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Abstract

The demand for larger bandwidth and data rate for the future 6G wireless communication
system, coupled with the frequencies below 10 GHz becoming crowded, has prompted
extensive research on the utilization of sub-terahertz frequencies. At this frequency, the
wavelength shrinks to a sub-millimeter scale, causing a reduction in the size of passive
components to the point where they cannot be precisely manufactured by a typical PCB
process, which points to on-chip implementation as an obvious solution. However, the
substrate’s low substrate resistivity and high permittivity reduce the performance of the
passive components, especially in the standard CMOS process where substrate resistivity
can be as low as 3Ω·cm. This dissertation presents the development of a dual-layer proton
irradiation method to improve the performance of the CMOS on-chip passive components
at sub-terahertz frequencies by increasing the resistivity of the silicon substrate. By target-
ing the Si-SiO2 layer with additional irradiation, the total dose required to achieve thermal
stability is reduced from 1015 cm-2 to 4x1014 cm-2. The margin distance requirement for
the active component is reduced from 50 µm to 22 µm while keeping the same final sub-
strate resistivity as with the conventional method. This method was then applied on a
300 GHz band on-chip Vivaldi antenna and a 300 GHz band on-chip waveguide transi-
tion to test its efficacy on sub-terahertz frequency. After irradiation, measurement results
show a 4 dB gain improvement and efficiency increase from 32% to 87% on the antenna,
with a 2.1 dB reduction of transmission loss on the waveguide transition. The proposed
dual-layer irradiation enables CMOS on-chip passive components to achieve competitive
performance at sub-terahertz frequency and solves the substrate loss issue.
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Chapter 1

Introduction

1.1 The Future Wireless Communication System

The exponential growth of data consumption has pushed the evolution of the wireless
communication technology in the last 20 years, as technologies such as social media,
video streaming, e-learning, remote work, e-commerce, and more applications becomes
more commonly used worldwide. The deployment of 5G wireless communication net-
work further opens up new potential applications that utilize massive machine-type com-
munications and ultra-reliable low-latency communications, such as internet-of-things
(IoT) and self-driving car [8]. The mainly used sub-6GHz frequency band is too crowded
and does not have enough bandwidth to accommodate these potential new applications.
Therefore, the 3rd Generation Partnership Project (3GPP) develops a 5G New Radio (5G
NR) standards to utilizes the millimeter-wave band at 28 GHz and 39 GHz for higher data
rate and lower latency in exchange for shorter link distance [9]. The 5G NR systems are
expected to reach data rates more than 10 Gb/s with low latency and beam-forming sup-
port for the millimeter-wave frequency to compensate the increasing path loss. The 5G
NR is currently in the implementation phase for over the next 5 years with the technology
constantly being refined to achieve its maximum potential.

With 5G already in implementation phase, significant efforts are underway to char-
acterize the use case and requirements of the next generation wireless communication
systems, which is commonly referred as 6G. Several analyses and discussions has been
published by journals, organizations, and standardization bodies such as International
Telecommunication Union (ITU-T) [1, 10–13]. From these discussions, the expected re-
quirement of the future 6G wireless communication network can be summarized as [1]:

1. Data rate: More than 1 Tb/s peak data rate is required mainly for use cases such as
holographic communication and hologram assisted technology [12, 14], including
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Figure 1.1: Vision of the 6G systems and its underlying use case [1].

remote health care, remote repair and remote industrial monitoring. This also covers
the needs for information shower kiosks, the millimeter-wave small cell backhaul
[15], and chip-to-chip communication. The user data rate is expected to reach at
least 1 Gb/s.

2. User latency: At least 1 ms is required mainly for use cases such as holographic
communication and hologram assisted technology [16, 17], and sub-ms latency
maybe required for application requiring instantaneous haptic feedback.

3. Mobility: 6G systems should be able to communicate with target traveling up to
1000 km/h, which take into account communication with airplane and satellite-to-
satellite communication [18]. Communications with multiple moving target should
be supported.

4. Connection density per km2: Assuming the exponential growth of the number of
devices connected to the network, connection density requirement is expected to be
10× of 5G, which is around 107 devices/km2.

5. Reliability: Applications such as cooperative autonomous driving and industrial
automation requires 99.999% network reliability [19]. Industrial IoT systems could
require reliability as high as 99.99999% [20].

All of these requirements and example use cases are summarized in Fig. 1.1.
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Figure 1.2: Atmospheric absorption loss across different frequency and possible candidate
for 6G sub-terahertz band.

From all the requirements listed above, this thesis will focus the discussion on the
fulfillment of the 1 Tb/s data rate requirement. This data rate is not achievable with the
frequency band used in the current 5G implementation. Therefore, there are a lot of
discussions [1, 1, 10–13, 21] about extending the 6G frequency band to cover the sub-
terahertz frequency range (100 GHz to 1 THz).

1.1.1 Sub-terahertz Frequency Extension

Fig. 1.2 shows atmospheric absorption loss of all the sub-terahertz frequency range,
which is the first consideration in choosing a suitable frequency band for 6G sub-terahertz.
Within the sub-terahertz frequency range, there are some frequency bands with very high
atmospheric absorption rate, causing high attenuation and not suitable for long range
communication. Therefore, frequency windows W1 to W4 are initially considered as
they have a wide available bandwidth where the atmospheric absorption is relatively low.
W3 and W4 are outside the capabilities of the widely available and low cost chip manu-
facturing process, such as CMOS process. Consequently, W1 and W2 becomes the main
frequency of interest for the future 6G sub-terahertz band. W1 corresponds to F-band
(90 GHz to 140 GHz) and D-band (110 GHz to 170 GHz), while W2 corresponds to the
300 GHz band (220 GHz to 320 GHz). These bands has 3 desirable characteristics as a
candidate for 6G sub-terahertz band:

1. They provide a large available bandwidth with less crowdedness compared to the
lower frequency bands.

2. Can be implemented with widely available low cost chip manufacturing process
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with reasonable performance.

3. The short wavelength enables passive components miniaturization, such as antenna.
Allowing high-density large-element array system with low area occupation.

The characteristic number 3 is of a particular interest of this thesis, as this push the mi-
gration of typically off-chip components (antenna, chip-to-waveguide transition, etc.) to-
wards on-chip implementation.

1.1.2 Large-Scale Small Cells Deployment

Similar to the deployment of the 5G millimeter-wave, the 6G sub-terahertz is expected
to be deployed either as a high capacity backhaul or as large-scale small cells inside
home and large density residential area [15]. Compared to 5G millimeter-wave, the 6G
sub-terahertz will suffer more path loss and only capable to perform line-of-sight com-
munication [22]. Therefore, larger number of small cells are required to cover the same
area. Furthermore, array topology with large number of elements will be used to com-
pensate path loss and line-of-sight through array gain, beam-forming, and beam-steering
technology [23]. This large element array implementation requires large number of chips,
and the large number of small cells further increase the number of chip requirement while
the cost should be kept low. Due to the all factors above, low cost technology with large
production capacity, such as the standard CMOS process, is preferable for this implemen-
tation.

1.2 Passive Component Implementation on Sub-terahertz
Frequency

As the operating frequency approach sub-terahertz range, the design wavelength of pas-
sive components shrink to the sub-millimeter size. This shrinkage has different impact
on implementation method and design considerations based on the type of the passive
components, leading to different ways on how active circuits are implemented in the sub-
terahertz range. The size reduction also allows the typically off-chip components to be
implemented on-chip.

1.2.1 Lumped Inductor and Capacitor

Lumped inductor and capacitor are components that can be implemented on-chip from
frequency as low as 1 GHz. These two components are the main building blocks of many
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(a)

(b)

Figure 1.3: Comparison between (a) a 2.4 GHz CMOS power amplifier from [2], and (b)
a 250 GHz CMOS power amplifier from [3].

analog circuits such as voltage-controlled oscillator (VCO), amplifier, mixer, matching
network, and so on. However, as the operating frequency increase above 60 GHz, the
shunt parasitic capacitance to the substrate starts to become more significant, reducing
the quality factor and limiting the maximum operating frequency of both components.
Consequently, the usage of lumped inductors and capacitors become impractical at sub-
terahertz range. This also holds true for passive components derived from these two, such
as inductor-based transformer, coupler, or balun. On CMOS substrate, the degradation of
quality factor becomes more severe as the low substrate resistivity has more impact on the
lumped components at high frequency.

1.2.2 Transmission Line

In contrast to the lumped inductor and capacitor, the usage of on-chip transmission line
(TL) in a matching network or as a derivative component is impractical at low frequency
because the length of the TL cannot fit inside the chip. However, as the operating fre-
quency reach the sub-terahertz range, the required TL length shrinks to around microme-
ter range, which fits inside the standard area of a chip. Consequently, the design approach
of matching network for on-chip amplifier design change from lumped component based
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Figure 1.4: General trend of antenna and on-chip-transition implementation across fre-
quency.

to TL-based at sub-terahertz frequency, as shown in Fig. 1.3. The design of many deriva-
tive components such as coupler and balun also becomes TL-based. Another benefits
on using TL matching network is the substrate isolation through bottom metal shielding,
eliminating the effect of the low resistivity substrate on CMOS process.

1.2.3 Antenna and Chip-to-Waveguide Transition

Antenna and chip-to-waveguide transition are passive components typically implemented
on-PCB because their large size. Compared to on-chip implementation, the on-PCB im-
plementation at lower frequency has low cost per area and low substrate loss, with negli-
gible interconnect loss due to the short interconnect length compared to the design wave-
length. As the design frequency increases to sub-terahertz range, the radiating structure
shrinks to the level where it becomes difficult to precisely manufacture with low-cost
PCB process, requiring migration to a better PCB process with higher cost. Additionally,
the interconnect length relative to the wavelength increases to the point where bump and
pad mismatch on flip-chip or wirebonding connection becomes non-negligible [24, 25].
Furthermore, most sub-terahertz TRXs with on-chip antenna are implemented as array
to mitigate the large path loss in sub-terahertz frequency [3, 26], which requires inter-
element distance less than 600 µm for a 300 GHz band TRX. All of these factors push
the sub-terahertz antenna and chip-to-waveguide transition development towards on-chip
implementation, where there is no interconnect loss, high manufacturing precision, and
comparable cost to advanced PCB manufacturing process (Fig. 1.4).

The biggest drawback for on-chip antenna and transition implementation, especially
on CMOS process, is the low substrate resistivity (around 3 Ω-cm to 15 Ω-cm), which
causes high substrate loss. The low substrate resistivity absorbs most of the energy radi-
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Figure 1.5: (a) Ground metal shielding, and (b) high resistivity substrate integration.

ated by the antenna and dissipates it as heat, which significantly reduces CMOS on-chip
antenna efficiency to less than 50% [27, 28]. This also applies for CMOS on-chip tran-
sition implementation, which results in 3dB higher insertion loss [7] than other on-chip
transition implemented on semi-insulating substrate [29]. Therefore, this substrate loss
problem must be mitigated for the CMOS on-chip antenna or chip-to-waveguide transi-
tion to achieve competitive performance.

1.3 Substrate Loss Mitigation Techniques

1.3.1 Ground Metal Shielding

The simplest and most common solution to solve the substrate loss issue is by prevent-
ing the interaction between the lossy substrate and the passive component through metal
shielding [28, 30, 31], as shown in Fig. 1.5(a). This method is readily available in all
standard CMOS processes and can be implemented immediately in-process, with accu-
rate modeling can be quickly performed through an EM simulator. There is no need to
develop a separate post-process or modify the existing CMOS manufacturing process.

However, this technique has several drawbacks. First, this technique cannot be used
on all types of passive component. While this technique can be implemented on a trans-
mission line without any issue, implementation on capacitor and inductor result in a large
parasitic capacitance to the ground, which limits their maximum operating frequency. For
antenna and chip-to-waveguide transition implementation, this technique limits the usable
architecture to the broadside structure such as patch, making it impossible to implement
end-fire structure. Furthermore, the proximity between the top metal used for the passive
component and the bottom shield metal (less than 10 µm) induce a large image current in
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Figure 1.6: The general principle of ion irradiation (a) top view, and (b) cross-section
view.

the bottom shield metal, leading to additional loss as heat [32]. Therefore, the final per-
formance of these shielded antennas and transitions are still worse than the typical PCB
implementation, although still better compared to the implementation that suffers from
substrate loss.

1.3.2 High-Resistivity Substrate Integration

For a solution that can be applied on all types of passive component, a method to directly
increase the substrate resistivity is required. The most common method is to replace the
low resistivity silicon substrate in standard CMOS processes with high-resistivity Silicon
(HR-Si) such as amorphous Si or porous Si [33–37], which can achieve resistivity as
high as 10 kΩ-cm [33]. Because high performance active device cannot be implemented
directly on the HR-Si, a thin layer of low-resistivity silicon was added on top of the HR-Si
where the circuit is implemented, creating a silicon-on-insulator (SOI) process [36, 37] as
shown in Fig. 1.5(b).

The main drawback of this approach is the need to develop a new manufacturing pro-
cess. A new manufacturing facilities, infrastructures, and development environment must
be build and optimized. Furthermore, the characteristics of active devices implemented
on the new process needs to be remodeled as a library for easier design process. All of
this require large amount of investment and time. In addition, the more specific target
application of the process limits the consumer demand, resulting in reduced production
scale. Coupled with higher manufacturing complexity than a standard CMOS process on
the same process node, all the above-mentioned factors resulting in higher process cost
compared to the existing CMOS process.
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1.3.3 Ion Irradiation

Ion irradiation (Fig. 1.6) is a method to increase the substrate resistivity by bombarding
high energy ions to the substrate, which generates defects and charge traps in the silicon
crystal structure that reduces carrier mobility [4, 5, 38, 39]. This method can be performed
on a manufactured chip as a post-process, which eliminates the need to modify the ex-
isting standard CMOS processes. Therefore, the total implementation cost can be kept
low by utilizing the large-scale infrastructure and development environment available on
the CMOS processes. Another benefit of ion irradiation is the ability to control the shape
and location of the high-resistivity region through a mask, enabling separation between
high-resistivity substrate required for passive components and the default substrate resis-
tivity where the active devices were designed and modeled. Therefore, there is no need to
remodel and re-characterize the available active device models. Furthermore, ion irradi-
ation can be applied to all types of passive component because it increases the substrate
resistivity directly, surpassing the ground metal shielding method in terms of component
universality. All of these benefits makes ion irradiation the most promising solution to
improve on-chip passive component performance in terms of cost and component types
coverage.

Even with all above-mentioned benefits, ion irradiation method has three main draw-
backs:

1. The defects and charge traps generated in the silicon crystal can be recovered
by performing high-temperature heat treatment (annealing) to the irradiated sub-
strate, which can reduce the induced high resistivity. This makes the formed high-
resistivity region vulnerable to common high-temperature post-processing such as
flip-chip process [40] and reflow soldering [41]. This thermal stability problem also
prevents the chip usage on extreme environment, such as low-earth orbit satellite
application.

2. While the thermal stability problem can be solved by generating more defects, more
irradiation time is needed to generate those defects. This leads to longer machine
operation time and lower wafer throughput, which ultimately increases the process
cost.

3. Some of the irradiated ions can spread laterally beyond the mask edge, which dam-
ages all active devices within the specified margin. This creates an extended unus-
able area around the target irradiation area. This margin requirement can be as high
as 50 µm on proton irradiation [4, 5], which is especially wasteful on higher CMOS
process nodes.
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These drawbacks has to be reduced or mitigated to make the ion irradiation process more
viable for large-scale implementation.

1.4 Research Objective

The main objective of this thesis is to improve the performance of on-chip passive com-
ponents for sub-terahertz circuit implementation on CMOS. Based on the previous dis-
cussions, the main challenge to improve passives performance is substrate loss due to the
low-resistivity substrate. While conventional ion irradiation is a promising solution, it
has several drawbacks that can be suppressed or mitigated. Therefore, this thesis aims to
develop a new ion irradiation profile with direction as follows:

1. Perform a deep analysis on the conventional ion irradiation process to identify if
there are any possibility to further improve the process.

2. If the potential mechanisms or theories to improve the conventional are found, pro-
pose a new improved process by utilizing the previously found mechanisms or theo-
ries. The new ion irradiation process should improve the previously discussed three
drawbacks of the ion irradiation, which are thermal stability, high cost due to the
long irradiation time, and wasted area due to the large unusable area around the
irradiated region.

3. The proposed ion irradiation process should be tested on several on-chip sub-THz
passive components to verify its efficacy on the sub-THz frequency and to make
sure this process can be applied on the future 6G transceiver system.

To limit the scope of the sub-THz frequency range for evaluation on the Objective 3,
the 300 GHz band (220 GHz to 320 GHz) is used as the target frequency for the passive
component implementation. This is because 300 GHz band is the highest fmax limit of the
transistor implemented on standard CMOS processes.

1.5 Thesis Organization

This thesis is organized as follows: Chapter 2 introduces the mechanism of the conven-
tional ion irradiation and the parameters that affect the irradiation performance. This
chapter also analyzes how these design parameters related to the issues of the ion irra-
diation. This chapter also explore the impact of the parasitic surface conduction layer
formation, which is not discussed previous study, on the previously discussed issues, and
use it as the basis theory to propose the new ion irradiation process.
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Chapter 3 presents the proposed dual-layer proton irradiation, which includes the de-
tailed steps and implementation requirement of this process; the optimization of process
parameters through experimental method; and lastly, the evaluation of the optimized pro-
cess and comparison with the conventional irradiation.

Chapter 4 and Chapter 5 presents the application of the proposed dual-layer proton
irradiation on the sub-THz on-chip passive components. In Chapter 4, a 300 GHz band
CMOS on-chip Vivaldi antenna was designed and applied with the proposed dual-layer
proton irradiation. The antenna performance before and after irradiation was measured
and compared. In Chapter 5, a 300 GHz band CMOS on-chip chip-to-waveguide tran-
sition was designed and applied with the proposed dual-layer proton irradiation. The
transition performance before and after irradiation was measured and compared. Further-
more, the transition was integrated with a 250 GHz transmitter as a transmitter module,
which was measured.

Finally, the conclusions and future directions of this research are presented in Chapter
6.





Chapter 2

Analysis of Conventional Ion
Irradiation 1

As discussed in previous chapter, ion irradiation is the most promising method to create
a high-resistivity substrate on a CMOS processes without modifying the process itself.
However, there are several issues preventing efficient implementation of this method.
This chapter explains the detailed mechanism of conventional ion irradiation and its re-
lated process parameters, which is crucial to understand the underlying cause of problems
found in ion irradiation and to propose ways to mitigate them.

2.1 Process Overview

Fig. 2.1(a) shows the general setup to perform an ion irradiation on a wafer. First, an
ion accelerator is needed to accelerate the ion from the source to the desired energy level.
Depending on ion species, this ion accelerator can be a cyclotron, extractor-type ion gun,
or other kinds of accelerator. The output of the ion accelerator is a spot ion beam with 5
mm to 50 mm diameter, which is not enough to cover the whole silicon wafer. Therefore,
a beam scanner is used to rasterize the ion beam to cover the whole wafer surface. This
irradiation is performed for certain amount of time until the desired ion concentration
(fluence) is reached. Finally, the wafer transfer plate moves out the irradiated wafer and
put in the new wafer to the irradiation area for another irradiation cycle.

Fig. 2.1(b) and (c) shows the setup of the chip during irradiation process. The chip was
covered with nickel mask to choose the irradiation target area and protect the active de-

1This chapter is based on "Dual-Layer Proton Irradiation for Passive Component Enhancement and
Noise Coupling Suppression on CMOS Process" [42] by the same author, which appeared in the IEEE
Transactions on Electron Devices, © 2024 IEEE. Some of the figures of this paper are reused from [42]
under the permission of the IEEE.
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Figure 2.1: Ion irradiation mechanism: (a) overall system, (b) top-view of the irradiated
chip with mask, and (c) the cross-section view of the irradiated chip.

vices (transistors, diodes, etc.) from radiation damages, eliminating the need to re-model
these devices. At the irradiation target area, the high energy ions generate defects and
charge traps [4, 5, 43] in the silicon substrate, increasing the substrate resistivity by reduc-
ing carrier mobility. Higher ion fluence generates more defects, which further increases
substrate resistivity and making it more resistant to high-temperature post-processing.
However, higher ion fluence also increase irradiation time, leading to higher process cost.
The active devices must be placed with a certain margin from the edge of the irradiation
area due to the possibility of ion lateral scattering, rendering the area within a certain
margin outside the irradiation area unusable for active devices placement.

2.2 Process Modeling

Throughout this work, SRIM (Stopping and Range of Ions in Matter) software package
is used to simulate the ion range and defects distribution through Monte-Carlo simulation
[44]. Ion range was determined with Brag’s rule corrected with Core and Bond approach
[45] and experimental data [46]. The accuracy of this software package varies depending
on the implant ion and the target substrate. The stopping range mean error for proton
implantation on silicon, which is the focus of this work, is around 3.9% [44]. The mean
error of the vacancy defects concentration is around 14% [47].
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2.3 Process Parameters

2.3.1 Ion Energy

Ion beam energy level, denoted in eV, determines the penetration depth (Rp) and the strag-
gle (∆Rp) of the implanted ions within the target material. Rp is the average depth the ions
travel from the surface of the target material, and ∆Rp is the deviation of ion distribution
from the Rp. Both are illustrated in Fig. 2.2(a). Factors that impact Rp and ∆Rp can be
seen in the simplified LSS model equations [48, 49]:

Rp ≊
R

1 + (Mt/3Mi)
(2.1)

∆Rp ≊
2Rp
√

MiMt

3(Mi + Mt)
(2.2)

indicating that Rp and ∆Rp are mainly affected by the mass of the implant atoms (Mi),
mass of the target atoms (Mt), and the implant ion range (R), which in itself is determined
by the following equation [48, 49]:

R ≊ K
E
ρt

(
Mt(Mi + Mt)

Mi

) 
√

Z2/3
i + Z2/3

t

ZiZt

 (2.3)

which indicates that the atomic number of the implant atoms (Zi), atomic number of the
target atoms (Zt), implant energy (E), and target substrate density (ρt) also affect Rp and
∆Rp (K is a constant). The derivation of a more accurate model [50, 51] are beyond the
scope of this dissertation. A simulator called the Stopping Range of Ion in Matter (SRIM)
[44] was used for all ion irradiation related analysis in this dissertation to ensure accurate
simulation results.

2.3.2 Ion Species

From previous section, it can be inferred that the energy and mass of the ion species cho-
sen will affect the penetration depth Rp. Fig. 2.2(b) shows the penetration depth of various
ion species into the silicon substrate across different energy levels. While heavier ions
have less lateral scattering and generate more defects compared to lighter ions [38, 52],
the energy required to penetrate the silicon substrate (typically 300 µm in a standard 65
nm CMOS process) increases exponentially, requiring the use of larger, specialized, and
costly ion accelerator. Due to this limitation, most works involving ions heavier than
hydrogen and helium only involves the creation of a thin passivation layer, either at the
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Figure 2.2: Simulation results of (a) The effect of ion energy of proton on penetration
depth Rp and straggle ∆Rp with silicon target. (b) The effect of ion energy on penetration
depth across different ion species into a silicon substrate.

Si-SiO2 interface [52, 53] or at the interface of the externally-added high-resistivity silicon
(HR-Si) in silicon-in-insulator (SOI) process [54, 55]. Therefore, hydrogen ion (proton)
is typically chosen to create a localized high-resistivity region in a standard CMOS pro-
cesses [4, 5, 39] as it can penetrate through a typical 300 µm thick substrate with low
energy requirement, allowing the usage of low-cost ion accelerators and eliminating the
need of existing process modification or integrating external HR-Si.

Ion species also determine the type of defects inflicted to the target substrate, as sev-
eral ion-related defects can behave as electron donor or acceptor, which can increase or
decrease substrate resistivity. Proton generates two kinds of defects, pure crystal dam-
age defects (vacancy related), and hydrogen-related defects [43, 56–60]. The pure crystal
damage defects are vacancy-related, such as oxygen-vacancy pair, divacancy center, and
phosporus-vacancy pair, leads to amorphization at high enough concentration, and always
increases resistivity [43]. On the other hand, hydrogen-related defects can behave as elec-
tron donor if these defects are activated through annealing above 350°C [58–60], which
increases resistivity in P-type silicon and decreases resistivity in N-type silicon. There-
fore, for high-resistivity region formation, the target substrate must be P-type silicon and
post processing with temperature above 300°C must be avoided if possible.

2.3.3 Ion Fluence

Ion fluence (NF) is the concentration of irradiated ions in a given surface area of the target
substrate, typically given in units of atoms/cm2 (shortened to cm-2). Alternatively, the
term ion dose is used for irradiation to organic material. Higher irradiation fluence gen-
erates higher concentration of defects and charge traps, which leads to higher resistivity.
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Factors that affect defects generation can be observed from the Kinchin-Pease damage
function for E ≥ ξ/2Ed [49]:

⟨Nd(E)⟩ =
ξv(E)
2Ed

(2.4)

where the average number of defects generated by a single implant ion (⟨Nd(E)⟩) is deter-
mined by the implant energy E, the target material minimum displacement energy (Ed),
atomic interaction factor ξ (ξ < 1 ), and nuclear damage energy v(E). Keep in mind
that the energy loss of implant ion through a solid material (dE/dx) happens through a
combination of nuclear and electronic energy loss, as expressed in [49]:

dE
dx
=

dE
dx

∣∣∣∣∣
nuclear

+
dE
dx

∣∣∣∣∣
electronic

(2.5)

where nuclear energy loss is the only one caused by collisions and generate defects. The
relation between total nuclear energy loss and v(E) can be expressed as:

v(E) ≡
∫ R 1

Nt

dE
dx

∣∣∣∣∣
nuclear

dx (2.6)

where Nt is the atomic density of the target substrate and R is the implant ion range. v(E)
is typically 20% to 30% smaller than total nuclear energy loss.

Because equation (2.4) is for a single ion, increasing the fluence will increase defects
in proportion with the number of ions. Fig. 2.3(a) shows the measured substrate resistivity
across different the proton fluence in conventional proton irradiation performed in [4],
which depicts how the resistivity increase with proton fluence until it reach saturation due
to amorphization [61].
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2.3.4 Ion Channeling

Because the target substrate is monocrystalline Si used for chip manufacturing, the sub-
strate orientation can have pronounced effect on the ion penetration range and defects
generation due to the channeling effect [49]. The channeling effect significantly increases
ion penetration depth and decreases defects generation of the transiting ions, which can
lead to significant increase of fluence requirement to generate the same defects concen-
tration. Furthermore, the SRIM simulator used in this work does not take channeling into
account [44]. Therefore, the irradiated samples must be aligned to avoid channeling as
much as possible.

2.3.5 Ion Lateral Scattering

Ion lateral scattering (∆RL) is the deviation of ion from its targeted location in the direction
lateral to its implantation direction. Fig. 2.3(b) illustrates how lateral scattering on XY-
directions happens to ion implanted in Z-direction. This value is closely related to range
straggle (∆Rp). Therefore, while numerical expressions exist for lateral scattering [62,
63], it is typically expressed in its relations with ∆Rp[49]:

∆RL = C∆Rp (2.7)

with the constant C inversely proportional with Mi, where C > 1 in lighter implants and
C < 1 for heavier implants. In practical implementation, the lateral scattering determine
the margin distance required from the irradiation area to prevent radiation damage, which
is determined by ∆RL and the active devices radiation tolerance (process dependent). In
this case, ion fluence also affects margin distance as more fluence leads to the expansion
of the distance where ion concentration exceeds the transistor radiation tolerance. This is
proven by measurement in previous works, where proton irradiation requires 50 µm mar-
gin distance [5], while irradiation using lower fluence and heavier helium only requires
10 µm margin distance [38].

2.4 Issues

2.4.1 Thermal Stability

The thermal stability of the formed high-resistivity region is one of the main issue in ion
irradiation [4, 5, 38, 43]. If the irradiation fluence is too low, the Si substrate largely
maintain its crystalline structure, with isolated damage zones scattered across the sub-
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strate [64]. This isolated damage zones can be recovered with lower annealing tempera-
ture, making the resistivity unstable. As the fluence increase, these damage zones become
larger and harder to anneal, until they cover the whole substrate, resulting in complete
amorphization. For conventional proton irradiation, a fluence above 1016 cm-2 is needed
for complete amorphization, raising the stable temperature to around 500°C [43], which
is far above the peak temperature of typical reflow soldering post-process of 260°C [40].
However, study in [4] shows that thermal stability is proportional to proton fluence in
lower fluence cases (below 1016 cm-2), which can be seen in Fig. 2.3(a). Furthermore,
resistivity above 1 kΩ-cm cannot be maintained with fluence below 4×1014 cm-2 after a 1
hour 200°C annealing, making the formed high-resistivity region vulnerable to degrada-
tion after a reflow soldering post-process. Therefore, studies in [4] and [5] concluded that
at least a proton fluence of 1015 cm-2 is required to form a thermally stable high-resistivity
region that can withstand 200°C to 300 °C temperature process.

2.4.2 Irradiation time

Proton fluence requirement is directly related to irradiation time, which determines a sig-
nificant part of the process cost due to the proton accelerator’s power consumption and
irradiated wafer throughput. The output of a proton accelerator is typically specified by
the beam current IB, with typical value around 50 µA to 300 µA on commercially available
PET cyclotrons [65]. Irradiation time ti for proton can be expressed as:

ti =
eNF

IB
A (2.8)

where NF is the proton fluence, e is the elementary charge of one proton (1.602×10-19

C), and A is the area of the irradiation target (720 cm2 for a 12 in silicon wafer). It can
be seen how the reduction of proton fluence directly reduces irradiation time, leading to
reduction of machine power consumption per wafer and increased throughput.

2.4.3 Margin Distance Requirement

As briefly mentioned in subsection 2.3.5, a margin distance from the irradiation area is
required to prevent radiation damage on active devices, especially transistors, due to the
lateral scattering. Fig. 2.3(b) shows how this margin distance creates an unusable area
around the irradiation area, which is especially undesirable on higher process nodes due
to the higher cost per area and higher possible transistor density per area. In addition
to lateral scattering, margin distance is also affected by proton fluence and the transis-
tor damage tolerance. The transistor damages are mainly caused by the accumulation
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Si wafer. Both structures were irradiated with 4×1014 cm-2 proton fluence and measured
before and after 1 minute 260°C annealing

of defects and charge traps at the oxides surrounding the transistor, such as gate oxide
and shallow trench isolation (STI) oxide, which cause performance degradation due to
increased leakage current and flicker noise [66, 67]. The difference in oxide thickness,
channel length, and implants cause different radiation tolerance across different CMOS
processes, with higher tolerance on higher process nodes [66, 68]. If ion species and pro-
cess node are fixed, the only way to improve margin distance requirement is to reduce
proton fluence.

2.5 Parasitic Surface Conduction Layer

Parasitic surface conduction (PSC) effect refers to the formation of a low resistivity layer
at the Si-SiO2 interface due to the presence of fixed positive charges in the oxide, which
attract free carriers to the interface and generate low resistivity inversion layer. As a re-
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sult, the effective substrate resistivity seen by passive components decreases by a factor of
10 to 104 from its original value [34, 69, 70]. The PSC effect was overlooked in previous
proton irradiation studies because the PSC layer formation was naturally prevented by in-
creasing the proton fluence until the transiting protons generated enough traps and defects
to passivate the Si-SiO2 interface. While thermal stability can be achieved, this leads to
increased fluence requirement to fulfills the interface defect requirement, as the transiting
proton has low defect generation efficiency. Furthermore, the total-ionizing dose (TID) ef-
fect at SiO2 induced by the proton irradiation increases the concentration of fixed positive
charges at the Si-SiO2 interface [66, 71], which intensifies the PSC effect and further in-
creases the fluence requirement. Additionally, excess defects generated in the deeper part
of the silicon substrate, where the PSC effect does not happen, and the defect requirement
for thermal stability is not as high as the interface, as illustrated by the simulation results
in Fig. 2.4. The additional resistivity generated by this excess defect has minimal effect
on passive component performance improvement, as substrate loss becomes negligible
above 1 kΩ-cm resistivity. The single irradiation used by previous studies [4, 5] could not
solve this issue due to the inability to independently adjust the defect generation at the
interface and in the deeper region.

To demonstrate this phenomenon, a comparison was performed between the Q-factor
measurement of a 1.8 nH on-chip inductor manufactured in a standard CMOS 65 nm
process and the spread resistance profiling (SRP) measurement of a bare Czochralski p-
type (100) Si wafer with 4 Ω-cm initial resistivity. Both structures were irradiated with
4×1014 cm-2 proton fluence and measured before and after 1 minute 260°C annealing. The
Q-factor degradation after annealing observed in Fig. 2.5(a) indicates that the effective
substrate resistivity seen by the inductor was not thermally stable. However, the direct
resistivity measurement at the deeper region in Fig. 2.5(b) did not change after anneal-
ing. These results show that the proton fluence of 4×1014 cm-2 generated enough defects
to maintain thermally stable resistivity at the deeper regions but did not generate enough
defects to prevent PSC layer formation at the Si-SiO2 interface, resulting in degraded
inductor performance. Hence, the fluence must be increased to prevent PSC layer forma-
tion, resulting in the 1015 cm-2 proton fluence requirement obtained in previous studies
[4, 5] to achieve thermal stability.

2.6 Research Direction Summary

The analysis results of the conventional proton irradiation can be summarized as follows:

1. High proton fluence (> 1015 cm-2) is required in conventional proton irradiation to



22 Analysis of Conventional Ion Irradiation

maintain thermal stability against typical high-temperature post-processing.

2. Due to the high proton fluence, irradiation time also increases, leading to longer
machine time, lower throughput, and ultimately higher process costs.

3. Higher proton fluence also increases the concentration of the laterally scattered ion,
increasing the distance where ion concentration is higher than transistor damage
tolerance, and consequently increasing margin distance.

4. The minimum thermally stable proton fluence value from previous studies [4, 5]
did not consider PSC effect, leaving a room to further reduce the thermally stable
proton fluence.

From the analysis results above, the direction of research was determined as follows:

1. Propose a new process to reduce the overall proton fluence requirement by taking
advantage of the knowledge about the PSC layer.

2. Devise a method to optimize the new process for obtaining the minimum thermally
stable proton fluence value where the substrate resistivity level is high enough to
prevent passive component degradation, which leads to reduction in irradiation
time.

3. Devise a method to evaluate and verify the active device margin distance require-
ment on the optimized new process.

4. Apply the new process on several sub-THz on-chip passive components to investi-
gate its effectiveness.



Chapter 3

Dual-Layer Proton Irradiation 1

3.1 Process Overview

To efficiently achieve the different defect requirements at the interface and deeper region,
a dual-layer proton irradiation profile was proposed with process details shown in Fig. 3.1.
The additional irradiation targeted at the interface utilizes the increased defect generation
at the target depth compared to the transit depth, which decreases the fluence requirement
by up to a factor of 10 to generate the same amount of defects. The interface irradiation
also removes the requirement on the main irradiation to generate interface defects, allow-
ing the main irradiation fluence to only generate defects required for the deeper region,
leading to the reduction of overall fluence requirement and the elimination of excess de-
fects generation. The depth adjustment to perform interface irradiation was achieved by
adjusting the thickness of the aluminum (Al) absorber.

3.1.1 Target Depth and Transit Depth Defects

It can be seen from the defects concentration graph in Fig. 3.1(a) that the target depth
defects is around 10 times larger than transit defects within the narrow straggle range
∆Rp of 8 µm. This phenomenon happens due to the difference in energy loss between the
high energy transit proton, and the low energy proton close to the target depth, which is
shown in Fig. 3.2(a). It was explained in the subsection 2.3.3 that only nuclear energy
loss generate defects, and energy loss in high energy proton is dominated by electronic
loss. Therefore, the high energy transit proton is very inefficient in generating defects. As

1This chapter is based on "Dual-Layer Proton Irradiation for Passive Component Enhancement and
Noise Coupling Suppression on CMOS Process" [42] by the same author, which appeared in the IEEE
Transactions on Electron Devices, © 2024 IEEE. Some of the figures of this paper are reused from [42]
under the permission of the IEEE.
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Figure 3.1: The proposed dual-layer proton irradiation consists of (a) main irradiation and
(b) interface irradiation. Expected defects generated by both steps were simulated with
TRIM.

the proton becomes closer to the target depth, it gradually loses its energy and becomes
a low energy proton, where the nuclear energy loss becomes higher and the likelihood of
generating defects increases. Therefore, the defects increases until it peaked at the target
depth. This behavior persists over different fluences, as shown in Fig. 3.2(b). Because
the PSC-induced increase in defects requirement at the Si-SiO2 interface is thinner (< 1
µm) than the straggle range at 4.2 MeV (around 8 µm), the target depth defects can be
used to fulfill the requirement with 10 times lower fluence than in conventional case. And
because the main irradiation does not have to generate defects at the interface, the fluence
of the main irradiation can be reduced, resulting in reduction in the total fluence.

3.1.2 Depth Control

A target depth control mechanism is needed to perform two irradiations with different
depths. As explained in subsection 2.3.1, one method to control proton penetration depth
is by adjusting the proton energy. Fig. 3.3(a) shows the relationship of proton energy
with penetration depth and straggle range. It can be seen that the penetration depth is
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Figure 3.3: TRIM simulation of (a) penetration depth and straggle across different proton
energy, and (b) penetration depth and straggle across different Al absorber thickness.

not linearly related with the proton energy. Furthermore, the straggle range change in
proportion to the energy, becoming smaller for shallower depth. For the Si-SiO2 interface
at 10 µm deep, the straggle range is only around 0.5 µm, making it very sensitive to the
inter-metal dielectric (IMD) thickness variation. Additionally, the proton accelerator need
to support the required energy range and able to change quickly between the two energy
state.

An alternative target depth control mechanism was achieved by putting an Al absorber
above the target chip and adjusting its thickness according to the target depth, as shown
in Fig. 3.3(b). This method was chosen over directly changing the proton energy due to
a more linear relationship with target depth and no reduction in the ion straggle range at
shallow target depth. Furthermore, the usage of Al absorber keeps the proton accelerator
at a constant energy output, relaxing the accelerator requirement. A wider ion straggle
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range allows a larger tolerance of absorber thickness error due to manufacturing variation.
The chosen 4.2 MeV proton beam energy has a maximum penetration depth of 160 µm
and an ion straggle range of around 8 µm, which allows a depth variation of ±4 µm
before the defect concentration degrades by 50% from its peak value. This variation can
be caused by thickness variation in the Al absorber, or additional interconnect metals
covering the irradiated area. For each 1 µm thick Al interconnect, penetration depth
will decrease by around 1 µm. While each micron thickness of Cu interconnect will
decrease penetration depth by 1.9 µm. With thick enough interconnect, it is possible for
interface irradiation to miss the Si-SiO2 interface. Therefore, the dummy metal placement
on the irradiated area should be avoided if possible, or kept less than 4 µm for Al and less
than 2 µm for Cu. If the irradiated area is fully covered with metal (especially thick top
metal), the interface irradiation target depth should be adjusted to take into account those
interconnect metal thickness.

3.2 Process Optimization

3.2.1 Optimization Methodology

The proposed dual-layer proton irradiation process needs to be optimized to achieve the
minimum fluence possible, while still maintaining thermal stability and achieve the re-
sistivity required to prevent quality factor degradation of the passive components. To
achieve this, a method to measure substrate resistivity needs to be devised. Direct re-
sistivity measurement method such as spread-resistance profiling (SRP) [72] or spread-
resistance microscopy (SRM) [73] require the chip samples to be cut diagonally, which
prevent accurate measurement of resistivity under the PSC effect. This happens because
the cutting process changes the fixed charge concentration in the oxide at the Si-SiO2 in-
terface. Furthermore, the diagonal cut reduces the oxide thickness above the interface,
which can reduce or even eliminate the PSC effect on the measured sample. Another
drawback is two different samples are required to measure the resistivity before and af-
ter annealing process due to the destructive nature of the measurement, which increases
measurement cost and time.

Due to the factors mentioned above, indirect measurement method through a substrate-
dependent on-chip passive component is preferred because of its non-destructive nature
and quick measurement time. In this work, several on-chip 2-turn 1.8 nH inductors fabri-
cated in a 65 nm CMOS process (Fig. 3.4(a)) was used to measure the substrate resistivity
indirectly through the quality factor (Q-factor) measurement. The relation between Q-
factor and substrate resistivity can be inferred from the simplified on-chip inductor model



3.2 Process Optimization 27

DIN

DOUT
WL

(a) (b)

L RL

RsubRsub CsubCsub

CoxCox

CS

Figure 3.4: (a) Die micrograph of the on-chip 2-turn 1.8nH inductor manufactured in a
standard 65 nm CMOS process used for process optimization. (b) The equivalent inductor
model based on [6]. (Inductor parameters: DIN = 240 µm, DOUT = 366 µm, and WL = 30
µm).

shown in Fig. 3.4(b) [6] as:

Q =
ωL(1 − ω2LCs)

RL +
(ω2L2+R2

L)
Rsub

(
Cox

Csub+Cox

) (3.1)

where Rsub is a parameter related to substrate resistivity (ρsub) as expressed in:

Rsub = Fρsub (3.2)

where F is a variable that depends on inductor geometry and operating frequency, typi-
cally obtained from measurement [74, 75]. Therefore, the optimization process will be
performed by comparing Q-factors across different annealing and irradiation conditions.

There are three process parameters that will be optimized: the depth of the main ir-
radiation, the fluence of the main irradiation, and the fluence of the interface irradiation.
The optimization of the main irradiation depth determines the minimum depth required
to achieve the optimum Q-factor. The optimization of the main and interface irradiation
fluence determines the minimum fluence required to for the measured Q-factor to be ther-
mally stable. The heat treatment chosen for the fluence optimization processes are 260°C
for 1 minute on a hot plate, emulating the thermal stress in a reflow soldering process
[40].



28 Dual-Layer Proton Irradiation

15

20

25

30

0 20 40 60 80 100120140160

P
ea

k 
Q

-F
ac

to
r

Irradiation Depth (µm)

Main irradiation only 
Variable depth, 2x1014 cm-2

0

5

10

15

20

25

30

0 2 4 6 8 10 12 14 16

Q
-F

ac
to

r

Frequency (GHz)

w/o
Irradiation

20µm
50µm
60µm

100µm
140µm

Figure 3.5: Measurement results of inductor Q-factor across different main irradiation
depths.
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3.2.2 Optimization Results

The optimum main irradiation depth was investigated by irradiating several inductors with
a constant proton fluence of 2×1014 cm-2 across various depths and comparing the mea-
sured Q-factor. The measurement results in Fig. 3.5 show how the Q-factor increase as
the depth increase until around 60 µm depth, where the Q-factor starts to saturate and
further increase in depth leads to minimum increase in Q-factor. It can be concluded that
if possible, the main irradiation depth should be as deep as possible, covering the whole
substrate thickness. However, if there are any constraints on the proton accelerator energy
output, at least it should be able to achieve 60 µm, which corresponds to 2.5 MeV energy
output. Therefore, the 4.2 MeV energy output used in this work is adequate to achieve
optimum irradiation depth.

The minimum thermally stable fluence for interface irradiation was investigated by
irradiating several inductors with various fluences at the interface while keeping the main
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Table 3.1: Optimized Irradiation Profile Summary

Condition
Energy
(MeV)

Fluence
(cm−2)

Target Depth
(µm)

Absorber
(µm)

Dual-Layer 4.2
2.0×1014

2.0×1014

10 (interface)

100 (main)

150

60

Conventional

(for comparison)
4.2 4.0×1014 160 N/A

irradiation constant at 100 µm depth with 2×1014 cm-2 proton fluence. The Q-factor was
measured before and after 1-minute 260°C annealing. The measurement results in Fig.
3.6 shows how the peak Q-factor degrades after annealing if the interface irradiation flu-
ence is too low. At least 2×1014 cm-2 proton fluence was required to suppress the post-
anneal Q-factor degradation to around 1%, which indicates a successful PSC formation
prevention at the Si-SiO2 interface for the 4.2 MeV proton energy case.

The minimum thermally stable fluence for main irradiation was investigated with the
same method previously used on interface irradiation, with the main irradiation as the
variable while the interface irradiation is kept constant at 60 µm depth and 2×1014 cm-2

proton fluence instead. The measurement results in Fig. 3.7 show that at least 2×1014 cm-2

proton fluence is required to prevent thermal resistivity degradation at the deeper region
inside the substrate.

The optimized dual-layer irradiation process is summarized in Table 3.1, with a con-
ventional profile with the same total fluence added for comparison purpose. The interface
irradiation target depth of 10 µm is optimized for no metal interconnect case, and should
be increased accordingly if the irradiated area is covered by thick metal layer.
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3.3 Evaluation of the Optimized Process

3.3.1 Inductor Evaluation

This final dual-layer profile was tested and compared with the conventional profile with
the same total fluence on the on-chip inductor in Fig. 3.4(a), with measurement results
shown in Fig. 3.8. From the measurement results, the proposed dual-layer proton irra-
diation profile was able to reduce post-annealing peak Q-factor degradation from around
14% (27.1 to 23.3) in conventional irradiation to around 1% (26.8 to 26.5) at the same
total fluence. This result also shows that the dual-layer proton irradiated substrate could
achieve thermal stability with a total fluence of 4.0×1014 cm-2, a 60% reduction com-
pared to conventional irradiation, where a fluence of 1015 cm-2 is typically required for
thermal stability [4, 5]. No change in inductance value and self-resonant frequency was
observed, indicating that proton irradiation has a negligible effect on metal conductivity
and dielectric permittivity of the oxide layer and the substrate.

3.3.2 Metal Conductivity Evaluation

To further evaluate the effect of irradiation on metal conductivity, a meandering metal
structure shown in Fig. 3.9 was fabricated in a standard 180 nm CMOS process. The
structure consists of a meandering metal 1 line and a meandering metal 6 line with length
of 151 mm and 15.3 mm, respectively. Both lines are designed with minimum width
allowable by the design rule. DC pads are used to connect the line with the voltage source,
consisting of force and sense pads connected in parallel to eliminate the effect of probe
and cable when resistivity measurement is performed. The resistivity measurement for



3.3 Evaluation of the Optimized Process 31

G

P

P

P

P

G

G

P

P

P

P

G

Force
1 V

Sense

Force
1 V

Sense

Metal 1

Metal 6

Force
0 V

Sense

Force
0 V

Sense

Figure 3.9: The structure fabricated in a standard 180 nm CMOS to evaluate change in
metal conductivity after irradiation.

Table 3.2: Irradiation Effect on Metal Resistivity
Resistivity (kΩ)

Before Irradiation After Irradiation

M1 50.7 51.2

M6 35.8 35.5

both lines were performed before and after dual-layer proton irradiation with the profile
listed in Table 3.1, with results summarized in Table 3.2. The resistivity variation after
irradiation for both metal lines are less than 1%, which is lower than instrument error
and process variation. Therefore, it can be concluded that the optimized dual-layer proton
irradiation process has no effect on metal conductivity on DC measurement. While proton
irradiation creates defects on copper surface with average diameter around 2 nm [76],
this irradiation induced defects is much smaller than the 9.5 nm RMS roughness of the
copper metal in CMOS processes [77]. Therefore, additional losses due to irradiation at
300 GHz is less than 0.05 dB when calculated using improved Hurray surface roughness
model [78].

3.3.3 Margin Distance Evaluation

The structure shown in Fig. 3.10 was manufactured in a 180 nm CMOS process to mea-
sure the minimum margin distance required between the active device and the edge of
irradiation area (mask edge) to prevent radiation-induced damage. The structure consists
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Figure 3.10: The structure fabricated in a standard 180 nm CMOS to evaluate margin
distance requirement from the mask edge (Transistor parameters W = 2 µm, L = 200 nm,
and finger = 30).
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Figure 3.11: Measured ID-VGS characteristics of transistors within 0 µm to 28 µm distance
from the mask edge after irradiation with (a) conventional and (b) dual-layer profile listed
in Table 3.1.

of 20 pairs of transistors placed at the mask edge, with a 2 µm incremental transistor-to-
mask-edge distance increase between each successive pair, covering a range from 0 to 28
µm. This transistor pair structure was used to enable the detection and correction of mask
misalignment. The increment of the transistor-to-mask-edge distance determines the res-
olution of the structure, which is 2 µm in this case. The transistor was connected with two
GSSG probe for connection to the gate, source, drain, and body; which then connected to
the E5270B DC measurement mainframe to measure the transistor DC characteristics.

To investigate the difference between conventional and dual-layer proton irradiation,
two structures was fabricated, with each irradiated with conventional and dual-layer pro-
files from Table 3.1. The ID-VGS measurement result for both cases are shown in Fig.
3.11. The transistor damage caused by the irradiation mainly affects the leakage current,
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Figure 3.13: (a) Measured margin distance across different target depths, and (b) mea-
sured margin distance across different total fluence on conventional and dual-layer proton
irradiation.

which can be seen from the increase in leakage current at VGS = 0. Then, the leakage cur-
rent at VGS = 0 was plotted over distances from the mask edge to identify the minimum
distance required for the transistor to remain undamaged by the irradiation, resulting in
the plot shown in Fig. 3.12. The measured margin distance for the optimized dual-layer
proton irradiation profile was 22 µm, which is a 56% reduction compared to the 50 µm
required in thermally stable conventional proton irradiation with 1015 cm-2 fluence [5],
and a 26% reduction compared to the 30 µm required in conventional proton irradiation
with the same fluence.

To investigate the cause of improvement, the previous measurements were repeated
with constant fluence across various depths and various total fluences for both conven-
tional and dual-layer irradiation. Measurement results in Fig. 3.13(a) show that below
60 µm, the margin distance decreased in proportion to the target depth. In the dual-layer
case, the margin distance caused by the interface irradiation at 10 µm was covered by the
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Figure 3.15: The structure fabricated in a standard 65 nm CMOS process to evaluate noise
coupling suppression (W = 35 µm, L = 140 µm, and D = 100 µm). The effect of guard-
band thickness T and depth M on noise suppression were investigated.

larger margin distance caused by the main irradiation at 100 µm. Therefore, the margin
distance in dual-layer case was determined solely by the main irradiation fluence, which
was only half of the conventional fluence for the profiles in Table 3.1, resulting in margin
distance reduction. Comparison between conventional and dual-layer cases measured in
Fig. 3.13(b) also shows that the margin distance in the dual-layer case was similar to the
conventional case when only the main irradiation fluence (total fluence minus interface
fluence) was considered.

3.3.4 Noise Isolation Evaluation

The ability to control the location and shape of the irradiated area enables the creation
of a high-resistivity guard-band. As shown in Fig. 3.14, this guard-band separates the
noise-generating area from other parts of the chip, which helps to reduce substrate noise
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Figure 3.16: Measured transmission coefficient of conventional and dual-layer guard-
band before and after 1 minute 260°C annealing.

coupling.

To investigate the noise suppression capability of the guard-band, a two-tap structure
was fabricated in a standard 65 nm process, with detailed dimensions shown in Fig. 3.15.
A guard-band with a specific thickness (T) and depth (M) was formed between the two
taps through proton irradiation. The noise coupling between the two taps was measured
through the transmission coefficient (S21) obtained from a network analyzer, and the
noise suppression value was determined by comparing the S21 before and after the guard-
band formation. The comparison of noise suppression and thermal stability performance
between the guard-bands (T = 20 µm) formed by conventional and dual-layer irradiation is
shown in Fig. 3.16. Both cases achieved a similar 5 dB noise suppression at 1 GHz before
annealing. However, the guard-band in the dual-layer case maintained the 5 dB noise
suppression after annealing, while in conventional case, the noise suppression degraded to
3 dB. This thermal behavior remains consistent for both cases until 30 GHz. However, as
the frequency increases to 30 GHz, the post-anneal noise suppression gradually decreased
to 1.5 dB for the conventional case and 3 dB for the dual-layer case.

The impact of guard-band thickness (T) and guard-band depth (M) on noise suppres-
sion was examined on the guard-bands created through dual-layer proton irradiation. Fig.
3.17 shows the measured noise suppression across T values from 20 µm to 80 µm. The
results indicate an additional increase of 2.5 dB noise suppression for each doubling of T
at 1 GHz, which gradually decrease to 2 dB at 15 GHz and 1 dB at 30 GHz. The effect of
M on noise suppression was investigated by changing the main irradiation depth from 40
µm to 140 µm, while keeping the interface irradiation condition constant at 2×1014 cm-2

fluence and 10 µm target depth. Measurement results in Fig. 3.18 show negligible change
in noise suppression when the main irradiation depth was varied between 40 µm to 140
µm.
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3.4 Conclusion

In this work, the dual-layer proton irradiation profile was formulated from parasitic sur-
face conduction analysis and successfully optimized to reduce the total fluence require-
ment to achieve thermal stability. The optimized dual-layer profile reduced the total flu-
ence requirement by 60%, from 1015 cm-2 in conventional irradiation to 4×1014 cm-2,
leading to a proportional reduction in machine operational time and energy costs. The
reduction in the total fluence requirement also reduces the mask-edge margin distance re-
quirement from the active devices by 56%, from 50 µm to 22 µm, increasing the available
area for design. The guard-band formation using dual-layer proton irradiation to suppress
substrate noise coupling from the noise-generating area has been demonstrated, resulting
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in 5 dB noise coupling suppression at 1 GHz for 20 µm thick guard-band, with a further
2.5 dB increase every time the thickness was doubled.





Chapter 4

300GHz-Band CMOS On-Chip Vivaldi
Antenna 1

4.1 Introduction

In recent years, research on 300 GHz band (220 GHz to 320 GHz) transceivers (TRX)
has uncovered a lot of potential for applications such as imaging [80–82], radar [27, 83–
86], and ultra-high speed communication [3, 87–91]. The large available bandwidth can
be utilized to improve radar spatial resolution or achieve the Tb/s data rates required for
future 6G wireless communication systems [1]. The sub-millimeter wavelength reduces
antenna size to the point where on-chip antenna (OCA) implementation is possible, elim-
inating additional losses, parasitics, and variations introduced by chip-to-PCB intercon-
nects [24, 25]. However, the 300 GHz band has a significant path loss [22] and cannot
penetrate through obstacles. Adding a lens on top of an OCA [82–85, 92] compensates
for the path loss with the high lens gain. However, the narrow beamwidth and the static
radiation pattern necessitate external mechanical parts for beam steering to detect or avoid
obstacles. Such mechanical parts are undesirable as they increase system size and com-
plexity. A phased array antenna implementation satisfies the high gain and electronically
controlled beam steering requirement [23]. The sub-millimeter-sized antenna enables the
implementation of many elements within the same area footprint typically occupied by a
single sub-10 GHz antenna. Furthermore, the feasibility of TRX implementation using a
standard CMOS process has been demonstrated [3, 27, 87–90], promising low cost, high
yield, and large production capacity needed to manufacture the required high number of

1This chapter is based on "A Proton Irradiated CMOS On-Chip Vivaldi Antenna for 300 GHz Band Slat
Array Implementation" [79] by the same author, which appeared in the IEEE Open Journal of Antennas and
Propagation,© 2024 IEEE. Some of the figures of this paper are reused from [79] under the permission of
the IEEE.
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elements.
The implementation of a phased array below 60 GHz is typically done in tile configu-

ration [93–95] due to the ease of assembly, simplicity, and lower cost [96]. However, the
TRX chip area survey in Fig. 4.1 shows that as the frequency increases above 60 GHz,
the TRX chip area stays roughly the same [26, 97–103], while the 0.5λ0 × 0.5λ0 tile area
limit keeps shrinking until it becomes smaller than the TRX area (λ0 is the wavelength in
free space). The TRX shape can be modified to only maintain less than 0.5λ0 length at
one side [26, 27], forming a tile array depicted in Fig. 4.2(a). However, the array scala-
bility is decreased from M×N into 2×N, which reduces array density and area efficiency.
The slat array implementation using end-fire OCAs, shown in Fig. 4.2(b), eliminates
the TRX area limitation by introducing a third dimension to expand the array, restor-
ing the array scalability to M×N. However, end-fire OCA performance on sub-terahertz
frequency suffers from the surface wave effect and resistive loss induced by the high per-



4.1 Introduction 41

LCHIP

OCA

CMOS
Chip

MEGTRON6
PCB

Circuit
Area

DEDGE

HPCB

WCHIP

Y
E-Plane

H-Plane
θ

X

Z

φ

Si Substrate 
(ρ = 3 Ω-cm, εr = 11.9)300µm

Initial
Thickness

0.22µm

IMD
(εr = 4.2)

8.75µm

PASS
(εr = 4.2)2.5µm

3.4µm
M9 Cu UTM

(Antenna, TL)

M8

M7
to
M1

Grind to 50µm thick

4.2µm

M2

(a) (b)

Figure 4.3: (a) Overall single-element Vivaldi OCA implementation structure, and (b)
process cross-section of the standard 65-nm CMOS process used. (LCHIP = 3 mm, WCHIP

= 0.75 mm, DEDGE = 0.4 mm, HPCB = 3 mm)

mittivity (ϵr = 11.9) and low resistivity (around 3 to 15 Ω·cm) of the silicon substrate
used in the standard CMOS process [32, 104]. Furthermore, simple substrate isolation
methods commonly implemented in broadside OCAs, such as bottom metal shielding
[28, 30, 31, 105–107] and artificial magnetic conductors (AMC) [108], cannot be applied
to the end-fire antenna. Therefore, most end-fire OCAs were either implemented on a
separate low-loss substrate like quartz [109] and glass [110] or utilized a special etching
technique to remove the silicon substrate below the antenna [111, 112], resulting in more
complex design fabrication and integration. A fully in-process end-fire OCA implemen-
tation has been demonstrated in the SiGe BiCMOS process [113]. However, the silicon
substrate in the SiGe BiCMOS process has a higher substrate resistivity (around 50Ω·cm)
compared to the standard CMOS process, which significantly reduces degradations due
to the substrate resistive loss.

In this chapter, an end-fire 300 GHz band Vivaldi OCA fabricated on the standard
65-nm CMOS process is proposed. The Vivaldi architecture was chosen for being a wide-
band end-fire antenna that can cover 220 GHz to 320 GHz frequency. Because single-
element gain becomes less important for large-scale arrays, the Vivaldi OCA was opti-
mized for wide 3-dB beamwidth and high efficiency, resulting in a shorter antenna length
and smaller area than the typical gain-optimized Vivaldi antenna. Comb-shaped slots
were added to prevent back radiation from happening due to the short length. To improve
efficiency, the substrate was thinned to 50 µm to prevent the excitation of higher mode
surface waves, and the dual-layer proton irradiation was applied to raise the substrate
resistivity without modifying the existing CMOS process.
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4.2 Antenna Design

4.2.1 Antenna Structure and Operating Principle

Fig. 4.3(a) shows the overall implementation of the proposed Vivaldi OCA. The chip
size, the antenna placement on the chip, and the chip placement on the PCB were made
to closely replicate a single 300 GHz band TRX implementation. Fig. 4.3(b) shows the
cross-section of the standard 65-nm CMOS process used to implement the Vivaldi OCA,
consisting of nine copper metal layers enclosed with 8.75 µm silicon dioxide inter-metal
dielectric (IMD) and 2.5 µm passivation layer formed above the silicon substrate with
permittivity and resistivity of 11.9 and 3 Ω·cm, respectively.

The Vivaldi OCA was implemented at the top metal (M9), with the detailed structure
shown in Fig. 4.4. The antenna radiates through the traveling-wave mechanism [114]
formed by the exponential-tapered slot defined by:

x(y) = ±
WT

2
eRy (4.1)

with x as the distance from the central y-axis, growing from the initial slot opening WT

with the exponential rate of R, and ends at aperture width WM, resulting in total taper
length of LA. Theoretically, the feeding structure limits the upper-frequency cutoff, while
WM determines the lower frequency cutoff fL as defined by [115, 116]:

WM =
c

2 fL
√
ϵr

(4.2)
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Figure 4.5: Comparison of simulated Vivaldi OCA E-field at 320 GHz between smooth
flare edge (a) without reflector, (b) with reflector, and comb-shaped slots flare edge (c)
without reflector, (d) with reflector.
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reflector.

The aperture width WM also directly proportional to the directivity and inversely propor-
tional to the beamwidth of the antenna. However, due to the optimum R value usually
kept constant, the tapper length LA indirectly affects aperture width, making it also pro-
portional to the directivity and inversely proportional to the beamwidth [116, 117]. There-
fore, optimizing for maximum beamwidth leads to shorter LA, with added benefits of area
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Figure 4.7: (a) Slotline radial stub feeding structure, and (b) the simulation results of the
feeding structure in back-to-back configuration. (LR = 100 µm, WT = 5 µm, WL = 2.5 µm,
DL = 7.25 µm)

reduction. However, there is a limit on how short the LA is before the antenna deviates
from the typical traveling-wave antenna behavior [116]. This anomalous behavior can
be attributed to the increasing non-radiated energy flowing backward through the outer
side of the flare as the LA becomes shorter and a high permittivity substrate is used. This
excess energy can interact with structures outside the antenna and cause problems such
as unwanted side lobes, resonance, and circuit interference. The antenna characteristics
also become more sensitive to structural change outside the antenna, as illustrated by the
significant changes of the radiation pattern in Fig. 4.6(a) and reflection coefficient in Fig.
4.6(b) due to additional reflector placed at the back of the antenna (Fig. 4.5(a) and 4.5(b)).
Therefore, comb-shaped slots were added to the outer side of both antenna flares to in-
crease the path impedance at those locations, forcing more energy to radiate forward and
preventing further flow to the back of the antenna, as shown in Fig. 4.5(c) and 4.5(d).
Consequently, the antenna characteristics become more resistant to structure variations
outside the antenna, as shown in Fig. 4.6. The slot length LS was set approximately by
the following [118]:

LS =
0.25λ0
√
ϵr

(4.3)

with λ0 denoting the wavelength at the center frequency. The slots should cover the whole
flare outer sides to maximize the suppression of the energy back flow.

Fig. 4.7(a) shows the slot line radial stub feeding structure used to convert the grounded
co-planar waveguide (GCPW) transmission line to the slot line mode of the Vivaldi OCA.
This architecture was chosen because it provides the largest bandwidth compared to other
planar CPW-to-slot line transitions [119]. The back-to-back structure simulation in Fig.
4.7(b) shows that the coverage of this feeding structure exceeded the target design fre-
quency (220 GHz to 320 GHz), ensuring that the antenna bandwidth is not limited by the



4.2 Antenna Design 45

-15

-10

-5

0

5

10

-90 -60 -30 0 30 60 90

R
ea

liz
ed

 G
ai

n
 (

d
B

i)

Phi (degree)

100µm

300µm

50µm

(a)

60

65

70

75

80

85

90

95

100

50 100 150 200 250 300

R
ad

ia
ti

o
n

 E
ff

ic
ie

n
cy

 (
%

)

Substrate Thickness (µm)

(b)

TE1 TM2 TE3

Figure 4.8: The simulated effect of substrate thickness at 270 GHz on (a) E-plane realized
gain pattern and (b) efficiency of the Vivaldi OCA.

feeding structure.

4.2.2 Effect of Higher-Mode Surface Wave

At the 300 GHz band, the 300 µm thick silicon substrate used in the 65-nm CMOS pro-
cess enables the excitation of higher transverse electric (TE) and transverse magnetic
(TM) modes within the substrate, reducing radiation efficiency and distorting the radia-
tion pattern. The relationship between substrate thickness (d) and the cutoff frequency
( fc) of the TE and TM modes n for both grounded (g) and ungrounded (ug) substrates are
given as follows[104]:

dg =
nc

4 fc
√
ϵrµr − ϵ0µ0

,

n = 1, 3, 5, ...for TE

n = 0, 2, 4, ...for TM
(4.4)

dug =
nc

2 fc
√
ϵrµr − ϵ0µ0

,

n = 0, 1, 2, ...for TE

n = 0, 1, 2, ...for TM
(4.5)

where c, ϵr, and µr are the speed of light, substrate dielectric permittivity, and substrate
dielectric permeability, respectively. Therefore, the substrate thickness must be reduced
until the cutoff frequency of TE1 and TM1 mode is higher than the maximum operating
frequency of the antenna. Because the Vivaldi OCA metal structure behaves like a large
ground cover, (4.4) was used to determine the suitable substrate thickness. The substrate
thickness value of 50 µm was chosen to ensure that the higher order modes above 320
GHz are suppressed while the chip maintains enough structural integrity for further post-
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Figure 4.10: The simulated effect of substrate resistivity at 270 GHz on (a) E-plane real-
ized gain pattern and (b) efficiency of the Vivaldi OCA.

processing. Fig. 4.8(a) shows how reducing the substrate thickness to 50 µm eliminates
distortion on the radiation pattern. Fig. 4.8(b) also shows how the efficiency decreases as
more TE modes get excited with increasing thickness.

4.2.3 Effect of Dual-Layer Proton Irradiation

The 3 Ω·cm resistivity of the substrate used in the 65-nm CMOS process increases the
attenuation of the exponential slot-line of the Vivaldi antenna, reducing its gain and ef-
ficiency. Which can be explained by approximating the exponential taper as a variable
width slot-line with propagation constant of [120, 121]:

γ = α + jβ (4.6)
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Figure 4.11: The (a) top view and (b) cross-section view of the dual-layer proton irradia-
tion process.

where β is the phase constant, and α is the attenuation constant, which further divided into
conductor attenuation αc and substrate attenuation αd [121]. αc is structure dependent and
can be ignored in this analysis, while the αd can be described as:

αd =
π

λ0

ϵr
ϵr − 1

ϵe f f − 1
√
ϵe f f

tanδ (4.7)

where ϵr is the relative dielectric constant (11.8 in silicon), λ0 is the free-space wavelength,
and ϵe f f is the effective permittivity of the slot-line, which can be approximated as (ϵr −
1)/2 [120]. The loss tangent:

tanδ =
ϵ′′

ϵ′
+

1
ρωϵ0ϵ′

(4.8)

is dependent on the complex permittivity, ϵ = ϵ′ − jϵ′′, where ϵ′′/ϵ′ is around 1.2 × 10−5

to 5 × 10−5 [122–127]. The plot of Eq. (4.7) can be seen in Fig. 4.9. Assuming the expo-
nential taper length is 300 µm, loss due to the substrate attenuation at 3 Ω-cm resistivity
is around 3.64 dB, and increasing substrate resistivity to 1 kΩ-cm reduces substrate loss
to 0.01 dB, which is 3.63 dB improvement. This results agrees well the HFSS simulation
in Fig. 4.10(a), which shows around 4 dB improvement after resistivity increase. Due to
the diminishing returns on reducing substrate loss, Fig. 4.10(b) shows the maximum ef-
ficiency improvement achieved at 1 kΩ-cm. Therefore, dual-layer proton irradiation was
used to increase the substrate resistivity above 1 kΩ·cm [128], achieving the maximum
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achievable efficiency of 87%. This is a significant improvment compared to alternative
method such as intrinsic layer (NTN Layer) [129], which only increase resistivity to 10Ω-
cm and limiting efficiency improvement to around 50%.

with process details shown in Fig. 4.11. A 100 µm thick nickel mask was used
to localize the high-resistivity region formation around the OCA and protect the active
circuit from radiation damage, eliminating the need for remodeling or redesign. A dual-
layer profile was used instead of the typical single profile [4, 5] to reduce the total proton
fluence requirement, shortening the irradiation time [128]. For this implementation, the
dual-layer profile consists of a deep irradiation at 60 µm depth with 2×1014 cm-2 fluence,
and an interface irradiation at 10 µm depth with 2×1014 cm-2 fluence.

4.2.4 Design Process and Parametric Optimization

The Vivaldi OCA design process began with the initialization of all design parameters.
First, the substrate thickness and resistivity were set to 50 µm and 1kΩ·cm, in accordance
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with the discussion in the previous subsection. Then, the feeding structure was designed
and optimized on the initialized substrate, resulting in optimized design parameters in
Fig. 4.7, where the value of WT = 5 µm was determined. Finally, the rest of the OCA
was built and initialized as follows (all units in µm, except R): WM = 450, WF = 25, LA

= 300, LB = 200, LE = 150, LS = 80, S = 5, DS = 10, and R = 3. WF and LB were kept
constant. The optimization and parametric analysis were performed within the 200 GHz
to 340 GHz frequency range, with a target operating frequency of 220 GHz to 320 GHz.

The first parametric analysis was performed on the comb-shaped slots parameters LS ,
S , and DS . A back reflector similar to Fig. 4.5(d) was added to better see the impact
of the comb-shaped slots. Fig. 4.12 shows how the slots suppress gain dips at 220 GHz
and 312 GHz induced by the energy reflected from the reflector. Shorter LS provides
better dip suppression at a higher frequency, while longer LS has better low-frequency
dip suppression. Therefore, LS was adjusted to around 80 µm to achieve balanced dip
suppression performance centered around 270 GHz, which also shows good agreement
with (4.3). Fig. 4.13 shows the optimum value for both DS and S is between 5 µm to 10
µm, or around LS /10. The deviation of DS value from LS /10 has a minor effect, while
the S value must be kept larger than 5 µm to prevent degradation at upper-frequency cut-
off. After the optimization of comb-shaped slots, the reflector will not affect the antenna
characteristics and can be removed during subsequent optimizations.

The rest of the design parameter, LA, WM, R, and LE, was investigated and optimized
through parametric analysis. The results in Fig. 4.14 confirm that shorter LA leads to the
wider E-plane and H-plane 3-dB beamwidth. However, there is a point where efficiency
starts to degrade because the taper is too short to perform the traveling-wave radiation
mechanism properly. Therefore, LA should be set at the minimum value where it still op-
erates above 80% efficiency, which was 300 µm in this case. The impact of WM shown in
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Fig. 4.15 indicates that the overall reflection coefficient increases as WM decreases. This
can be attributed to Equation (4.2), where smaller WM moves the lower cutoff frequency
closer to the operating frequency, causing the reflection coefficient to increase. To keep
the antenna area small, WM was reduced to the minimum size where the overall reflection
coefficient is still below -10 dB, which is around 450 µm. The parametric analysis results
of R shown in Fig. 4.16 are mainly a trade-off between gain and reflection coefficient,
where the gain and the reflection coefficient are inversely proportional to R. Therefore,
R was also reduced to the point where the overall reflection coefficient is still below -10
dB, which is around 3. Finally, the analysis of the LE variation summarized in Fig. 4.17
shows how it behaves as a dielectric load [113] that can be tuned to boost the gain or
to adjust the reflection coefficient of the antenna. In this design, LE is tuned to achieve
balance between both gain and reflection coefficient, resulting LE value set to 150 µm.

The post-optimization design parameters for the OCA main structure can be found
in Fig. 4.4. For the chip implementation, the area around the OCA was filled with
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reflection coefficient and (b) efficiency before and after irradiation.

metal dummies to fulfill the metal density requirement. Fig. 4.18 shows the final sim-
ulation results of the non-irradiated and irradiated OCA gain, reflection coefficient, and
efficiency after dummy placement. After irradiation, the designed on-chip Vivaldi antenna
can achieve 6 dBi realized gain and around 80% efficiency across 220 GHz to 320 GHz.
The reflection coefficient stays below -10 dB and the gain never decrease below 3-dB of
the peak gain across the operating frequency, indicating more than 37% impedance and
3-dB gain bandwidth. Fig. 4.19 shows the Vivaldi OCA simulated radiation pattern from
220 GHz to 320 GHz, with detailed E and H plane 3-dB beamwidth values shown in Fig.
4.20. From 220 GHz to 280 GHz, the 3-dB beamwidth for the E-plane and H-plane is
constant at around 76° and 100°, respectively. As the frequency increase to 320 GHz, the
beamwidth of both E-plane and H-plane gradually decreased to 58° and 92°, respectively.
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4.3 Antenna Measurement

4.3.1 Fabrication and Measurement Methodology

Fig. 4.21 shows the die micrograph of the Vivaldi OCA manufactured using the TSMC
65-nm CMOS process. The antenna occupies 0.5 mm × 0.5 mm area on the chip. The
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Figure 4.21: Die micrograph of the single element Vivaldi OCA.

fabricated chips were diced to 0.75 mm × 3 mm, and the substrates were thinned to 50
µm thick. The antenna gain and reflection coefficient were measured before and after
irradiation. Another measurement was performed after 260°C annealing for 1 minute
to investigate the ability of the irradiated substrate to withstand high-temperature post-
processing (e.g., flip-chip, reflow soldering).

Fig. 4.22 shows the measurement setup to measure the reflection coefficient, gain,
and radiation pattern of the single-element Vivaldi OCA as device-under-test (DUT). The
setup consisted of two VDI WR-3.4 extenders connected to the Keysight PNA-X to per-
form S-parameter measurements from 220 GHz to 320 GHz frequency. The extender
port-1 was connected to the DUT via a 325-GHz RF probe (Cascade Microtech i325-S-
GSG), and the extender port-2 was connected to the VDI WR-3.4 diagonal horn antenna.
The DUT was placed on the edge of the 3 mm thick MEGTRON6 board with a 300 µm
distance between the antenna tip and the board edge to replicate the antenna implementa-
tion on the PCB. The minimum distance R between the horn and the DUT was determined
using the far-field equation [115]:

R =
2D2

λ
(4.9)

with D as the aperture size. Since the horn has a significantly larger aperture than the
DUT, the horn aperture diameter of 5.6 mm was used to calculate the minimum distance.
The distance of 7 cm was chosen because it meets the far-field requirement at 320 GHz
with some margins. The extender with the horn antenna can be swept within ±60° around
the E-plane for radiation pattern measurements. The metal parts of the measurement
setup, including the extender and the GSG probe near DUT, were covered with absorbers
during the measurement session to reduce interference.

To calibrate the measurement setup, two calibrations were required to remove errors
from both the GSG probe and the two extenders. The first calibration was the 1-port
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Figure 4.22: Measurement setup for reflection coefficient, gain, and radiation pattern.

short-open-load (SOL) calibration of the GSG probe using the impedance standard sub-
strate (ISS) provided by the manufacturer. The second calibration was the 2-port thru-
reflect-line (TRL) calibration between the WR-3.4 port of each extender. From these two
calibrations, the GSG probe S-parameter characteristics can be extracted from the differ-
ence between the first measurement plane (probe tip) and the second measurement plane
(extender output/probe input port). For the final setup, the 2-port TRL extender calibra-
tion was used as the base with the extracted GSG probe characteristics attached to the
port-1 as an adapter using the internal de-embedding function available in the PNA.

With this setup, the reflection coefficient and the gain across the operating frequency
can be measured directly at the same time. The measured reflection coefficient includes
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Figure 4.23: Simulated and measured reflection coefficient of the fabricated Vivaldi OCA.
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Figure 4.24: Simulated and measured gain of the fabricated Vivaldi OCA.

both the DUT and the pad. The pad was characterized separately and de-embedded from
the measurement results, leaving only the reflection coefficient of the DUT. The antenna
gain can be extracted from the S 21 measurement using the following equation:

GDUT = S 21 −Ghorn + Lpad + Lwg + 20 log10(
λ

4πR
) (4.10)

where Ghorn is the gain of the horn antenna, Lpad is the loss of the pad, Lwg is the in-
terconnect loss from the horn to the extender, and R is the distance between the horn
and the DUT. All terms are in dB. The values of Ghorn, Lpad, and Lwg are known from
the datasheet or from separate measurements. The normalized radiation pattern can be
obtained by comparing S 21 at 0°with measurements from different angles.

4.3.2 Measurement Results and Analysis

The simulated and measured reflection coefficients for all irradiation conditions are com-
pared in Fig. 4.23. The measured reflection coefficient was below -10 dB within the
measurement frequency range of 220 GHz to 320 GHz, or more than 37% impedance
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Figure 4.26: Simulated and measured E-plane radiation pattern of the irradiated Vivaldi
OCA across the measurement frequency.

bandwidth for all sample groups. The reflection coefficients of the irradiated DUT were
around 5 dB to 10 dB higher than the non-irradiated DUT because the increase in substrate
resistivity reduced the substrate loss, resulting in more energy available to be transmitted
or reflected.

The gain measurement and simulation results for all sample groups are compared in
Fig. 4.24. The peak measured gain for the non-irradiated DUT was 2 dBi at 270 GHz
with 2 dB variation across the measurement frequency range, which improved by 4 dB to
6 dBi peak gain at 270 GHz with 1dB variation after irradiation. The 3-dB gain bandwidth
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was measured to be at least 100 GHz (>37%) for all irradiation cases. No significant gain
variation was observed between the irradiated and the annealed DUTs, indicating that the
gain enhancement provided by the irradiation process can withstand the high-temperature
post-processing.

Fig. 4.25 shows the measured and simulated effect of irradiation on the E-plane co-
polarized radiation pattern at 270 GHz. The irradiation caused similar gain improvement
at pattern within ±48° angle and slowly diminished above that limit. The measured E-
plane 3-dB beamwidth was around 76° at 270 GHz both before and after irradiation be-
cause the beamwidth was within the ±46° limit. The E-plane radiation pattern of the
irradiated Vivaldi OCA across the measurement frequency is shown in Fig. 4.26. The
measured E-plane 3-dB beamwidths were around 76° from 220 GHz to 280 GHz, which
slowly decreases to 72° at 300 GHz and 54° at 320 GHz.

Overall, the measurement results generally match the simulation results, with a dis-
crepancy of more than 5 dB in some parts of the reflection coefficient and cross-polarization
values. The possible causes of these discrepancies include the difference between real
and simulated substrate resistivity value, the rough chip edge after the dicing process,
the probe affecting the antenna characteristics, and the adhesive used to fix the DUT.
Due to the limitation of the measurement setup, the antenna efficiency and H-plane 3-dB
beamwidth were determined from the simulation after the model was verified with mea-
surement results. The simulated efficiency at 270 GHz is 32% for the non-irradiated DUT
and 87% after irradiation. The simulated 3-dB H-plane beamwidth is 96° before and after
irradiation.

Table 4.1 shows the comparison with other published silicon on-chip antennas op-
erating at the 300 GHz band. The proposed antenna offers the widest bandwidth, the
highest radiation efficiency, and a relatively large 3-dB beamwidth compared to previ-
ous works. This work is the only end-fire on-chip antenna implemented using a standard
CMOS process with less than 0.5λ0×0.5λ0 dimension, making it suitable for slat array
implementation.

4.4 Conclusion

This chapter presented the design process, optimization, and parametric analysis of a
300 GHz band on-chip Vivaldi antenna for implementation on a standard 65nm CMOS
process with a proton-irradiated substrate. The designed OCA was fabricated, irradiated,
and measured to verify the proposed design. The measurement results shows 3-4 dB gain
improvement across the operating frequency after irradiation, achieving 6 dBi peak gain
and 87% efficiency at 270 GHz. The Vivaldi OCA achieved 76° E-plane beamwidth at
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Table 4.1: Comparison with state-of-the-art 300GHz band on-chip antennas

Ref. Process Type Rad.
Dir.

Freq.
(GHz)

BW
(%)

Gain
(dBi)

Eff.
(%)

BeamW (°) Area
(λ0)E H

[27] 65-nm
CMOS

SIW
Slot

Broad-
side

270 15 0 22∗ 60# 60# 0.40
×0.40

[28] 65-nm
CMOS

Patch
Broad-

side
300 14 3.1 40.3∗ 38# 68# 0.23

×0.42

[130] 65-nm
CMOS

DRA
Broad-

side
325 34.5∗ 8.6 44 60∗# 43# 0.87

×0.87

[131] 65-nm
CMOS

DRA
Broad-

side
298 22∗# 6.5∗ 58∗ – –

0.50
×0.33

[105] 130-nm
SiGe

µ
bump

Broad-
side

283 7 9.87 54.4∗ 37 55
0.85
×0.85

[31] 130-nm
SiGe

Patch
Broad-

side
295 9 1.7 – – 45∗#

0.25
×0.36

[106] 130-nm
SiGe

Ring
Broad-

side
324 9 1.4∗ 41∗ 75∗# 80∗#

0.54
×0.54

[107] 130-nm
SiGe

SIW
Slot

Broad-
side

340 7 3.3 45∗ 88 76
0.58
×0.58

[113] 130-nm
SiGe

Dipole
End-
fire

320 12.5 3.9 80∗ 63∗# 105∗#
0.50
×0.64

This
Work

65-nm
CMOS Vivaldi End-

fire 270 37 6 87∗ 76 96∗ 0.45
×0.45

# Estimated from paper ∗ Simulated value λ0 =Wavelength at center frequency
Bandwidth (BW) is the worst case between 3-dB gain BW or 3-dB impedance BW.
Beamwidth (BeamW) is not plus-minus.

270 GHz and fully covers the 300 GHz band (220 GHz to 320 GHz), which corresponds
to 37% impedance and 3-dB gain bandwidth. The wide bandwidth, large beamwidth, and
high efficiency demonstrated by the Vivaldi OCA make it suitable for future on-chip slat
array implementation to achieve full 2-dimensional array scaling.



Chapter 5

300GHz-Band CMOS On-Chip
Chip-to-Waveguide Transition for
Flip-Chip Implementation 1

5.1 Introduction

Recently, the 300 GHz band (220 GHz to 320 GHz) has garnered a lot of research in-
terest due to the potential utilization of the available large bandwidth for the future high-
speed and low-latency 6G wireless communication system [21]. However, the relatively
large path loss [22] requires a high gain antenna or high transmitter (TX) output power
to achieve practical link distance. While the CMOS process promises low cost, digital
integration, and high volume, its on-chip antenna suffers from low gain due to substrate
effects [32], and it has relatively low output power. A phased array structure [87, 97]
improves gain and adds active beam steering capabilities. However, large number of el-
ements are needed, leading to larger power consumption and possible thermal issues due
to low element efficiency. Therefore, most transceiver (TRX) implementations use inte-
grated lenses [83, 84, 133] or standardized waveguide interfaces [7, 89, 134–137]. The
waveguide interface offers the most modularity and flexibility, allowing integration with
various antenna modules [138] or amplifier modules fabricated using different technolo-
gies [27].

A low-loss chip-to-waveguide transition is necessary to connect the TX chip with
the waveguide interface. The on-PCB transition [89, 136, 137] has the lowest fabrica-

1This chapter is based on "A 300-GHz Band Chip-to-Waveguide Transition on Proton-Irradiated Stan-
dard 65nm CMOS Si Substrate for Flip-Chip Packaging Implementation" [132] by the same author, which
appeared in the IEEE International Microwave Symposium (IMS), © 2022 IEEE. Some of the figures of
this paper are reused from [132] under the permission of the IEEE.
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Figure 5.1: Waveguide fixture assembly for (a) wirebond mounted [7], and (b) flip-chip
mounted chip.

tion cost. However, it has a significant interconnect loss at the 300 GHz band, and the
sub-millimeter structure size is difficult to manufacture precisely with a low-cost PCB
process, causing an 8 dB packaging loss. On-chip end-fire topology [27, 29, 106, 134] re-
quires inserting the chip directly into the waveguide block and is typically used for small
components such as the amplifier module. However, the block machining and fabrication
complexity increases for a TX system that requires a lot of external I/O and supporting
circuits, while broadside topology [7, 139] allows external I/O and components placement
on external low-cost PCB. All published TXs with on-chip broadside transition [7, 135]
are mounted to the PCB with wirebonds, which need to be covered with additional struc-
ture (Fig. 5.1). Furthermore, the low substrate resistivity (10 Ω·cm) and high relative
permittivity (ϵr = 11.9) of the substrate used in standard CMOS process degrade transi-
tion efficiency.

This chapter proposes an integrated on-chip chip-to-waveguide transition for the waveg-
uide interface. The transition was designed to radiate through the chip’s backside, en-
abling flip-chip mounting to the PCB, providing more reliable, high-speed interconnect
implementation, and simplifying the TX module’s overall structure and assembly process.
The transition was fabricated using the standard 65-nm CMOS process, and proton irradi-
ation was applied to increase substrate resistivity around the transition, reducing transition
loss to 2.9 dB. Integration with a 300 GHz TX was demonstrated through the creation of a
TX module, which demonstrated a maximum data rate of 80 Gb/s for direct measurement
and 64 Gb/s with a 40 cm link distance.

5.2 Transition Design

5.2.1 Transition Structure and Operating Principle

Fig. 5.2(a) shows the proposed chip-to-waveguide transition overall design. The transition
probe is implemented using the top metal on the 65nm standard CMOS process. The chip
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Figure 5.2: Proposed on-chip chip-to-waveguide transition design: (a) 3D isometric view,
(b) transition design parameter, and (c) cross-section view. (All parameters in µm: P1 =

140, P2 = 210, C1 = 864, C2 = 308, T1 = 78, B1 = 107, B2 = 101, T2 = 20, T3 = 7.5, M1 =

12.5, and M2 = 22.5)

is attached using Au bump to the top metal of the PCB with the air gap in-between filled
with dielectric material (ϵr = 4.2). The solid PCB top metal isolates the effect of the PCB
dielectric, allowing flexible use of various PCB materials. The back-short structure is
formed using the top metal of the PCB and the bump around the probe cavity to create a
quasi-metallic wall. The waveguide cavity is attached directly below the transition probe.
Therefore, the probe radiates through the silicon substrate to the waveguide cavity.

Fig. 5.2(b) shows the detailed structure and dimensions of the proposed transition.
Due to the fixed height of the Au bump of 20 µm provided by the flip-chip process, the
back-short length is limited to 20 µm, which is 15% longer than the λg/4 = 17 µm at
240 GHz. Therefore, a patch structure was chosen for the transition probe to provide
additional matching point by adjusting the dimension of the probe patch (P1 and P2) and
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Figure 5.3: Comparison between monopole probe and patch probe.
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the distance between the probe patch and the cavity wall (T1). This additional matching
points extends the transition bandwidth in expense of higher insertion loss, as shown in
Fig. 5.3. The substrate thickness is adjusted by grinding the chip backside to around a
quarter of the relative wavelength inside the substrate. The matching between the trans-
mission line and the patch can be controlled by adjusting the distance between the feeding
side of the patch and the cavity wall (M1, M2, T2, and T3).

Fig. 5.2(c) shows the detailed cross-section of the transition implementation. Thru-
silicon vias (TSV) are not used to create a metalic wall through the Si substrate due to
the high permittivity of the Si substrate (ϵr = 11.9), which makes the field more compact
and less prone to spread through the gap between the probe and the open cavity. The
simulation result in Fig. 5.4 shows how the removal of enclosure has less than 1 dB impact
on the transition insertion loss. Furthermore, the wall removal increase the transition
bandwidth. Therefore, the removal of the wall reduces the chip manufacturing cost with
minimum impact on performance.
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The transition substrate thickness needs to be optimized to obtain the best insertion
loss characteristic. Fig. 5.5 shows the effect of substrate thickness on the transition inser-
tion loss characteristic across frequency. If the substrate thickness is larger than 80 µm, a
parasitic TE1 mode surface wave is able to propagate through the substrate in accordance
to the Equation (4.4), which causes energy to propagate through the substrate rather than
the waveguide cavity. This phenomenon causes the insertion loss degradation depicted in
the 85 µm substrate shown in Fig. 5.5. For thickness below 80 µm, the silicon substrate
can be treated as a silicon-filled waveguide cavity connected to the air-filled WR-3 waveg-
uide cavity, which caused mismatch due to the different characteristic impedance between
the two. Therefore, the substrate thickness must be adjusted to around λsi/4 to prevent
mismatch, with λsi as the wavelength inside the silicon. In this implementation, 65 µm
substrate thickness was chosen, which corresponds to λsi/4 around 250 GHz, resulting in
the blue curve in Fig. 5.5.
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5.2.2 Effect of Dual-Layer Proton Irradiation

To prevent substrate loss caused by low resistivity substrate, a dual-layer proton irradia-
tion was performed to increase the resistivity of the substrate around the transition probe
using the optimized irradiation profile obtained in Chapter 3. Fig. 5.6 shows the effect
of irradiation on the transition insertion loss. After irradiation, the transition insertion
loss decreases from 4 dB to 2 dB, which is 2 dB improvement. It can be seen that the
irradiation only affect insertion loss, and there is no change in the transition bandwidth.

5.3 TX Module Integration

To demonstrate the chip-to-waveguide transition in the TX module, the TX architecture
presented in [97] was modified by removing the phase-shifter from the LO chain and
adding the transition structure, as shown in Fig. 5.7. The TX chip consists of a local
oscillator (LO) multiplication chain, a sub-harmonic mixer (SHM), a power amplifier, and
an on-chip chip-to-waveguide transition. The 250 GHz RF signal was generated by sub-
harmonic mixing to halve the required LO chain output frequency to 112 GHz, reducing
its power consumption. The LO chain consists of a quadrupler to multiply the 28 GHz
input to 112 GHz, a balun for conversion to differential signal required by the SHM, and
differential buffers to ensure enough LO power to drive the SHM. The power amplifier
(PA) was designed using a custom transistor layout and gain boosting architecture to boost
its fmax and achieve around 20 dB gain from 235 GHz to 265 GHz. Due to its bandpass
characteristic, the PA also suppresses the image at 200 GHz.

Fig. 5.8(a) shows the micrograph of the TX chip fabricated using a standard 65-nm
CMOS process, with 1.2 mm × 3.6 mm of area. The fabricated chip was irradiated and
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ground to the target substrate thickness. Then, the chip was mounted to a 43 mm × 43 mm
PCB using the flip-chip process, resulting in the implementation shown in Fig. 5.8(b). A
chip-to-WR3 fixture was fabricated with split-block method and directly mounted to the
PCB using four 3.2 mm screws, resulting in the final module assembly shown in Fig.
5.8(c).

5.4 Measurement Results

5.4.1 Transition Measurement

To verify the performance of the transition, the transition was manufactured and measured
in a back-to-back configuration. The prototype transition was fabricated using the stan-
dard 65nm CMOS process (Fig. 5.9). Several chips were irradiated for comparison with
the non-irradiated chip. A 1.6 mm thick FR-4 PCB with 18 µm top copper thickness was
used as back-short and attached to the chip using Au bump (Fig. 5.10). A metal fixture
(Fig. 5.11) was used to connect the output of the chip to the WR-3.4 interface, which
was then connected to the OML VNA extender module and Agilent N5260A Network
Analyzer (Fig. 5.12).

Fig. 5.13(a) shows the insertion loss measurement results of the back-to-back transi-
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Figure 5.11: Details of the fabricated WR-3 fixture for the transition measurement.

tion and the calculated single transition measurement for both irradiated and non-irradiated
chips. The calculation is done by dividing the back-to-back measurement results by 2 and
subtracting the transmission line loss, which is measured to be around 2.2 dB/mm. The
measurement result shows the 3-dB bandwidth from 220 GHz to 283 GHz for both irra-
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Figure 5.13: Measurement results of (a) transition insertion loss, and (b) transition return
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diated and non-irradiated chips. The insertion loss of 4.9 dB at 240 GHz was obtained
before irradiation, and irradiation improves the return loss to 2.8 dB at 240 GHz, which
corresponds to around 2.1 dB improvement across operating frequency. The measured
return loss of back-to-back transition can be seen in Fig. 5.13(b), which shows no signif-
icant difference before and after irradiation. The difference in magnitude of S11 and S21
between simulation and measurement can be attributed to chip misalignment and fixture
manufacturing tolerance.
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Figure 5.15: Measurement results of the TX module’s (a) linearity at 250 GHz; (b) pack-
age loss (transition +WR-3 fixture) across measurement frequency.

5.4.2 TX Module Measurement

Fig. 5.14 shows the linearity, output power, and conversion gain measurement setup with
the TX module as device-under-test (DUT). A Keysight PNA-X N5247B was set to scalar
mixer/converter measurement (SCM) mode with port-1 as IF source, port-3 as LO source,
and port-2 connected to the VDI WR-3 extender through a mm-wave head controller for
the RF power measurement. Fig. 5.15(a) shows the measured conversion gain (CG) of
-10.3 dB, output P1dB of -13.2 dBm, and saturated power (Psat) of -7 dBm at the center
frequency of 250 GHz. The SHM and PA gain have been measured in [97] as -23 dB and
22 dB, respectively. The rest of the -9.3 dB CG degradation is caused by interconnect loss
from the IF connector to the SHM input and the package loss. The package (transition
+ WR-3 fixture) loss was measured by comparing the PA probe Psat measurement result
of -3.4 dBm in [97] and the TX module Psat measurement after de-embedding the PA-to-
transition interconnect loss of 0.8 dB, resulting in 2.9 dB package loss at 250 GHz, which
is close to the 2.8 dB obtained from the back-to-back measurement results in [132]. This
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process was repeated across the measurement frequency, resulting in Fig. ??(b), which
shows around 3 dB package loss across the operating frequency and confirms the previous
B2B transition measurement results.
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Table 5.1: Comparison of state-of-the-art 300 GHz band TXs with Waveguide Interface

Ref. [135] [137] [7]
This

Work

Process 130-nm SiGe
BiCMOS

40-nm
CMOS

28-nm
CMOS

65-nm
CMOS

Freq.
(GHz) 220 300 390 250

Chip
Mounting Wirebond Flip-chip Wirebond Flip-chip

Transition
Type

On-Chip
Broadside

PCB
Broadside

On-Chip
Broadside

On-Chip
Broadside

Transition
Loss (dB) 3.7 8.0 5.0∗ 2.9

Module
Psat (dBm) 4.4 -13.5 -16 -7

Modulation 16QAM 16QAM QPSK 16QAM
Data Rate

(Gb/s) 12 48 6 80 / 64

Link
Dist. (m) 0.5 0.05 Direct Direct / 0.4

Pdc (mW) 640 1400 850 215
∗ Simulated value

Fig. 5.16 shows the setup for data link evaluation through the TX module’s error vec-
tor magnitude (EVM) measurement. An arbitrary waveform generator (AWG) was used
to generate modulated IF at a particular frequency and symbol rate for the TX, which
was demodulated and measured with oscilloscope after down-conversion with discrete
receiver (RX). Initial measurement was performed by directly connecting the TX module
output to the discrete RX SHM input to evaluate the optimum output power and sym-
bol rate of the TX module. The results in Fig. 5.17 indicate optimum output power of
around -16 dBm to -13 dBm, and the maximum speed of 80 Gb/s (16QAM, 20 Gbaud) is
confirmed through measurement results shown in the Fig. 5.18. The fastest over-the-air
(OTA) data rate measurement was 64 Gb/s (16QAM, 16 Gbaud) over 0.4 m link distance.
The longest link distance supported by the QPSK modulation with 24 Gbaud symbol rate
is 0.6 m, resulting in a 48 Gb/s.

Table 5.1 compares the proposed TX module with other CMOS 300 GHz band TXs
with waveguide interface. The proposed back-radiating on-chip chip-to-waveguide tran-
sition, combined with proton irradiation, can achieve the lowest transition loss compared
to the other works. This work also achieves the highest data rate and lowest power con-
sumption because of the PA, which eliminates the need for power combining and allows
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higher output power compared to other standard CMOS implementations.

5.5 Conclusion

A 300GHz band chip-to-waveguide transition on proton-irradiated standard 65nm CMOS
Si substrate was designed and measured. The manufactured prototype exhibits 220GHz-
283GHz operating frequency, with 4.9dB insertion loss before irradiation and 2.8dB in-
sertion loss after irradiation at 240GHz. A TX module was also fabricated to demonstrate
the transition integration with a 300 GHZ band system. The proposed transition enables
flip-chip mounting, reducing the TX module fabrication and integration complexity. The
TX module achieves a maximum data rate of 80 GB/s for direct measurement and 64 Gb/s
over a 0.4 m link distance.





Chapter 6

Conclusion and Future Work

6.1 Conclusion

This thesis presented the proposed dual-layer proton irradiation to improve the perfor-
mance of the on-chip passive components implemented on standard CMOS processes
through creating a localized high-resistivity region on the target component, which elim-
inates the need of active device remodeling and the modification of the existing CMOS
process.

The dual-layer proton irradiation process splits the irradiation into two steps, the in-
terface irradiation and the main irradiation, to efficiently mitigate the formation of the
parasitic surface conduction layer, which was not taken into account in the previous pro-
ton irradiation process.

The optimized dual-layer proton irradiation reduce the fluence requirement to create a
thermally stable high resistivity substrate from 1015 cm-2 to 4×1014 cm-2, which is 60% re-
duction compared to the conventional irradiation. This also reduce the irradiation time by
60%, which reduce the process cost. Due to the reduction in the main irradiation fluence,
the optimized dual-layer proton irradiation reduce the margin distance requirement for ac-
tive devices from 50 µm to 22 µm, which is 56% reduction compared to the conventional
irradiation, leading to less wasted area for active device placement.

The proposed dual-layer proton irradiation has been tested on a 300 GHz band CMOS
on-chip Vivaldi antenna and a 300 GHz band CMOS on-chip chip-to-waveguide transition
to evaluate its efficacy on the sub-THz passive components. After irradiation, the antenna
shows a 4 dB gain improvement from 2 dBi to 6 dBi, which corresponds to efficiency im-
provement from 27% to 87%. In addition, the irradiated antenna was able to withstand the
heat treatment test without any change in gain. The irradiation on the chip-to-waveguide
transition resulting in a 2.1 dB insertion loss reduction from 4.9 dB to 2.8 dB.
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Based on the results above, the proposed dual-layer proton irradiation is able to im-
prove the performance of CMOS on-chip passive components for the future low-cost 6G
transceiver system implementation.
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6.2 Future Directions

6.2.1 Mask Placement Reliability Improvement

Currently, this thesis mainly focuses on the formulation and optimization of dual-layer
proton irradiation process in terms of proton fluence and irradiation depth, with margin
distance from the mask edge determined purely from the proton lateral scattering (Fig.
6.1(a)). However, errors in the mask placement can increase the required margin dis-
tance (Fig. 6.1(b)) and invalidate any improvement achieved from scattering-dependent
margin distance. Therefore, more research should be performed on mask placement ac-
curacy improvement and mask placement verification method. Mask placement accuracy
can be improved by creating automatic machine-based/machine-assisted mask alignment
algorithm with the help of on-chip alignment mark (Fig. 6.2). Furthermore, the align-
ment mark should be able to detect the mask shift for binning and process improvement
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purpose, with this mark designed to be as small and simple as possible to minimize veri-
fication cost.

6.2.2 AI-Assisted Mask Patterning for Further Scattering Reduction

In addition to fluence control, mask patterning is also one of the method to reduce ion
scattering. This method has been widely implemented on semiconductor lithography pro-
cess to improve pattern accuracy and reduce scattering [140]. However, the calculation
of such pattern requires complex model and large computational power, with the result-
ing optimum pattern is typically irregularly shaped. To speed up the calculation process
and improve pattern performance, AI based mask patterning algorithm has been proposed
[141]. This method can also be implemented to the mask creation for dual-layer proton
irradiation purpose to further reduce lateral scattering and reduce margin distance (Fig.
6.3).

6.2.3 Process-Independent Irradiation Parameters Prediction Model

The dual-layer proton irradiation parameters obtained in this thesis are optimized for a
standard CMOS process on 180 nm and 65 nm process nodes with planar transistor. While
this technique can be applied on a significantly different process, such as SiGe BiCMOS
or CMOS nodes with FinFET transistor (< 16 nm), the irradiation parameters needs to
be re-optimized. This re-optimization process takes a lot of time and investment to be
performed. Therefore, a mathematical prediction model should be developed to predict
the parameters requirement with reasonable accuracy. This model will narrows down
the number of cases need to be tested, and reduce the re-optimization time. This also
simplifies the integration of a new process and enable quick evaluation when considering
the integration of a certain process.
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6.2.4 System-Level Multi-Component Irradiation

This thesis has demonstrated improvement on individual passive component (inductor,
antenna, chip-to-waveguide transition) after dual-layer proton irradiation, and how this
improvement happens from sub-6GHz frequency to the 300 GHz band frequency range.
Therefore, it is possible to use irradiation to improve the performance of all the TRX
building blocks through passive component improvement, resulting in system-wide per-
formance improvement. The largest improvement happens especially to blocks that use
inductors or transformers, such as LO PLL and various amplifiers (IF, RF, LO, etc.). Fur-
thermore, the noise isolation guard-band can be created through irradiation to isolate noise
sensitive circuits with other circuits.

6.2.5 Wafer Scale Array

Wafer-scale phased-arrays are being used recently to implement high performance millimeter-
wave phased-arrays as in [142]. The trade-off between the chip cost and the PCB cost is
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one of the main considerations before choosing the suitable packaging option. Smaller
chips may cost less due to the high yield, but an expensive PCB is required to implement
the high frequency connections. On the other hand, a wafer-scale phased-array has all
the high-frequency connections on-chip, but the chip area is very large. The wafer-scale
phased-array concept is shown in Fig. 6.5. This concept has been applied successfully for
frequencies as high as 440GHz [142]. The small antenna size at sub-terahertz frequency
enables the on-chip antenna and the on-chip array implementation options. Previously,
the low resistivity of the silicon substrate causes the antenna efficiency to drop heavily.
However, the dual-layer proton irradiation introduced in this thesis should be able to solve
this issue.
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