the thermal
performance of the conventional and proposed approaches. The
conventional model is situated on the left side, while the proposed model
is located on the right side.

To facilitate a direct comparison of thermal perfor-
mance between the conventional and proposed approaches,
we designed a geometry that integrates both ideas on a single
interposer, as shown in Fig. 5. This allows us to evaluate the
benefits of the proposed approach and identify any issues that
need to be addressed to optimize its performance.

Fig. 6 shows thermal simulation results of 3D IC structures
using conventional (left) and distributed (right) batteries. For
this simulation, the large battery supplies 100 mA to power
the entire 3D stack, which matches its capacity (assumed
to be 100 mAh). On the other hand, each battery in the
proposed model supplies only one module, resulting in much
lower output current; however, the sum of all these currents is
equal to 100 mA. ANSYS software was utilized to simulate
the resulting temperature distribution, which is clearly much
more uniform for the distributed battery structure as expected.
This difference is evident even more clearly in Fig. 7, which
shows the simulated temperature along the vertical (x) axis
through one edge of the 3D stack. Note that the temperature
of the substrate was set to a fixed value of 27◦C (modeling a
perfect heat sink) in both cases and convection was neglected.

Certain components within 3D ICs, such as power ampli-
fiers and processors, are particularly power-hungry and thus
generate a significant amount of heat. These components can
generate additional hotspots within the 3D structure that may
impact nearby modules. One issue caused by such hotspots
is physical strain resulting from thermal expansion. This

FIGURE 6. Simulation temperature distribution within 3D IC structures
due to battery heat dissipation in two cases: (left) a single large battery,
and (right) a fully-distributed battery (one per die).

FIGURE 7. Simulated temperature distribution along the vertical axis (x)
in Fig. 6 through one edge of a 3D IC in two cases: (a) a single large
battery, and (b) a fully-distributed battery (one per die).

FIGURE 8. (a) Generation of hotspots and their effects on adjacent
modules. (b) Distributed batteries serve as thermal buffers that hinder
the formation of hotspots.

problem is illustrated in Fig. 8(a). The use of distributed
batteries can significantly reduce this problem since individ-
ual battery modules act as thermal buffers that hinder the
formation of hotspots, as shown in Figure 8(b).

The qualitative advantages mentioned above were quan-
tified using a thermal simulation of the same geometry
as in Fig. 5. However, in this case, only a single die
(within module #3) was assumed to dissipate energy, thus
acting as a localized heat source. Fig. 9 shows that the use
of a distributed battery greatly reduces both the hotspot and
its impact on neighboring modules. Figs. 10(a)-(b) plot the
temperature data along a path across the top surface of the
module in more detail. The single battery case results in a
hotspot with a maximum temperature rise of ∼15◦, while
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FIGURE 9. Simulation temperature distribution within 3D IC structures
due to heat dissipation within a single die in two cases: (left) a single
large battery, and (right) a fully-distributed battery (one per die).
Top-mounted batteries are not displayed for clarity.

FIGURE 10. Temperature distribution generated by a localized heat
source (a single die inside module #3): (a) a single large battery, and (b) a
fully-distributed battery (one per die). In both cases, the temperature was
measured along a path between two opposing edges on the surface of
the top module.

FIGURE 11. Batteries mounted on the walls of a 3D IC: (a) side view, and
(b) top view.

the distributed battery case results in an almost uniform
temperature distribution with a rise of only ∼5◦C.

B. ADDITIONAL ENERGY STORAGE
Since 3D ICs often require a high power density per area,
their overall form factor can be minimized by positioning
additional batteries around the walls of the module, as shown
in Fig. 11. This concept also reduces thermal resistance by
increasing the battery surface area in contact with the ambi-
ent. As shown in Fig. 12, horizontally-oriented batteries can
absorb heat from themodules and efficiently transport it to the
wall-mounted batteries, thereby cooling the entire structure.

Fig. 13 shows the simulated heat flux inside a 3D IC
structure for both the conventional (left) and proposed (right)
structures. For simplicity, all modules within both structures
were assumed to generate the same amount of heat. For the
conventional structure, all heat flux from the upper modules

FIGURE 12. Batteries mounted on the walls function as an efficient heat
sink: (a) side view, and (b) front view.

FIGURE 13. Simulation results for heat flux inside a 3D IC structure: (left)
large battery, (right) combination of horizontal and vertical distributed
batteries.

FIGURE 14. Heat flux along the path from two opposing edges on the
surface of module #3: (a) large battery, and (b) distributed battery.

finds its way to the lower modules, leading to high thermal
resistance. By contrast, the proposed structure (combination
of horizontal and vertical batteries) can easily conduct heat to
the sides of the 3D IC structure with the help of an appropriate
inter-layer material, thus decreasing the thermal resistance.

Fig. 14 plots heat flux data from Fig. 13 along a path across
the surface of a single module. While the conventional struc-
ture experiences the same amount of heat flux throughout
the module, the proposed structure redirects most of the heat
flux to the edges, resulting in improved thermal management,
reliability, performance, and power consumption.

C. EM INTERFERENCE AND SHIELDING
Another notable advantage of utilizing vertically-mounted
batteries is their inherent ability to act as a two-layer elec-
tromagnetic shield. This characteristic offers an additional
benefit by effectively reducing radiated EMI. The E⃗-field
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FIGURE 15. (a) E⃗-field on the surfaces of a 3D IC with (left) a large top-mounted battery, and (right) combination of horizontal and vertically distributed
batteries. The voltage source is placed at the same distance from the two systems, and (b) E⃗ field on the surface of the same modules in both systems.
The electric potential on the xz (y = 0) plane is also shown.

shielding provided by a typical battery geometry was eval-
uated through multiphysics simulations. For this purpose,
we built a 3D model of the conventional and proposed sys-
tems on a substrate, as shown in Fig. 15. The system on
the left has one large battery deposited at the top, while
that on the right has four batteries distributed on different
layers and four additional batteries mounted on the walls. The
current collector materials of the batteries were assumed to be
aluminum (cathode) and copper (anode).

Fig. 15(a) depicts the E⃗-field generated by a 1 V source is
applied at a distance of 30 µm from both systems. The low
field amplitudes on the surfaces of the 3D ICs qualitatively
shows that they both act as good EM shields. Fig. 15(b) shows
a more quantitative comparison of the shielding provided
by the two systems. The system with distributed horizontal
and vertical batteries provides ∼1000× (i.e., 60 dB) better
shielding than the conventional structure.

Another advantage of the distributed batteries concept
within 3D ICs is its ability to mitigate the potential impact
of internal electromagnetic fields generated by batteries and
charging processes, thereby enhancing the system’s reliable
operation. The proposed approach effectively addresses this
issue by strategically distributing the batteries throughout the
system, resulting in lower currents required from each battery
compared to a single large battery. Consequently, the elec-
tromagnetic emissions produced by individual batteries are
significantly reduced and spread across the system. This dis-
tribution of electromagnetic emissions prevents the high con-
centration of electromagnetic interference in specific areas,
creating a more favorable environment for noise-sensitive or
electromagnetic-sensitive modules to operate reliably. Fur-
thermore, the reduced electromagnetic emissions from each
distributed battery synergize with conventional shielding
techniques. With lower levels of electromagnetic radiation,
shielding can more efficiently minimize the impact on the
surrounding EM, ensuring sustained system performance.
Moreover, the proposed approach’s distributed nature allows

for greater flexibility in routing the charging paths for each
battery. By strategically distributing these paths in locations
less susceptible to electromagnetic interference, the impact
of internal electromagnetic fields on sensitive circuitry is
minimized. These considerations collectively contribute to
improved electromagnetic compatibility and a reduction in
the concentration of electromagnetic radiation within the
system. As a result, the distributed batteries concept pro-
vides enhanced electromagnetic interference management,
bolstering the overall reliability and efficiency of 3D IC
systems.

D. POWER DELIVERY
In the conventional structure, the vertically stacked mod-
ules of the 3D IC are located at varying distances from a
single battery. Modules located further away from the bat-
tery have longer power supply connections, which increases
the impedance of the supply network. The unwanted series
resistance and inductance generate voltage drops within the
power delivery network (PDN). Consider the scenario in
which a conventional on-chip battery, depicted in Fig. 16(a),
supplies power to a power-hungry module such as a processor
or memory. Such switching-intensive modules can generate
significant L(dI/dt) switching noise. Decoupling capacitors
must be added near such noisy modules to decrease the
impedance of the PDN, thus increasing the overall volume
of the 3D IC.

The need for decoupling capacitors can be reduced by
using shorter connections within the PDN, leading to propor-
tionally smaller resistance and inductance. Distributed bat-
teries are beneficial for this purpose, as shown in Fig. 16(b).
The resulting PDN has greatly reduced connection lengths,
and thus voltage drops. The smaller area of the power supply
loops also results in significant decreases in radiated EMI.
Finally, the distributed nature of the PDN increases isolation
between the modules, which in turn limits the propagation of
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FIGURE 16. (a) Conventional designs require the use of lengthy
connections to power the processor module. (b) Use of a distributed
battery can shorten these connections and reduce unwanted series
resistance and inductance in each rail.

FIGURE 17. (a) Using a large battery increases its stress level, leading to
premature failure. (b) The distributed battery concept aids in distributing
the stress more uniformly between the batteries.

switching noise from noisy modules (such as processors) to
sensitive ones (such as RF transceivers).

E. RELIABILITY
Reliability of the power supply is obviously critical for
wireless and/or autonomous operation since no other energy
sources are likely to be available. Using distributed batteries
can improve reliability by providing redundancy to localized
failures and/or unexpected increases in the power require-
ments of particularmodules. In addition, the use of distributed
batteries can prolong battery lifetime by limiting discharge
rates and internal heat generation, as indicated in Fig. 17.

F. OPTIMIZED VOLTAGE REGULATION
Each module in a heterogeneous 3D IC typically requires its
own supply voltage for optimal performance. These voltage
levels may also need to be adjusted over time, e.g., due to the
use of dynamic voltage scaling (DVS) to minimize the energy
usage of digital processors. The utilization of these DC-DC
converters leads to an increase in die area, the number of
passive components, and system volume. DC-DC converters,
both linear and switching types, depicted in Fig. 18, have
extensive applications for converting and regulating DC volt-
ages. Generally, larger switching mode power supplies are
favored over smaller linear power supplies due to their high
power efficiency, ideally reaching 100%. Compact switch-
ing power converters can be designed to operate at higher
switching frequencies, but this leads to increased parasitic
impedance, which reduces the overall power efficiency of the
power delivery system. Therefore, these switching DC-DC
regulators are not suitable for on-chip power conversion due
to their large physical size and technology constraints, mak-
ing on-chip integration more challenging. Therefore, when

FIGURE 18. (a) Linear, and (b) switching DC-DC converters for converting
and regulating DC voltages.

delivering high-quality power to the load circuitry within
limited space, on-chip linear regulators should be consid-
ered. Linear regulators are preferred over switching power
supplies, especially when dealing with small input-output
voltage differences.

The size, complexity, and efficiency of a linear regulator
are generally linked to two crucial parameters: the maximum
load current and the dropout voltage. Assume, that a heteroge-
neous 3D IC with a single battery uses a low-dropout linear
regulator (LDO) to supply current to several modules with
similar supply voltage requirements. The die area of a linear
regulator, Alinear , is mainly determined by the size of the
output power transistor (assumed to be a MOSFET), which
increases with peak load current, IDD, as:

ALinear ≈ α.W .Lmin = α
IDD.L2min

µCox(VIN − Vth)2
(2)

where VIN is the unregulated battery voltage, Vth is the
MOSFET threshold voltage, Lmin is the minimum channel
length, W is the channel width, α is the ratio of transistor
area to WLmin, µ is the carrier mobility, and Cox is the
gate capacitance per unit area. An increase in IDD results
in a larger power transistor, leading to a more complex gate
driver circuit. In the case of distributed batteries, since each
linear regulator is responsible for providing current for only
one module, the maximum current is lower compared to the
conventional case where the linear regulator should provide
current for several modules with the same voltage level.
In this situation, multiple smaller linear regulators are needed
to supply the necessary voltage and current for the entire
system. On the other hand, the size and complexity of the
error amplifier in the linear regulator are directly influenced
by the load regulation requirements. If tight load regulation
is needed, the error amplifier may need to be designed with
higher gain and better precision. This can result in a larger and
more complex circuit implementation, potentially involving
more components and increased design complexity. Simi-
larly, in the distributed battery structure, tight load regulation
is less required compared to the conventional case.

The concept of distributed batteries is also beneficial for
reducing power loss and improving the efficiency of linear
regulators within 3D ICs. The power loss within an LDO is
defined as Eqn. 3.

PLinear ≈ (VIN − VDD).IDD + IQVIN (3)

where VDD is the regulated voltage level to the module
and IQ is the quiescent current. As the input-output voltage
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difference increases in a linear DC-DC converter, the power
dissipation within the linear voltage regulator also increases.
By employing distributed batteries, each battery can be
designed to generate a slightly higher voltage than the desired
operating voltage (VDD) of the load circuitry. This approach
helps reduce the input-output voltage difference in the lin-
ear DC-DC converter, thereby minimizing power dissipation
and improving overall energy efficiency. Assuming IQ ≪

IDD in Eqn. 3, the efficiency of the LDO is approximately
η = VDD/VIN , which is equal to the voltage transforma-
tion ratio. The distributed batteries concept, by reducing the
input-output voltage difference, contributes to enhancing the
efficiency of linear regulators.

The implementation of distributed batteries enables indi-
vidual optimization of linear regulators to maximize their
efficiency and simplify the design of each regulator. As a
result, the overall volume, power consumption, and operating
lifetime of the 3D IC can be enhanced.

IV. EXTENSIONS AND LIMITATIONS
A. APPLICABILITY
SiP and advanced packaging technologies such as 2.5D and
3D packaging have revolutionized the integration of multiple
chips and components in the semiconductor industry. The use
of combinations of 2.5D and 3D IC packages is becoming
increasingly popular in a wide range of applications due to
the many advantages they offer, such as improved perfor-
mance, smaller form factor, and reduced power consumption.
This is particularly useful in applications such as CPUs,
mobile application processors, and display driver ICs, where
high-performance computing is required in a compact form
factor. The utilization of the distributed battery technique
within SiP or advanced packaging technologies like 2.5D
and 3D brings notable benefits. Firstly, by incorporating
distributed batteries, power delivery becomes more localized
and efficient, reducing the need for long power traces and
minimizing power losses. This, in turn, enables the design of
compact and densely integrated SiP solutions with improved
power integrity. Secondly, the use of distributed batteries
allows for flexible power management, as each module or
sensor can be powered independently. This flexibility facil-
itates dynamic power allocation and optimization, enhancing
the overall system performance and energy efficiency. Addi-
tionally, distributed batteries can be strategically placed near
power-hungry components, mitigating voltage drop issues
and reducing the impact of power supply noise. Furthermore,
the distributed battery approach can enhance the reliability
and fault tolerance of SiP systems. In case of battery failure,
only the affected module is affected, while the rest of the
system remains operational. This fault isolation capability
reduces the impact of failures and simplifies maintenance
and repair processes. As shown in Fig. 19, the proposed
distributed battery technique is applicable to SiP, 2.5D, 3D IC
packages and their combination. Furthermore, the benefits of
our proposed distributed battery approach extend beyond SiP,

FIGURE 19. The proposed distributed battery technique enhances SiP and
advanced packaging technologies like 2.5D and 3D.

2.5D, and 3D IC packages. It is also applicable to monolithic
ICs, where all components are integrated on a single chip.
Even in this scenario, the distributed battery technique proves
to be advantageous.

B. OPERATING TEMPERATURE RANGE
Given the high energy density of 3D ICs, many applications
require SSBs that can operate up to ∼70◦C. Recent improve-
ments in high-energy density SSB design are making such
high operating temperatures feasible [20], [21]. For example,
using a complex hydride as a solid electrolyte allows internal
resistance to be reduced [22], thus enabling Li-ion SSBs that
operate at temperatures up to 150◦Cwith< 10% degradation
in capacity. This feature makes these batteries a perfect fit for
incorporation within 3D integrated circuits.

C. SELF-PROTECTION AND SMART THERMAL CONTROL
Safe usage of distributed batteries requires protecting against
short-circuit faults, which can damage the 3D IC and its
surroundings through excessive heat generation (i.e., thermal
runaway). Physical safety measures such as fuses are valu-
able but only offer one-time protection with no guarantee of
system recovery after the fault is cleared. The situation can
be improved via active thermal control. For example, the dis-
tributed batteries can use ‘‘smart’’ thermoresponsive polymer
electrolytes that prevent thermal runaway by automatically
transitioning between low- and high-conductivity states [23],
[24], [25], [26].

D. SYSTEMATIC APPROACH TO DETERMINING
DISTRIBUTED BATTERY REQUIREMENTS
The determination of appropriate output voltage levels,
capacities and the minimum number of distributed batteries
in our 3D IC design takes into account a comprehensive set
of factors, including the power requirements and profiles of
the modules, system constraints, and performance goals. This
process follows a systematic approach, commencing with a
detailed analysis of the power profiles of each module. Peak
and average power consumption, as well as specific power
requirements during different operational states, are carefully
considered to identify optimal voltage levels and capacity
ranges that precisely align with the power needs of the mod-
ules. Consequently, the required number of batteries to fulfill
these requirements is determined. Additionally, the battery-
to-module relationship is established based on compatibility

VOLUME 11, 2023 89903



P. Dehghanzadeh et al.: On-Chip Batteries as Distributed Energy Sources

factors such as chemistry, voltage, and current requirements.
For effective power distribution, a well-thought-out strat-
egy is developed, taking into account physical placement,
interconnectivity, and thermal aspects to ensure seamless
power delivery to each module from the distributed batter-
ies. The battery distribution and configuration are refined
using advanced simulation tools and optimization techniques,
with the number of batteries being iteratively adjusted to
achieve the most efficient distribution while satisfying all
module power requirements. The process also includes a
thorough consideration of factors like redundancy, system
reliability, cost, and design constraints. Furthermore, the
maximum number of batteries inserted inside 3D IC struc-
ture is carefully limited, taking cost and yield considerations
into account. The selection of the appropriate electrochem-
istry entails a thorough evaluation of various battery types,
encompassing factors such as energy density, power density,
cycle life, safety features, and cost-effectiveness. The primary
objective is to opt for battery chemistries that strike the most
advantageous balance between performance, reliability, and
cost-effectiveness for the intended application.

E. LIMITATIONS
One of the main issues with high-power modules such as pro-
cessors, DRAM, or power converters is overheating, which
can degrade the performance of nearby batteries. This is
because these modules generate a significant amount of heat,
which can be transferred to the batteries through conduction
or radiation, leading to an increase in their operating temper-
ature. This can pose a risk of elevated temperatures near the
batteries, potentially compromising their performance and
reliability. The degradation of battery performance can man-
ifest as reduced capacity, increased internal resistance, and
diminished overall power delivery. Batteries also reduce the
interconnect density between adjacent modules, which may
not be acceptable when very high inter-module bandwidths
are required. In this case, one can move to a semi-distributed
structure in which two adjacent modules can share one bat-
tery. Alternatively, vertical batteries mounted to the walls
can be used to power some of the modules, as discussed in
Section III. This approach involves using thin, high-capacity
batteries that can be mounted vertically on the walls of the
system. These batteries provide a high-power density and do
not take up much space, making them an attractive option for
powering modules that require a lot of power.

F. COMPLEXITY AND SCALABILITY
The fabrication of 3D ICs is complex and time-intensive, with
layer count playing a significant role in the fabrication time.
Additional layers introduce more process steps like deposi-
tion, lithography, etching, and metallization, contributing to
overall fabrication time. Higher layer counts pose challenges
in alignment and registration, requiring additional time for
precise verification.

In addition to the impact of layer count, incorporating a
distributed battery technology further adds to the complexity.

FIGURE 20. The plot illustrates the relationship between the number of
layers and the corresponding yield, demonstrating a decrease in yield as
the number of layers increases. Each layer’s yield was determined as a
random value ranging from 90% to 98%.

The integration of a distributed battery involves various
considerations related to power management, thermal man-
agement, and safety mechanisms. Designers must ensure
efficient power delivery to different components within the
3D ICwhilemanaging potential heat dissipation and adhering
to safety standards. These considerations demand extensive
testing, simulations, and optimization, which further extend
the development timeline. Moreover, the integration of a
distributed battery may require additional manufacturing pro-
cesses, such as the deposition of energy storage materials and
the implementation of battery management systems. These
additional steps and requirements contribute to the overall
fabrication time.

G. YIELD AND COST
In a distributed battery system, each individual battery can
be considered as a distinct layer, each with its own yield
considerations and testing challenges. As the number of
layers in a 3D IC stack increases, the fabrication process
becomes more complex, leading to an elevated likelihood of
encountering defects. The yield in 3D ICs is directly linked
to the successful production of each layer of the stack. Each
layer can be viewed as an independent manufacturing step,
and the overall yield of the 3D IC relies on the cumulative
yield of all layers. The yield loss factor assumes a critical
role in evaluating the efficiency and cost-effectiveness of the
manufacturing process. A higher yield loss factor signifies a
greater incidence of defects, resulting in a lower overall yield
and increased costs for producing functional units.

Fig. 20 showcases the yield for different numbers of lay-
ers, considering various yield loss factors. It is evident that
a higher number of layers corresponds to a reduced yield,
which reflects the percentage of successfully manufactured
and fully functional ICs. A lower yield implies the need
to produce a larger quantity of ICs to achieve the desired
number of functional chips, leading to escalated material
and manufacturing expenses. Furthermore, lower yield levels
translate into higher testing and validation costs, as more time
and resources are required to identify and address defects.
The plot in Fig. 21 further illustrates the relationship between
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FIGURE 21. The graph showcases the correlation between the number of
layers and the total cost in 3D IC fabrication, revealing a rise in cost as
the number of layers increases. The yield for each layer was determined
as a random value ranging from 90% to 98%.

the number of layers and the total cost involved in 3D IC
fabrication for different yield loss factors.

It is important to evaluate the trade-offs when decid-
ing to incorporate a distributed battery in a 3D IC design.
While distributed battery technology can offer significant
advantages, it comes at the cost of increased complex-
ity and extended development timelines. Designers and
manufacturers must strike a balance between these factors
and prioritize their objectives to ensure the successful and
timely commercialization of 3D ICs with distributed battery
integration.

V. CONCLUSION
In conclusion, this paper explores the advantages of inte-
grating distributed micro-batteries within heterogeneous 3D
ICs for improved energy efficiency and performance. The
proposed concept of distributed batteries addresses the
challenges associated with conventional power distribution
approaches and offers several benefits. The utilization of
one battery per module significantly reduces heat generation
and improves thermal performance. The simulation results
demonstrate a more uniform temperature distribution of at
least 40 percent compared to the conventional approach.
The integration of distributed batteries also enhances power
delivery by reducing voltage drops and electromagnetic inter-
ference. The smaller power supply loops and increased isola-
tion between modules result in decreased radiated EMI and
limit noise propagation. Furthermore, the use of distributed
batteries improves reliability by providing redundancy and
prolonging battery lifetime through controlled discharge rates
and reduced internal heat generation. Additionally, the posi-
tioning of additional batteries around module walls improves
thermal management, reliability, performance, and power
consumption by reducing thermal resistance and redirecting
heat flux. The vertically-mounted distributed batteries act
as effective electromagnetic shields, providing significant
shielding improvement compared to conventional structures.
The proposed technique offers approximately 1000 times
(60 dB) better shielding. Undoubtedly, it is crucial to rec-
ognize that the concept of distributed batteries in 3D ICs

brings forth a host of benefits. However, these advantages
are accompanied by increased intricacies, reduced yield, and
elevated costs, all of which warrant careful evaluation when
implementing the technology for specific applications.
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