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Abstract—Electromagnetic  shielding often requires the
integration of thick shielding structures in the form of metal
casings, walls, or via arrays. These shields typically isolate the
entire package from external or internal noise sources. In some
cases, they also isolate components within the package. However,
integration of shielding structures with the required performance
creates miniaturization and fabrication constraints, and results in
longer product development cycle times. To address these
limitations, a novel approach is presented for component- and
package-level shielding. This approach is based on
electromagnetic interference (EMI) shield integration through a
microassembly of prefabricated shields inside microslots in
packages and printed circuit boards (PCBs). This approach
eliminates many of the design and process constraints during the
shield integration within packages. Various design options were
considered to mitigate capacitive and inductive coupling between
representative microstrip lines that act as aggressors and victims.
Three types of EMI shielding architectures, U-shaped, inverted-L-
shaped, and T-shaped, were investigated with 17.5 pm copper.
The fabricated EMI shields were studied for their shield
performance, both as a compartmental shield between specific
components and as a conformal shield from external and internal
noises. The role of the ground termination was also investigated to
further optimize the shielding performance.

Index Terms—Compartmentalized shield, Conformal shield,
Monolithic copper, Prefabricated and assembled EMI shielding,
and Thin and thick EMI shielding.

[. INTRODUCTION

lectromagnetic compatibility (EMC) is becoming a key
upfront design requirement for future electronics.
Meeting EMC requirements becomes challenging as
component and functional densities increase with
performance and miniaturization trends. Electromagnetic
Interference (EMI) issues originate from different sources
depending on the subsystem functions [1, 2]. Irrespective of the
noise source, the reduced spacing between the components in
future electronic systems leads to enhanced electromagnetic
interactions and will require innovative solutions to address
them [3-8]. In the case of power electronic systems, EMI is a

key concern because key circuit elements such as switches,
inductors, and return current loops act as noise aggressors. The
high-frequency harmonics that originate because of the sharp
rise times are a major source of this noise. Noise is often
coupled through the mutual impedance in the return current
path. Implementing effective electromagnetic interference
(EMI) shielding inside electronic packages is critical to address
these concerns [9, 10]. Regulatory immunity requirements due
to emissions from all unintended radiators create additional
EMC constraints. In the category of RF subsystems, EMI is a
concern because of the coexistence of several bands such as
2400 MHz Bluetooth, 2450 MHz Wi-Fi, 1575 MHz for GPS,
900 MHz, and 1800 MHz for GSM [6], amongst others.
Interference between these RF channels and with the power
supply harmonics can lead to degradation and even malfunction
in the RF performance [11-13]. In the other category of
computing systems, the trend in digital circuits to use higher
clock frequencies and fast edge switches also results in more
noise [14, 15]. Unintended radiation sources originate from any
digital device that has a clock with an operating frequency of
more than 9 kHz per federal regulation the Code of Federal
(CFR) Regulations, which encompasses all EMC regulations
issued by the Federal Communications Commission (FCC)
under Title 47 of the CFR [1].

Several types of EMI shields are used in electronic systems
at the IC and package levels. Shield encasings at the package
level are the most common types and are used in the form of
metal cans or metal lids [7, 16]. Metal cans are known for their
excellent shielding performance [6, 16, 17]. However, they
have limitations in terms of their footprint, thickness, and
complexity of the implementation inside electronic packages.
They lead to larger packages by 14% and expand the footprint
by 15% [7]. In addition, they increase fabrication and assembly
costs [6, 18].

Conformal EMI shielding is the most promising technology
for reducing the thickness and weight of electronic packages [6,
8, 11, 17, 18]. This was predominantly applied to isolate the
noise from the digital and RF circuits in mixed-signal packages
[19]. They are deposited by spray-coating metal slurries or inks,
physical vapor deposition such as sputtering, or electrochemical
solution deposition techniques such as electroless and
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electrochemical plating [11]. They often compromise the
shielding performance for several reasons. For example,
sputtering leads to thickness limitations and stress issues. Being
a line-of-sight technique, it also leads to nonuniform coatings
on the sidewalls. Deposition through paste, liquid, or slurry
coating of composites limits the conductivity of the shield
materials [6, 20]. Electroless and electroplating techniques
impose process constraints and compatibility issues with the
mold compounds. However, all these techniques have been
sufficiently advanced through decades of research to meet the
shielding requirements and are widely adapted by industry and
investigated by academia. Various designs and configurations
are utilized for conformal shields to mitigate far-field [6, 8] and
near-field coupling [7, 16-19, 21, 22] with advanced materials
and processes. Selected highlights are provided in Table I.

One of the main limitations of conformal EMI shielding is
the ability to shield components within the same package. This
is referred to as compartmental EMI shielding [6] and is usually
created with metal partitions as walls or via arrays at the
package or PCB level [23, 24]. Several other reports
investigated this technology and are briefly highlighted next.
Three design variants of EMI shielding, viz., L, U, and zigzag
shapes, are used in LTE SiP modules. The compartment shields
showed better performance as compared to the traditional metal
lid by shielding with 50 dB isolation up to 6 GHz [25]. In [5], a
spray-coating technology was used for SiP modules with a
shielding effectiveness of 30 - 55 dB across 0.5-6 GHz. For this
case, the coating thickness varied from 3-11.6 um. To address
near-field coupling, mold-based compartment shielding was
employed to reduce intra-package noise within components by
30 dB [6]. A trench-filled compartment shield using a
conductive paste showed shielding effectiveness of 40 dB with
a thickness of 140 um across 1.6-2.6 GHz [9].

As stated in [7, 17-19, 21, 22], conformal EMI shields are
predominant in today’s electronic packages. But they must be
eventually extended to compartmentalized shields as mentioned
in [5, 6, 9, 25] to protect future packages from external and
internal noise. However, the combination of shielding
techniques adds fabrication cost, thickness, height, and process
development time. Notably, achieving higher shielding
effectiveness from far-field coupling is less challenging as
compared to near-field coupling [5, 6, 8, 25], the latter posing a
key concern. All these requirements add challenges to the
shielding process.

To address the aforementioned limitations, we present a
novel approach for component- and package-level shielding
using a simpler fabrication. This approach is based on the
microassembly of prefabricated EMI shields inside microslots
in printed circuit boards (PCBs). Such an approach leads to
fewer design and process constraints during fabrication because
the process does not need to follow additional steps for
deposition and patterning. Therefore, it is more adaptable to
various shield geometries and materials and lowers the
fabrication cost by simplifying the integration process. This
approach can lead to many design, fabrication, and performance
advantages: 1) Shielding architectures can simultaneously
address both conformal and compartmentalized shielding. They
can have several shapes instead of being a plated or trench-filled
wall or via. 2) Optimal shapes can be designed with flexible

layouts compared to the usual metal enclosures. 3) Shield
dimensions and thickness can be designed independently of
substrate wiring design rules. 4) Assembled or inserted shields
are more effective in terms of cost at the product level as they
shorten design and product development cycles. 5)
Compartmentalized and conformal shielding can be designed
independently, thus providing ease in fabrication and assembly.
The prefabrication and assembly approach allows optimized

material stacks for each application.
TABLE I
INTEGRATED SURVEY OF CONFORMAL AND COMPARTMENT EMI
SHIELDING TECHNIQUES ACROSS FREQUENCIES: SYNTHESIZING

MULTIPLE REFERENCES.
Reference  Frequency Shielding (dB) Material/Method
(MHz)
Conformal EMI shielding
5 30-3000 90 Nanosilver filler
coating (8-20 pm)
6 1000-6000 36-50 40 nm anti-oxide layer
and 1 um Copper
7 - 7 more than Side-wall opening to
traditional metal avoid internal
EMI shield resonance of the shield
16 10-5800 11-44 Innovative adhesion
enhancement based on
a simultaneous
mechanical anchoring
process and chemical
interaction (20 um)
17 - 40 Silver material sprayed
onto a plastic mold of
SiP
18 - 20 Electroless-plated
Copper (5 pm)/Ni (7
um) stack-up
19 10 19-28 Cu/NiFe stack (10-18
pm)
21 5000 43 Metal ink-derived
shield (4-5 pm)
22 1 6-26 Magnetic sheet and
conductive silver (98-
500 um)
Compartment EMI Shielding
5 500-6000 30-55 Spray-coating
technology for SiP
modules (3-11.6 pm)
6 - 30 Mold-based
compartment shielding
9 1600-2600 40 Trench-filled
compartment shield
using conductive paste
(140 pm)
26 5800 35 Electroplated soft
magnetic metal and
high-conductive copper
27 0-6000 20-40 Tooth-shaped
compartment shielding
technology
28 20,000- 20-40 Compartment

40,000 shielding, which
utilized conductive
adhesive filling
technology inside

cavities
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Fig. 1. EMI shielding shapes depicted in 2D schematics: a) Compartmental, and
b) Conformal EMI shielding: Trench, Inverted L-shaped, T-shaped, and U-
shaped.
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Fig. 2: Equivalent circuit of the near field coupling in the proposed prototypes:
a) physical representations, and b) schematic representations.

This work aims to study the performance of various
conformal and compartment shield designs such as U, Inverted
L, T, and other shapes. Only Copper (Cu)-based shields are
considered in this work although the fabrication method could
be applied to other emerging shielding materials. Near-field
capacitive and inductive coupling between components is
emulated as cross-talk between transmission lines (TLs) to
demonstrate isolation. Finally, the impact of the grounding
termination of the shield on the EMI shielding performance is
also studied. The shield and test structures are illustrated in Fig.
1.

II. EMI SHIELDING DESIGNS

Noise sources and victims are represented as microstrip line
test structures in order to study the performance of conformal
and compartment shields through modeling and hardware
validation. To study the capacitive and inductive coupling
between the TLs, it is simpler to understand them as lumped
components with mutual capacitance and inductance. The
pickup noise voltage increases as the voltage and frequency at
the source increase. Furthermore, the noise voltage is directly
proportional to the mutual capacitance between the TLs and the
resistance from TL2 to the ground. The mutual capacitance
(C;2) between the lines increases as the width and the length of
the coupling conductors increase. Also, it decreases as the ratio
between the spacing and width of the conductive traces
increases. The noise voltage sensed by the shield depends on
the mutual capacitance between the shield and the source (Cis).
However, that has no significant impact on the pickup noise
voltage at TL2 even though (C») is reduced in the presence of
the shield. Noticeable impact in reducing the noise voltage is
only seen when the shield is terminated to the ground, where
the leakage capacitive coupling between the shield and the
victim is reduced. This ideally leads to the elimination of the
pickup noise voltage at TL2. Nevertheless, termination between
the ground and shield can add parasitic impedances from
inductances and apertures in the shields.

Shielding of magnetic fields is determined by the inductive
coupling from the mutual inductance ( M;,) between the two
TLs. The pickup voltage on the victim IC depends on the flow
current in the aggressor TL denoted by I;. The effectiveness of
the shield in suppressing inductive coupling originating from
the induced magnetic fields in the shield. These fields will cause
a current in the shield to flow in the direction opposite to that in
the aggressor line. Therefore, the induced current generates a
magnetic field that opposes the corresponding field from the
aggressor. When the metallic shield is shunted to the ground, it
is expected to suppress the capacitive and inductive coupling
noise to zero. To achieve this, the shield has to cover the
aggressor line completely and be terminated to the ground.
Similar to the capacitive coupling of electric fields, the noise
voltage will not be eliminated because of the complex field
coupling through apertures and imperfect shields. Therefore, a
3D model using Ansys® HFSS was used to study the impact of
the assembled and prefabricated EMI shielding on mitigating
near-field noise from capacitive and inductive coupling (see
Section VIII). The equivalent circuit for the near-field coupling
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between the TLs is illustrated in Fig. 2.

Several shielding designs are considered. Trench-based
shields are the simplest option and are viewed as 1-faced
shields. This shielding approach incorporates a metal wall
between electronic components that are terminated to a ground
plane. The second variation employs a T-shape, effectively a
two-faced EMI shield. These T-shaped shields cover the victim
and source in two directions (X and Y). The third approach is
referred to as an Inverted L-shaped EMI shield. It has 2 faces
but focuses either on the victim or the source. The fourth EMI
shield is a U-shape enclosure that has 3 faces. These four
approaches could be extended as 4, and 6-face (Box) EMI
shielding approaches. As shown in Fig. 1, compartment and
conformal EMI shielding can take any of the previously
mentioned shapes.

III. EMI SHIELDING TEST STRUCTURES AND FABRICATION

The process of prefabricated and assembled EMI shielding
for conformal and compartment shields is depicted in Fig. 3.
The first and second steps are standard for any copper-clad
substrate. The key processes for these two steps to form the
circuit patterns are photolithographic patterning and subtractive
etching. The third step is that of building up dielectric layers
through polymer film lamination onto the top of the conductive
layer. This is followed by creating slots or trenches, using CO»
laser machine. The shield is prefabricated through a separate
process with diced copper traces and assembled to the required
shapes. As stated previously, a simple structure of two-metal-
layered PCB was used in this work. The structure has three
microstrip lines, with a length of 30 mm and a width equal to
3mm. The separation distance between the lines is 6 mm. The
line in the middle is used as the aggressor (source of the noise)
and one of the lines in the sides is used as the victim (receptor
of the noise). The dimensions of the shields range from 7.5 - 30
mm in the lateral and transverse direction, and 200 um in the
orthogonal direction that is inserted into the slot. These shields
are, thus, integrated with the coupled TL structures. Design
variations such as T, Inverted L, and U-shape are studied.
Assembly and grounding of the shield are the key steps.
Therefore, a solder paste is used to interconnect the shield to the
ground plane of the package substrate via a reflow soldering
process. In addition, an adhesive layer is also needed to
assemble the shield inside the slot with good mechanical
integrity, as shown in Fig. 3. Thus Step 5 is implemented by
depositing an adhesive layer onto the package trenches or the
prefabricated shields. Following the placement of the shield
inside the PCB, metallic bonding with the ground is achieved
with a solder reflow assembly in a nitrogen oven. Additionally,
for some samples, an infrared-heated ball grid array (BGA)
rework station machine was employed. Both samples exhibited
proper grounding behavior, and both curing systems provided
satisfactory results. However, a reflow oven is considered
simpler and preferable for larger PCBs due to its scalability and
ease of use.

This process can be applied to other shapes, and to the
conformal EMI shields as well. The process can be also used to
implement compartmentalized and conformal shields

separately or simultaneously. Notably, the T and Inverted L
shields are easier to implement compared to the U-shield. That
is because they require only one trench compared to the need
for two trenches in the U-shape shield. The fabricated and
simulated prototypes with a U-shape shield are shown in Fig. 4.
Prototypes were designed to operate in the 1-5 GHz range and
have a 50 Q source and load resistance. The source signal
voltage was introduced from a vector network analyzer (VNA,
Agilent E5071C), and the testing signal was 1W. The
capacitance and inductance between the two microstrips were
calculated using (4) and (6). As stated earlier, in this work, we
investigated the coupling between the two ICs by representing
them as two microstrip lines. However, the concept of
prefabricated and assembled EMI shielding can be utilized at
both chip and module levels, as shown in Fig. 3.
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Fig. 3. Process to generate prefabricated and assembled a) conformal, and b)
compartment EMI shields.
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Fig. 4. Fabricated samples on PCB board; a) compartment U-shape, b)
conformal U-shape, Simulated samples: ¢) compartment U-shape, d) conformal
U-shape.
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The lines and structures were designed specifically to work
across 1-5 GHz. Copper as the shield material described in this
paper is excellent for blocking EMI at these higher frequencies.
For lower frequencies, such as below 1 GHz, it is advantageous
to utilize magnetic layers. The challenge with lower frequencies
is that the magnetic fields between components get stronger as
the impedances are lower. Innovative designs with magnetic
materials for EMI shielding become more important. However,
the same form factors and designs are adaptable. Since our
article mainly talked about copper, the prototypes were made to
work best in the higher frequency range.

The surface roughness of the copper in the transmission line
measures 2.8 pm. Surface roughness affects the resistance of
the transmission lines, with smoother surfaces resulting in
lower resistance. While the resistance of each line influences
capacitive coupling between components, the shielding's
effectiveness remains consistent regardless of TL roughness.

IV. CHARACTERIZATION SETUP

Shielding effectiveness (SE) is defined as the difference
between the incident and transmitted power through the shield.
However, near-field coupling varies between magnetic and
electric fields. Hence, it is more specifically defined as the
difference between the strengths of the incident and transmitted
magnetic or electric fields. Separate set-ups are used for
compartmentalized and conformal shields. In this work, and as
stated previously, the IC interconnects are represented by two
parallel microstrip lines. Shielding is often estimated as S»; or
the insertion loss. The performance of the EMI shield is
measured using its SE as the metric. SE is estimated as the
difference in the field strength with and without the shield.

A. Conformal EMI shielding setup.

The SE of conformal EMI shields is determined based on the
electric and magnetic field maps. This is illustrated in Fig. 5.
Shielding is defined as the ratio of electric (or magnetic field)
strengths in the presence and absence of EMI shielding. Field
strength is measured using EMC probes, and shielding is thus
calculated as:

E..i .
SEE =20 lOg | élﬁ,wut s.hLeld| (1)
with shield|
H . .
SEH — 20 lOg | \;;Ltf‘wut s}hleld| (2)
[Hwith shieldl

In the above, E without shicld 1S the received electric field in the
absence of the shield, and E wim shicid 1 the received electric field
in the presence of the shield. Similar definitions follow the
magnetic field.

B. Compartmentalized EMI shielding setup.

Compartmentalized EMI shielding with multiple shapes is
implemented on TL2 (see Fig. 1a). A vector network analyzer
was used to inject the aggressor signals in TL1 and measure the
crosstalk from TL2. This near-end crosstalk is caused by
capacitive and magnetic coupling. The measurements were
carried out with and without EMI shielding (see Fig. 6).
Shielding effectiveness is then determined using.

SE = S,1(w/o shield) — S,;(with shield) 3)
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Fig. 5. Measuring EMI shielding effectiveness for magnetic and electric field
sources using conformal shields
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Inverted L-shape, and d) T-shield. The design variations are illustrated in Fig.
3b.
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The measurements were conducted in the EMC laboratory at
the workbench. Uncontrolled reflective surfaces like metal
walls or nearby equipment had minimal impact on the
measurements. Since the S, measurement and near-field
probing primarily indicate noise coupling rather than the
radiated emissions themselves, conducting them in the EMC
workbench laboratory was deemed acceptable. Therefore, there
was 1no necessity to carry out the measurements in a semi- or
fully-anechoic chamber.

The purpose of shielding is to suppress noise and emissions
from integrated circuits, primarily from digital components.
Therefore, shielding typically does not affect transmission line
performance, particularly for ICs, which are inherently immune
to emissions. However, if shielding were to be placed around
analog components such as antennas (although this is unlikely),
it could degrade the Si; performance in most cases.

In our study, we focused on the coupling (S»i), which
attenuates after implementing the shield between two
transmission lines representing scenarios of aggressor and
victim components. While the S;; for the shielded line would
degrade, we did not address it explicitly since it is
representative of cases involving aggressor lines with unwanted
harmonics.

V. SHIELDING RESULTS AND DISCUSSION

A. Package-level EMI shielding: U, T, and Inverted L shape
shielding.

As reviewed in Section I, package-level shielding is
predominantly implemented as a conformal shield over
multiple components and is usually aimed at isolating noise
from internal sources to outside or vice versa. These variations
are shown in Fig. 3a. Electric and magnetic field maps are
simulated to determine the SE for conformal EMI shielding.
These maps were taken at 50 pm distance from the electronic
package in the Z (vertical) direction. The electric field strength
map for the prototype without conformal shield varied from 30-
85 dB (31.622-17,782 V/m) at 1 GHz. In this case, dB scale
simply refers to 20 log (field strength). When U-shield was
utilized, the field strength varied from -70.5 to -5.5 dB (0.0003
- 0.543 V/m) at 1 GHz. The inverted L-shape resulted in a
slightly better performance of -74 to -6 dB (0.0002-0.5 V/m) at
the same frequency. We also found that the T-shield showed the
best shielding performance of -86 to -6 dB (0.00005-0.5 V/m).
However, as shown in the electric field maps in Fig. 7, the
performance of the conformal shield near the middle TL is the
lowest because of its proximity to the noise source. With
increasing distance from TL2, the electric field decreases. T-
shape showed the best performance due to its geometry, since
the termination wall of the T-shape is closer to TL2 compared
to U-shape and Inverted L-shape. This resulted in its improved
shielding performance.

As expected, shielding against magnetic fields is more
challenging. For example, the simulated magnetic field maps
with the conformal shield varied from -21 to 40 dB (0.09 - 100
A/m) at 1 GHz across the plane. The conformal U-shield
reduced the magnetic field strength to -54 - 16 dB (0.002 - 6.3
A/m) along the whole plane, especially at 1 GHz. With inverted

L-shields, the fields weakened to -60 - 6 dB (0.001 - 2 A/m). T-
shield exhibited the best magnetic field shielding, resulting in a
field strength of -82 to 6 dB (0.00008- 2 A/m) at 1 GHz. Its
superior performance is due to its geometry, where the wall
termination to the ground is closer to the source compared to
the other shapes. However, all shapes are effective in
suppressing the emission of the electric and magnetic fields in
the near-field coupling. The simulated electric and magnetic
field maps are illustrated in Fig. 7.

In order to validate the simulation maps of the electric and
magnetic fields using the conformal EMI shields, field
measurements were performed with EMC probes (Thincol,
BOSPD7NJ83) (see Fig. 8a). The EMC probes are located at the
center of the conformal shield at a distance of 50 pum, as
illustrated in Fig. 8b. The difference between the magnitude of
the fields in the presence and absence of the shield is reported
as the SE as given by Equations (1) and (2). All measurements
were carried out at 1 GHz. The results, listed in Table II,
demonstrate the shield performance in reducing electric and
magnetic field emissions.

Measurements were conducted over 4 modules. The standard
deviation ranged from 0.5 to 1.2, depending on the shapes. The
difference between measurements and simulations was less
than 5 dB in the worst cases.

(@

Position of the EMC Near- Fickl
probes at the center of the TLE2

<

"\_;_,_— EMC Near-Field Probes
.

. EMI Shield

b3 N
3‘?\ ( Ushape)
-

(b)

Fig. 8. a) Measurement setup for characterizing conformal EMI shielding
against electric and magnetic fields using the EMC probes, b) the position of
the EMC near-field probes at the center of the conformal shield.
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Table IT
MEASURED AND SIMULATED SE AT 1 GHz FOR CONFORMAL
SHIELDING.
U-shape T-shape Inverted L-shape
Electric field SE in dB
Measurement 64 64 65
Simulation 81 80 80
Magnetic field SE in dB
Measurement 35 43 31
Simulation 43 50 35
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Fig. 9. Simulations and measurements of near-end crosstalk between
components with compartmentalized shielding.
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Fig. 10. Simulated isolation results of Inverted L, T, and U- shield of 17.5um
of Cu with and without ground termination.

B. Component-Level EMI Shielding: U, T, and Inverted L-
EMI Shielding Within an Electronic Package.

Prefabricated and assembled shields of 17.5um Cu designed
with U, T, and L variations were used to enhance isolation
between TLs, as illustrated in the measurement set-up of Fig. 6.
We found that the U-shaped shield reduced the near-end
crosstalk by an average of 45 dB across 1-5 GHz. This is
verified with both simulations and measurements. The inverted
L-shield showed isolation in the range of 35 dB in the same
frequency range. In contrast, T- shield showed a lower but
impressive shielding of 30 dB between TLs in most of the

frequency range (1-5 GHz). All results from the simulation and
measurements are depicted in Fig. 9.

C. Challenges and limitations of prefabricated and assembled
EMI shielding solutions with consideration to ground
termination.

Our proposed method of prefabricated and assembled EMI
shield faces some challenges in achieving optimal performance
and compatibility with various electronic systems and
packages. The proposed shields typically are fabricated and
customized to specific designs. The shields should incorporate
specific features such as metal walls and pillars of specific
dimensions for a unique package design. The package slots for
trenches and vias should be tolerant of misalignment with the
shield. Post-processing of gap-fill materials is needed to
assemble the shields with good mechanical integrity. Another
limitation is the scalability of prefabricated shields to
accommodate evolving technology trends and miniaturization.
As electronic devices continue to shrink in size and increase in
complexity, there is a growing demand for EMI shielding
solutions that can effectively address these scaling of design
rules. Fortunately, IC assembly rules are shrinking to 5-50 um
with tolerances of 1-5 pum. Prefabricated shields may benefit
from these technology trends to meet the tolerance and design
rules for heterogeneous package integration where components
may be spaced within 100 pm. Finally, our proposed method of
EMI shielding comes after the production phase or testing
phase, which adds a lot of flexibility to the designers. However,
that comes with the challenge of maintaining a good
termination to the ground plane. It also needs assembly by
heating the solder or silver paste that is used to ensure a good
metallic connection between the shield and the ground planes.
In summary, prefabricated EMI shields offer valuable benefits
in EMI mitigation. The fabrication and assembly scaling will
address the challenges related to compatibility, assembly with
scalable pitches and tolerances, and ground termination.

Achieving optimal termination hinges on establishing a
strong connection between the shield and the ground plane. The
contact resistance plays a crucial role in ensuring a solid
termination to the ground, as depicted in Fig. 10. The
termination or grounding of the shield is important as
mentioned in Section II. Fig. 10 compares the simulated
shielding performance of Inverted L, T, and U-shapes
constructed from 17.5 pm thick Cu with and without ground
terminations. Various techniques, including soldering, silver
paste application, or other methods such as wire bonding can be
employed to effectively achieve this connection. We found that
when the prefabricated EMI shields are connected to the ground
plane, the EMI shielding showed a reasonable isolation of 40-
50 dB. However, the ungrounded EMI shields provided an
isolation of only 5-10 dB across the same frequency range. The
isolation dropped by 30-40 dB across 1-5 GHz, and the impact
of the shield is very weak when isolated from the ground plane.

While maintaining low impedance connections becomes
more challenging at higher frequencies, for shielding against
most noise emissions, any of the aforementioned methods
would provide the desired performance.

The results, thus, demonstrate the effectiveness of the
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innovative shielding approach with prefabrication and
assembly. Although the current work utilizes semi-manual
techniques such as dicing and bonding to pre-fabricate the
shields, standard microfabrication approaches such as high-
aspect ratio copper plating and dicing can further scale down
the dimensions and increase the tolerance. Package assembly
techniques can reach pitches far below the dimensions needed
for the current shield assembly needs. The unique approach
developed in this work can thus benefit and become more
effective with future microassembly advances. The shields are
further thinned down with advances in materials with higher
shielding effectiveness. These materials are critical in shielding
magnetic fields as they present more challenges compared to
electric fields. For example, Table II shows that electric field
isolation for conformal shield is 20-40 dB higher compared to
that of magnetic fields. Shielding magnetic fields at low
frequencies needs innovative material stacks to enhance the
shield effectiveness. Monolithic copper can be replaced with
multilayered, yet, conducting shields of magnetic and
nonmagnetic materials that have strong impedance mismatch
from magnetic permeabilities. Such materials can scale down
the shield geometries to below 10 um [29]. By utilizing such
materials in the microfabrication techniques in conjunction with
the preassembly and microassembly techniques described in
this work, compartmentalized and package-level shielding can
be achieved with scalable system geometries.

This paper primarily focuses on prefabricated EMI shielding,
which is best suited for larger dimensions, particularly at the die
or IC package level. However, for thinner transmission lines,
which are typically rare to shield, alternative techniques can be
considered. In scenarios where shielding is necessary but space
constraints are present, designing the shield as an integral part
of the system rather than adding it onto the design afterward
could be a viable approach. This integrated design approach
allows for more efficient utilization of space while ensuring
effective shielding of individual transmission lines.

VI. CONCLUSIONS

Novel shielding approaches with prefabricated and
assembled EMI components were presented and tested to
alleviate design and process constraints associated with current
approaches. Notably, the shields were preformed and
assembled after the completion of the substrate build-up
processes. This method helps in the introduction of advanced
shielding materials as they do not need to be compatible with
substrate and process design rules. It also mitigates the risk of
stress and deformations within electronic packages. In addition,
by wusing advanced prefabrication and microassembly
techniques, the thickness of the EMI shields can be controlled
with microscale precision.

In the case of conformal shields, electric field shielding for
the inverted L, T, and U-shapes, provided an average of 80-100
dB at 1 GHz under near-field coupling. Notably, conformal
shields were less effective against magnetic fields. The
Conformal U shape shield exhibited an average of 24-53 dB of
shielding against magnetic field at 1 GHz as compared to the
Inverted L-shape with 34-35 and the T-shape with 34-60 dB.

Monolithic Cu,17.5 pm thick, was used in inverted L, T, and
U-shape compartmentalized shields to suppress magnetic and
electric field coupling (crosstalk coupling) between ICs. Shield
performances were compared with a pair of parallel microstrip
lines as the test structures. The T-shield reduced crosstalk
between TLs by 30 dB across 1-5 GHz, while the inverted L-
shape led to an average shielding of 40 dB. Overall, for
crosstalk coupling mitigation, the U-shield gave the best
performance of 40-50 dB across 1-5 GHz. Also, it was
remarked that the grounding of the EMI shields is critical to
achieve high performance.
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