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Abstract

Quantum computing holds the promise of a monumental leap in computational power, en-
abling the resolution of previously insurmountable problems with astonishing speed compared
to classical computers. Emerging computing paradigms, including Shor’s factoring algorithm,
Grover’s searching algorithm, quantum simulations, protein folding, and more, stand on the brink
of feasibility, thanks to quantum computers. However, despite impressive recent advancements in
quantum computing, demonstrated systems featuring anywhere between a few to around a hun-
dred physical qubits remain significantly distant from achieving quantum supremacy over clas-
sical computing, which demands the utilization of millions of physical qubits. This formidable
challenge is known as the scaling problem.

Implementing large-scale quantum computing systems is faced with numerous hurdles, par-
ticularly where each qubit necessitates precise control under extremely low cryogenic tempera-
tures (< 1 K). Complementary metal-oxide-semiconductor (CMOS) technology, the cornerstone
of classical computer scaling, emerges as a promising solution for scaling quantum computers.
CMOS technology offers deep miniaturization and versatility, functioning seamlessly at both
room temperature (RT) and cryogenic temperatures (cryoT). CMOS is compatible with the spin
qubits in semiconductor quantum dots (one of the various methods of implementing qubits that
exhibit long coherence time) offering integration compatibility especially from the fabrication
perspective. It is this kind of tight integration that may ultimately hold the key to resolving the
quantum scaling problem, bridging the gap between the current state of quantum computing and
its promising potential.

Nevertheless, current circuit design environments lack support for operating temperatures
near cryoT. This lack of support is centered in the often overlooked component known as the
compact model. Compact models act as the blueprint that informs circuit simulators of how
circuit elements behave under various operating conditions. This component is composed of
simplified mathematical formulas that bridge the gap between the element’s physical model and
simulation engines. In order to obtain accurate simulation results necessary for cryo-circuits
design the compact model must be accurate. To obtain precise simulation results necessary for
cryo-circuit design, it is imperative to understand and incorporate the effects of cryoT on metal-
oxide-semiconductor field-effect-transistors (MOSFETs) into the compact model.

This thesis is one of the first attempts to develop cryogenic MOSFET compact model based
on virtual source concept, through theoretical investigation and experimental validation. The cold
temperature effects on MOSFETS are studied and integrated into the existing MIT virtual-source
model (MVS), expanding its temperature range to include deep cryoT in the range of few Kelvin.
To achieve this, sample devices from multiple commercial technology nodes are characterized
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in RT down to deep cryoT. The thesis outlines the measurement setup and explores a range of
predicted and unexpected cryogenic phenomena within the transistor. Good agreement between
experimental data and modeled data is obtained between 300 K and 4 K for 20, 28, and 65 nm
bulk CMOS technology nodes.

However, merely developing a cryogenic compact model is insufficient for its adoption and
practical deployment. Extraction and fitting tools are therefore developed alongside the model.
To support circuit design on industrial tools and validate the model, the compact model is imple-
mented Verilog-A. Subsequently, a cryogenic circuit simulation is demonstrated using industry-
standard electronic design automation (EDA) tools. This demonstration underscores the viability
of the model to facilitate cryo-circuit design for quantum computing, representing a significant
step towards realizing the potential of quantum computing in practical applications.
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Chapter 1

Introduction

1.1 Motivation

The emerging paradigm of quantum computing is ushering in a new era of computing, with
potential for massive computational power that classical computers cannot achieve. By harness-
ing quantum mechanics phenomena such as quantum entanglement and superposition, quantum
computers have the ability to solve intractable problems exponentially faster than classical su-
percomputers [2, 3]. This capability arises from the unique properties of quantum bits (qubits),
which can exist in a superposition of both 0 and 1 and can simultaneously hold a portion of each
state. This allows a quantum processor withubits to perform computations on all possible

2" combinations simultaneously, as opposed to the one-at-a-time approach of classical comput-
ers. For example, A quantum processor with 2 qubits ) performs only one computation
instead of having to repeat a computation for each permutation (in this case: 00, 01, 10, 11) as
done in classical computing [4]. This exponential increase in computational power has enormous
potential in various elds including: cryptography, mathematics, chemistry, medicine, and ma-
terial science. The computational opportunities offered by quantum computing include Shor's
factoring algorithm, Grover's searching algorithm, quantum machine learning, and complex op-
timization, as well as quantum simulations for the synthesis of drugs and materials [3, 4].

Despite the unprecedented potential of quantum computing, this emerging technology is still
in its infancy, with development currently reminiscent of that of the classical computer in the
1960s, in that is it incredibly resource and space intensive. While quantum computers can theo-
retically solve problems exponentially faster than classical supercomputers, achieving quantum
supremacy requires @ubits [6]. However, to run practical quantum algorithms, the number
of required qubits is projected to be in the order of millions. In 2019, Google claimed to have
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Figure 1.1: Google's Sycamore processor. Blue coaxial cables are connected from custom analog
control electronics (on the right) to the quantum processor. Source: [5]

achieved quantum supremacy with its 53-qubit processor [6], but this claim has been challenged
by other major players in the eld like IBM [7]. Nevertheless, the sheer amount of wiring re-
quired for just 53 qubits, as displayed in Fig. 1.1, reveals the scalability challenge that quantum
computing faces [5]. Moreover, achieving and sustaining high- delity qubits is very challenging.

To address this issue, researchers have developed surface code techniques, including quantum er-
ror correction (QEC), that incorporate extra qubits. While this approach helps maintain accuracy,

it also introduces signi cant redundancy, with approximatelyl0* physical qubits needed for

each logical qubit. This approach exacerbates the scalability problem and ampli es the need for

a viable scaling solution.

A quantum computer consists not only of a processor containing qubits, but also of interface
components that enable the transmission of control signals and read-out of the qubits' output.
These interface components are based on classical electronics. Due to their extreme fragility,
gubits are susceptible to noise that can compromise their delicate quantum state. To suppress
thermal noise and maintain their quantum state, it is necessary to operate at extremely cold tem-
peratures as close to absolute zero as possible (typically in the range of few mK). This is achieved
through the use of sophisticated dilution fridges, such as the one illustrated in Fig. 1.2, which
comprises multiple cooling stages. These fridges utilize complex cooling methods with differ-
ent helium isotopes and are also shielded from all types of radiation in a copper room to reach
cryogenic temperatures approaching absolute zero [8]. Interfacing with a quantum processor is
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Figure 1.2: Quantum computer diagram showing a typical dilution fridge in which the computer
resides. The quantum processor comprised of an array of qubits resides at the coolest stage while
the classical control circuitry can be distributed in all stages.

a complex task that requires careful consideration of multiple factors.

As displayed in Fig. 1.1, researchers typically use shielded wires to connect laboratory in-
struments operating at room temperature (RT) to the quantum processor at the bottom layer of the
dilution fridge operating at cryoT [9, 10]. However, as the number of qubits and shielded wires
grows into the thousands and millions, this approach becomes increasingly impractical in terms
of cost, reliability, and spacial requirements [3]. The associated direct coupling to RT and added
noise can compromise both the cooling capability of the fridge and the integrity of the signals
and qubit states. Therefore, utilizing cryo-circuits is the key to solving the quantum computer
scaling problem by bringing the classical controller closer to the qubits, eliminating RT coupling
and allowing researchers to focus on advancing quantum processors further. To achieve this,
cryo-electronics can be housed at different cooling stages (as depicted in Fig. 1.2) depending on
their functionality, power dissipation levels, and available cooling power in each stage.

While electronic technologies can operate at cryogenic temperatures (cryoT), Complimentary
Metal-Oxide-Semiconductor (CMOS) technology offers the most promising scalable solutions
due to their large-scale integration potential using established semiconductor processes. Standard
CMOS is deeply scaled down in size and can operate at both RT and cryoT, making it an ideal
candidate for complex system-on-chip quantum computers with thousands and millions of qubits
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in the long run [9-12]. This potential has inspired a substantial research effort to achieve qubit-
CMOS co-integration [13-19], as well as extensive studies on cryogenic CMOS devices and
circuits [9-12, 20-32].

Qubits are very delicate devices that require precision in the input control signals and the
ability to amplify weak output signals, while still maintaining the qubits' quantum state. Circuit
designers tasked with developing these highly specialized circuits are faced with a multitude
of trade-offs while being constrained by stringent power and noise margins. Circuit designers
typically use circuit simulators to optimize their designs which rely on compact device models
to predict the behavior of their circuit. Compact models are a set of mathematical formulas
that accurately describe the transistor's behavior and predict their performance under certain
operating conditions, include the operating temperature. Although CMOS devices and circuits
are demonstrated to operate at cryogenic temperatures, their performance varies signi cantly
from room temperature operation. Device models in the industry are typically developed for
operating temperatures betweeb0 C to 200 C (or 223.15 K to 473.15 K). The objective of
this project is to bridge the gap and enable circuit designers to design and optimize cryo-circuits
suitable for scalable solid-state quantum processors with integrated cryo-electronics.

1.2 Research Objectives

To bridge the temperature gap and facilitate the utilization of commercial technologies in cryo-
genic applications, this research encompasses four key objectives: cryogenic device characteri-
zation, exploration of semiconductor and device physics in cryoT, compact modeling, and im-
plementation. Through the pursuit of these avenues, the groundwork will be laid for the creation
of specialized cryo-electronics design systems tailored speci cally for cryogenic applications,
particularly in the eld of quantum computing. The subsequent subsections will expand on each
objective and provide provide detailed insights.

1.2.1 Cryogenic Device Characterization

Physical models used in commercial technologies contain temperature parameters that may be
used to predict device performance at cryoT. However, these models are usually only validated
down to -50 C (or 223 K), more than 100 degrees above the cryoT regime. Thus, the accuracy
of these predictions must be evaluated, making it necessary to collect experimental data in the
real world beyond the scope of simulation and modeling.



However, cryogenic measurements are non-trivial and several questions must be answered
regarding the measurement setup, and the equipment needed. With the device under test (DUT)
residing at temperature below 77 K (or -1 far from safe human reach, are there any con-
siderations added by the equipment enabling such measurements? What are the challenges that
such extreme temperature entail? Are there any additional instruments that may affect the mea-
surement integrity and accuracy? Are the measurements required feasible within a reasonable
time frame and cost?

With all these questions answered, it is also important to make an adequate measurement
plan and clearly de ne the desired tests to be performed on which sample. Furthermore, there
will be specialized cryo-components that are not available in the off-the-shelf market, and need
to be designed and implemented speci cally for this experiment. Chapter 3 discusses the design
and implementation of an on-chip temperature sensor, and special custom chip holder. The
chapter also details the challenges faced, including wire-bonding and the extensive time required
to conduct a single measurement.

Achieving this objective was only possible through the collaboration with the quantum re-
search group lead by Prof. Johnathan Baugh in the Institute for Quantum Computing (IQC) at
the University of Waterloo. The cryogenic measurements were conducted using the cryogenic
facilities in the Research Advancement Center (RAC) while samples were prepared using the
Quantum-Nano Fabrication and Characterization Facility (QNFCF).

1.2.2 Semiconductor and Device Physics in CryoT

This objective primarily focuses on addressing the fundamental quefimes our current un-
derstanding of semiconductor physics provide suf cient insights to accurately predict and model
cryoT effects in MOSFET devices?

With experimental data collected, the validity and accuracy of classical theories can be as-
sessed in these extreme temperatures. This validation process becomes crucial to ascertain the
applicability of established theories and models in cryogenic environments. It is especially vital
to re-evaluate and con rm several common assumptions and practices regularly used in the eld
of semiconductor physics in cryogenic temperatures. For example, the assumption of complete
ionization and the utilization of Maxwell-Boltzman statistics should be scrutinized and veri ed
under cryoT conditions. Moreover, comparing experimental data with established theories will
facilitate the identi cation of potential deviations and anomalies that may emerge exclusively at
extremely low temperatures. Consequently, the development and modeling of a new theoretical
framework may be necessary to comprehensively understand and explain these novel phenom-
ena.



1.2.3 CryoT Compact Model

The core objective of this thesis is to develop a compact model that can accurately describe
transistor performance down to cryoT, without compromising its RT capabilities. This model
will also focus on key device performance parameters instead of overall device operation physics.
These parameters include: threshold voltagg) (subthreshold swinggj, carrier mobility (),

and velocity (). Compact models are of utmost importance to circuit designers, enabling them
to predict the overall circuit behaviour under various operating conditions and circuit topologies
comprised of countless devices. Given the importance of computational simplicity for large-
scale circuit simulations, a physics- rst semi-empirical approach is adopted with an emphasis
on computational ef ciency, low numbers of tting parameters, and the exibility to t many
processes.

While based on physics at their core, compact models have further sets of challenges than
cryo-physics. They are also heavily affected by the principles of numerical and applied math-
ematics, and thus, must strike a balance between math and physics to produce a useful tool for
circuit designers. Models are used as part of circuit simulators to describe the behaviour of
thousands (if not millions) of transistors all at once. For this reason, these models need to be
adequately optimized to use minimal computing power and must resolve in short time. The com-
plex mathematical formulas used in physical models cannot be used as-is in compact models.
Moreover, not all physical phenomena are included, and they are often simpli ed to provide the
most relevant information for the expected operating conditions. Essentially, compact models
require careful and accurate uni cation of semiconductor physics and applied mathematics to be
useful.

1.2.4 Model Implementation, Parameter Extraction, and Circuit Simula-
tion

A compact model alone is not user friendly without parameter extraction, model tting tools, and
of course, proper documentation. This requirement is addressed by developing speci ¢ software
that can perform these tasks at RT down to deep cryoT. Additionally, the model must be made
compatible with circuit design tools and simulators, and conform to modern compact modeling
standards. As such, special considerations must be given to implementing complex mathemat-
ical expressions in Verilog-A to ensure convergence and quick simulation. Finally, successful
cryogenic-circuit simulation must be achieved using industry-standard electronic design automa-
tion (EDA) tools, such as Cadence, Synopsys, Siemens, Silvaco, etc, to demonstrate the viability
of cryo-circuits for quantum computing.



The research efforts under this objective will produce the following deliverables, allowing
the model to be easily adopted by the research community:

» Matlab interface with graphical user interface (GUI) for:

— Experimental data visualization and preparation.
— Device parameters extraction.
— Model tting (or parameters ne-tuning).

A Verilog-A (.va) version of the model, compatible with EDA tools.

« Circuit simulation of sample cryo-circuits for guantum computing.

1.3 Thesis Outline

The rest of this thesis is organized as follows. Chapter 2 provides the necessary background in-
formation on transistors and compact models. It starts with a brief overview of the advancements
and current state of the semiconductor industry, speci cally CMOS. Then, section 2.1 introduces
device operation and de nes relevant performance parameters, which is followed by section 2.2
introducing cryoT operation and its effect on device operation. After that, compact modeling
is brie y introduced along with its importance and requirements (section 2.3), before shedding
light on the state-of-the-art on cryogenic compact models (section 2.4). Next, chapters 3, 4, and
5 discuss how the aforementioned objectives are achieved in detail.

Chapter 3 focuses on cryogenic measurements, samples, setup, and results. Sample chips,
including the one speci cally designed for these measurements, are introduced in section 3.1.
The purpose of each chip and included structures are is presented. Then, section 3.2 describes
the two measurement setups used throughout the study along with their challenges, advantages,
and disadvantages. The chapter concludes with experimental results illustrated in section 3.3.

Cryogenic physics and device modeling are discussed in Chapter 4. Section 4.1 focuses the
physical model in light of cryogenic operation, while section 4.2 converts it into a practical com-
pact model. The latter section introduces the chosen base Metal-Oxide-Semiconductor Field-
Effect Transistor (MOSFET) compact model in subsection 4.2.1 and then details the cryogenic
effects integration in subsection 4.2.2.

In Chapter 5, the cryoCMOS model is prepared for practical use in industry circuit design
environments. First, section 5.1 talks about the language used for implementation, Verilog-A



(VA), its importance and popularity in today's chip design industry. The section also goes over
the considerations and guidelines for writing Verilog-A models. Second, section 5.2 presents
the developed software application for data preparation, parameter extraction, and model tting
along with automation capabilities. Lastly, a cryo-circuit designed for quantum computing ap-
plication is presented and simulated both in RT and cryoT, showcasing the use of cryoMVS in

practice.
Finally, concluding remarks are drawn in Chapter 6 along with suggestions for future research
directions.



Chapter 2

Background

The silicon industry has made remarkable strides, propelling the world into an era of highly ad-
vanced electronic devices. Central to this progress is the development of the Complementary
Metal-Oxide-Semiconductor (CMOS) technology, which has served as the backbone of modern
electronics. Over the years, the semiconductor industry has relentlessly pursued Moore's Law,
a driving force that has led to exponential improvements in the development of Metal-Oxide-
Semiconductor Field-Effect Transistor (MOSFET), the building block of CMOS. This drive to
scale down transistor dimensions and push the limits of what is technologically feasible has
brought forth a multitude of advancements, from increased transistor density to enhanced per-
formance and energy ef ciency. The cutting-edge CMOS technologies (such as FinFET and
Gate All-Around (GAA)-Field-Effect Transistors (FETs)) have achieved unprecedented levels
of integration and computational power, catering to the demanding requirements of various ap-
plications, including high-performance computing, mobile devices, and arti cial intelligence.
Fortunately, MOSFETs maintain their operation at cryoT (a temperature range they are not de-
signed for) making it possible to bring this thriving infrastructure along with its design principles
into cryo-electronics.

However, the technological advancements achieved have exceeded the speci ¢ needs of cer-
tain applications. Thus, depending on the application, older and more mature CMOS process
nodes may present a more attractive solution than modern nodes at the forefront of the industry.
In the realm of quantum computers, where the computing power primarily stems from the quan-
tum processing unit (QPU), cryo-circuits are left with less performance-demanding tasks like
interface and control. Since the focus is to achieve monolithic integration of the QPU and cryo-
electronics on a single chip, it necessitates exible layout rules and simpler technologies that are
easier to comprehend, modify, and employ. Cost and yield also emerge as critical considerations,
particularly during the research and development phase, where affordable and reliable chips can
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help maintaining the focus on quantum dot (QD) development. Mature technologies such as
Bulk MOSFET (although not at the cutting edge) have been meticulously honed and re ned over
the decades after their inception. Therefore, they offer cost-effective and scaled-down solutions
for cryogenic CMOS applications with adequate performance and reliable yields. Furthermore,
the maturity of these technologies ensures a broader knowledge base, as they have been widely
accessible to engineers, allowing a larger talent pool of circuit designers compared to the limited
accessibility of cutting-edge technologies within the silicon industry.

The following sections will focus on the typical MOSFET operation and highlight its perfor-
mance parameters. Subsequently, the effects of cryogenic temperatures on MOSFET operation,
per experimental observations, is explored. Then, transistor compact models will be introduced
along with their crucial role in cryo-electronics design process and distinction from physical
models. Finally, the state-of-the-art of cryogenic MOSFET models in literature will be explored.

This thesis will use the words "transistor” and "device” interchangeably to refer to FET
and its variations, such as MOSFET. This is not to be confused with complete electronic systems
(such as smartphone and other gadgets) or circuits made of multiple FETs, which will be referred
to as "electronics” instead.

2.1 MOSFET Devices

MOSFET devices are fundamental building blocks of modern electronic systems, offering excel-
lent control over the ow of current. At its core, a MOSFET consists of a silicon substrate with a
thin insulating layer, known as the gate oxide, and a gate electrode on top (Fig. 2.1a). This verti-
cal structure of gate-oxide-bulk gives the device the Metal-Oxide-Semiconductor (MOS) portion
of its name. The substrate serves as the bulk, while the source and drain are formed by doping
speci ¢ regions of the substrate. The channel is established by applying a voltage between the
gate and source terminalds), creating a vertical electric eld that modulates the conductivity

of the channel that facilitates current ow. This modulation is achieved through the formation of

a thin inversion layer within the bulk directly underneath the gate oxide. A simple analogy is to
view increasing/csas a knob that gradually opens the channel in the device, allowing water (the
current) to ow between the ttingly named two ends, source and drain (Fig. 2.1b). Applying

a voltage between the drain and source termingjs)(generates a horizontal electric eld that
attempts to push current through the bulk's channel. Note that the source and drain are identi-
cal, and therefore, interchangeable. As suggested by their names, carriers always ow form the
source to the drain, and hence, switching the polarity of appigdwill switch the source and

drain locations, making the MOSFET a symmetric device.
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Figure 2.1: (a) Simple illustration of bulk MOSFET cross-section structure. (b) Water analogy
to simplify device operation principles. (c) Output characteristicdpeVps curves, of a real
NMOS device. (d) Transfer characteristics)#Vgs curves, of the same device.

The device introduced thus far is called an NMOS device, where current is primarily facil-
itated by electron ow in the channel. Conversely, a p-type MOSFET (PMOS) device employs
a p-type channel, where the main charge carriers are holes. It is important to note that current
ows in the same direction as holes but in the opposite direction to electrons. As a result, the
voltage polarities and current directions in a PMOS are inverted when compared to an NMOS.
To prevent confusion, this thesis will mainly focus on the perspective of an NMOS device. Fur-
thermore, in CMOS, the term "complementary” signi es the utilization of both MOSFET types
within the same circuit.

To characterise a MOSFET, its performance is examined from two perspectives: the gradual
ON-OFF state of the device in uenced Bgsor vertical eld (transfer characteristics, Fig. 2.1d),
and the current ow in a given state in uenced bfs or horizontal eld (output characteristics,
Fig. 2.1c). These two perspectives are typically explored by observing the resultant drain current
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(Ip). While it may be expected that a device with a formed channel can allow any supplied
current to pass through, there is a limit to its capacity. Examining the output characteristics in
Fig. 2.1c reveals that the current initially increases proportionally Wil but then seems to
saturate as it becomes more challenging to push additional current through the channel, even with
increased/ps potential. These two operation regions, linear and saturation, are separated by a
critical voltage known as the saturation voltayg4at). Note that the saturation level increases
when the device is put under highdgs potential. As expected, the saturation effect depends
on the channel's inversion state and can modeled by the simpli ed relationgbiar = Ves -

Vih. The simpli cation arises from de ning the threshold voltagén) as the value at which the
channel is abruptly formed wherss equalsv;,,. Predictably, current is cut off whevss falls

below Vi, asVpsat would approach O or negative values. It is important to note that channel
formation is actually gradual, and this simpli ed analysis does not encompass the many complex
actions that occur in a MOSFET.

From the other perspective, the transfer characteristics display the turn-on behaviour of the
MOSFET asVgs is varied (or the knob is turned). Viewing these characteristics in the linear
scale may give the impression of an abrupt turn-on behaviour, but vidwimgthe logarithmic
scale reveals the rapid bgtadual channel formation. At a xed/ps, it is possible to specify
a threshold ;) that separates the graph into two other operation regions. These regions are
ttingly named as the subthreshold region (OFF) and the inversion region (ON), and not to be
confused by the linear and saturation regions fromlg¥¥pg perspective. In a more realistic
graph, the inversion is much more gradual, and these operation regions are seen in a different
perspective as weak- and strong-inversion, Withlying somewhere in between. Typically, the
transfer characteristics include two curves to link hé/ss perspective to thé&y-Vps perspec-
tive. These two curves provide a window to the linear and saturation operation region, invoked
by applying low and high/ps values, 50 mV and 0.8 V, respectively. (The same technique was
utilized previously in the output characteristics, where every curve corresponded to a different
Ip-Vbs operation region o¥gsvalue.)

Both perspectivedf-Vps andlp-Ves) are used to reveal crucial device parameters similar to
Vih. Anotherlp-Vgs parameter is the subthreshold swirg) \hich is extracted from the slope
of the subthreshold regior5§: S= 1=SS It characterizes the MOSFET's ability to control the
channel conductivity over a wide range of gate voltages. Through this parameter, the leakage
current (also known agrg) can be determined by nding theintersect, where low leakage is
desired. Similarly, inp-Vps, the slope of the linear region is in uenced by the internal resistance
of the device ¢lope= 1=(Rj,)). Note that for a higher xed/gs, the implied resistance is
lower. This is because the channel is in deeper inversion, making it more conductive and less
resistive. At the saturation region, this slope refers to the output-resistance of the device. The
saturation region also helps determining the MOSFET's maximum drive current (also referred
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to aslpn), which directly impacts its ability to drive other circuit components. Together with
the leakage current, tHen=lorf ratio provides a clear view of the trade-off between speed and
power consumption and can be directly evaluated vigtperformance parameter. Furthermore,
the difference in drive-current between tWgs biases reveales important information about the
device regarding its carrier mobilityrj and velocity (). These two parameters characterize the
speed and ef ciency of the devicerefers to the ease with which charge carriers move within
the channel, in uencing the MOSFET's conductivity, whiterepresents the speed at which
the charge carriers move under the in uence of an electric eld, determining the MOSFET's
switching speed and overall performance. Moreover, a constant difference betwe®¥agwo
curves is constant indicates a saturatedhich occurs in short-channel devicés{ 100nm).

2.2 MOSFET at CryoT

Figure 2.2: MeasurettV characteristics of a 65-nm bulk NMOS device at RT and cryoT. (a)
Output characteristics wittiss=[ 0; 0:2; 0:4; 0:6; 0:8; 1]V. (b) Transfer characteristics witlps=
[0:05;0:8]V.

MOSFETSs are manufactured to be utilized in everyday electronics such as cell phones, com-
puters, cars, and even super computers. They are meticulously engineered to not only withstand
a wide range of operating temperatures but also meet stringent performance criteria. The typical
temperature range spans fronb5 C to 200 C (or 218 K to 473 K), encompassing a broad
spectrum but still far from extremely low temperatures. Nevertheless, commercial MOSFETSs
are, in fact, capable of operating at cryoT, albeit with altered performance as shown in Fig. 2.2.
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Indeed, this is possible because the fundamental principle of operation and rst-order physics
are still the same at cryoT, which is why it is possible to adopt the current Si infrastructure and
design principles.

As temperature is reduced, the performance parameters of a MOSFET device are altered in
various ways. Fig.2.2 presents these variations in a 65-nm bulk NMOS device when the operat-
ing temperature of is decreased form RT to cryoT. The increagg seen in Fig.2.2b suggests
the need for higher operating voltages (and consuming more power), but the sharper subthresh-
old slope at cryoT indicates a highiejy=lorr ratio, meaning that the device exhibits low power
leakage capabilities, and is more ef cient overall. Moreover, despite the strong inverse relation
between the drive current ahf,, Fig.2.2a shows notable increase in the former at cryoT without
the need to operate at higher voltages. This is important because a certain level of drive cur-
rent is required for high performance operation, as it directly in uences the technology's speed.
Achieving highlpon and lowlpogg simultaneously by reducing the temperature is very attractive
for circuit design. This is especially the case when the operating voltage (a key design parame-
ter) does not need to change, making it easier to convert RT designs in cryoT. Furthermore, note
that the high cryoT current level cannot be explained by the reduced internal resistance alone.
This behaviour indicates a notable increase in transport parameters, masuadyn, which can
be correlated to the inverse relation between phonon scattering and temperature. At rst glance,
some of these results seem to corroborate classical theories predictions, but closer inspection
reveals the necessity to re-examine widely accepted models.

One of the critical performance parameters is the subthreshold swing, given thatSower
values allow for more performance at lower leakage. This signi cance becomes particularly
pronounced in cryo-electronics, where escalated power consumption results in elevated tempera-
tures, consequently disrupting qubit operation. Modern FET technologies continuously strive to
maintain low subthreshold swing or even improve it beyond its theoretical limit of 60 mV at RT.

Fortunately,S improves at lower temperatures, making it more attractive to operate in the
cryogenic regime. Therefore, it is important to accurately m&{&l and understand its devia-
tion from the classical model that paints a linear relation with temperature:

__Te _
S— m - mln(lO)fT (Zla)
Ves
= 2.1b
M= St (2.1b)

where the subthreshold factoris a dimensionless constant that describes the effagi€dn the
surface potentidls. The thermal voltagét = ksT=q is related tdkg: the Boltzmann constant
andq: the elementary charge. As its name suggédstss directly proportional tar, while the
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Figure 2.3: (a) Measured subthreshold swing vs. temperature (colored solid line) compared
against the classical model with= 1.48 (solid black line). (b) Measured transfer characteristics

at RT and cryoT, showing the variabieeffect. Measurements were conducted on a 65-nm bulk
NMOS sample with/ps= 50mV:

other values are constants and unaffected Ifig = 1:38 10 22J=K andq= 1:6 10 1°C).

Therefore, it is expected f@to improve by 75 times when the transistor is cooled down from

T = 30K to T = 4K, but the results shown in Fig. 2.2b indicate an improvement of only
7mV=dec In fact, Fig. 2.3a reveals a subthreshold saturation effect in bulk CMOS at deep

cryoT. This effect is also observed in more advanced nodes such as Fully-Depleted SOI (FDSOI)

[33]. Moreover, evidence of a non-constant subthreshold fantair cryoT have been observed

in cryogenic I-V measurements [28]. A constant subthreshold factor leads to a c@ws$aseen

in the RT transfer curve (Fig. 2.3b). However, variabilitySican be observed well below;, in

the cryoTlp-Vgscurve in the same gure, suggesting a gate-voltage dependence.

Another example of deviation from the expected behaviour is the threshold voltage response
to decreasing temperatuMy, is commonly modeled to respond linearly with temperature: [34]:

Vin(T) = Mo+ (T To) (2.2)

whereT, is a reference temperature where the the reference threshold voltage is déed (
Vin(T)), anda is a temperature coef cient, estimated to be2mV=K for Si devices. Mea-
surement results df;;, down to cryoT are displayed in Fig.2.4 where the linear relationship

is apparent for temperatures abovel 50K, but the trend drastically changes in the cryogenic
regime. Indeed, the simple model eq.2.2 relies on multiple approximations that discount phys-
ical terms negligible at a higher temperatures, which can account for the observed discrepancy.
CryoMOSFET models must revisit the full physical de nition while carefully handling easy-
to-make approximations, such as complete ionization and analytical statistics (e.g. Maxwell-
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Figure 2.4: Measured data of (a) threshold voltage and (b) transport parameters vs. temperature
in 65-nm bulk devices.

Boltzmann vs. Fermi-Dirac statistics).

Regarding transport parametarss generally expected to improve with reduced temperature
due to reduced phonon scattering [35]. Measurement results (Fig. 2.4) reveal that this seems
to be generally the case until a certain temperature, and then the trend starts changing. This
can attributed to the existence of other scattering mechanisms that have different relations to
temperature. For example, Coulomb scattering is inversely proportional to temperature (making
its mobility component proportional to temperature) [35]. Moreover, the effective and ballistic
mobility components are directly proportional to temperature through the thermal velogity,

[36]. Thereforemis expected to be a strong function of the manufacturing process (e.g. strain)
and dif cult to model. Similarly, carrier velocity displays similar inconsistencies which can be
affected by the similar processes as mobility.

Finally, an unexpected effect that appears in cryoT is the kink effect 2.5a. As illustrated in
Fig. 2.5Db, the effect originates from increased bulk resistance at cryoT, which induces higher
bulk potential, reducin¥;, through the body effect, and increasiirg The hysteresis shown in
Fig. 2.5c is byproduct of this effect where the forward sweep captures the troefore the kink
effect activates, while the backwards sweep captures the refceldowever, the kink effect
requires high drain voltages to activafgs 1:5V which are much higher than the operating
voltages of process nodes relevant to this researcB50-nm) [21]. Hence, this effect is not
included in the model as it does not occur within the possible operation range.
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Figure 2.5: (a) Output characteristics of a 160-nm bulk NMOS device at 300 K (dashed) and 4
K (solid). (b) NMOS cross section representation of the origin of the kink effect at cryoT. (c)
Transfer characteristics 4 K showing the hysteresis effect. These gures are originally from the
work published in [21].

2.3 Compact Models

With the knowledge that the physical operation principles of MOSFETSs are maintained at low
temperatures, it is reasonable to pursue the utilization of this technology in cryo-electronics.
Capitalizing on the existing semiconductor infrastructure and circuit design principles that have
been continuously developed for decades presents a compelling opportunity for the development
of innovative cryogenic IC solutions. In the IC design process, circuit simulations are carried
out by circuit simulation engines known as Simulation Program with Integrated Circuit Empha-
sis (SPICE). SPICE simulators employ numerical methods predict the circuit's overall behavior.
These simulators analyze the circuit's response to different stimuli, allowing designers to opti-
mize circuit performance and verify its functionality before fabrication. In order to be repre-
sented in the circuit, each electrical component is expressed with a set of closed-form equations,
known as compact models, that describe its electrical behaviour (Fig. 2.6).

Compact models are a vital component in the IC design process, and are an indispensable tool
for circuit designers in today's fast-paced and ever-changing technology landscape. They serve
as a bridge between the complex physical behaviour of an individual device and circuit simulators
that manage a large number of devices integrated together in a circuit. This is accomplished by
providing a simpli ed representation of the component's electrical characteristics, allowing for
ef cient simulation of large-scale circuits.

Compact models must meet several requirements to ensure that designers can con dently
and ef ciently simulate large circuits. They must be exible enough to support the wide-range of
design parameters expected in large-scale ICs (e.g. device width and length) as well as process
variation used by circuit designers to gauge circuit reliability against process uncertainties. In
order for designers to have con dence in their simulations, compact models must also be accurate
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Figure 2.6: A simpli ed diagram showing the how compact model ts within circuit simulation
and IC design ow. Circuits are made of many circuit components including MOSFETs and
possibly other elements like resistors and capacitors. Circuit simulators have to solve for all
nodal voltages (and the branch currents between them) for large-scale complex circuits. For
context, the circuit shown here is considered small-scale and simple. Compact models must
be able to represent all transistors present in the circuit, which may have different parameters
(represented here with size only). Compact models must also not target one SPICE simulator,
and be compatible with a wide range of circuit simulators.

over a wide range of operating conditions, while still being computationally ef cient to allow for
large numbers of devices in complex systems. Moreover, compact models must be modular
to support different simulators used in the industry, like Spectre and Simulation Program with
Integrated Circuit Emphasis (SPICE). They must not rely on a speci ¢ simulator's features and
be able to produce the same results in different simulators, as well as ensure smooth compatibility
with older and newer versions of the same simulator engine.

There are several industry-standard compact models, pioneered by the BSIM models [37],
that are used to simulate the electrical performance of state-of-the-art devices and integrated cir-
cuits. Semiconductor foundries, like Taiwan Semiconductor Manufacturing Company (TSMC)
and GlobalFoundries (GF), package these compact models as part of the PDKs of each pro-
cess node. However, these models are typically developed for device operation at RT and may
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Figure 2.7: 1-V curves of a 65-nm NMOS device witti=L : 5mm=65nm from the TSMC N65

GP process node. Simulation using the PDK (solid lines) and measurements (lines with mark-
ers) are depicted. (a)-(b) Display the clear inability of the PDK model to describe the device
behaviour in deep cryoT<( 77 K). Zoomed in (a) and zoomed out (b) perspectives are shown.
Since the 77 K simulation display potentially plausible results, it is compared in (c) against ex-
perimental results of the same device at the same temperature. Normalized current is obtained
using: Ip:normalized= Ip=maxIp). (d)-(e) Highlight the discrepancy between simulation and
measurement results through the linear transfer characteristics at multiple temperature points.

be applicable to devices operating down to 150 K. However, they are expected to fail at deep
cryoT. The cryogenic capability of the model included in the TSMC general purpose 65-nm
bulk technology (TSMC N65GP) is tested. Simulation results generated by popular circuit de-
sign platform, Cadence, are shown in Fig. 2.7. While thi€ imulation appear to be plausible,
unrealistic results started forming at lower temperatures (Fig. 2.7a), indicating the model's short-
coming at deep cryogenics. Moreover, experimental measurements of the same device at 77 K
are used to validate the simulation accuracy at this temperature point. Since the simulations used
do not include layout effects (known as pre-layout simulations), the currents are normalized in
Fig. 2.7b to minimize the impact of layout, pad, wire bonding, and various measurement setup
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parasitic. The vast difference between simulated and measured results is a clear indication of the
model's failure to accurately describe the device at 77 K. Moreover, the exaggeasédt and
subthrehold performance inaccuracies are apparent from Figs. 2.7c and d. These results present
a clear need to develop accurate compact models in order for cryo-electronics to truly harness
the full potential of CMOS technologies.

2.4 Progress in Cryogenic Compact Models

As demonstrated in section 2.3, commercial compact models (CMs) are incapable of predict-
ing device performance at cryogenic temperatures, rendering cryoT circuit simulations invalid.
This forced early low-temperature circuit development to manually adjust the foundry-provided
model parameters (typically the BSIM3 model [38]) to t cryoT measurements to the best of the
model's capabilities ([9, 31, 39, 40]). These adjustments were often done according to output
characteristics alone, and avoided the kink in old technologie300-nm process nodes) by
restricting operation to low voltages.

Nevertheless, there has been notable effort to bring industry-standard compact models close
to the cryogenic regime. Several standard models received this treatment (MOS11[41], PSP[42],
BSIM [37], EKV[43], MVS[44]) either by simply adjusting model parameters, or by modifying
device equations to include temperature dependence and additional cryoT effects as summarized
in Table 2.1. There were also attempts to develop original proprietary models such as the XMOS
model [30]. Moreover, some effort was made to developed methods devised speci cally for
cryogenic extraction, and tailored towards popular models like the EKV and BSIM [45]. It is
found that the EKV2.6 model is more capable of matching cryoT I-V characteristics than the
BSIM3v3 model. This nding is corroborated by [22, 46], where the simpli ed EKV model is
declared able to accurately predict the cryogenic behavior through parameter adjustment alone.
W. Chakraborty et al. was able to adjust the MVS model parameters to t multiple tempera-
ture points, down to 6 K, though no comparison with other models was made. This approach,
however, requires treating each temperature measurement as an individual device with its own
parameter set. This tedious approach is equivalent to tting the same number of devices even if
they were from different process nodes. Moreover, tting results show a clear need for updating
device equations to address cryoT exclusive effects,3ikaturation [47] an®/gsdependence
[28].

To this end, several models were modi ed to include some cryoT effects. R. M. Incandela
et al. included the kink effect as a non-linear resistor connected in series with the bulk (rst
explained in [48]), and combated the cryoT subthrehold swing discrepancy by adjusting the
factor, n, using a look-up table [21, 49]. These modi cations were made to the MOS11 and
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PSP models, with the PSP prevailing in accuracy. The industry-prominent model group, BSIM,
was also modi ed by several groups to bring it closer to the cryogenic regime. Temperature
coef cients were added to the BSIM3 model equations [50-52], the effedivequations was

modi ed in BSIM4 [53], and an approach with emphasis on effective mobihty f) was taken

to modify the BSIM-CMG model [54]. Moreover, a BSIM-based model that included many
cryoT effects (such aS-saturation) was developed by G. Pahwa [55]. It can be noticed that
the kink effect received little to no attention since scaled down process nodes operate at much
lower voltages, and therefore, are practically immune to this effect. The EKV3 model was also
modi ed to include temperature dependence [56], but it lacks the inclusion of cryoT exclusive

effects.

Despite the extensive efforts to produce a cryoT CM, complex cryogenic effects require rig-
orous investigation of the underlying physics before incorporating them into CMs. A. Beckers
et al. published a physical review of the MOSFET device physics in cryogenics, and provided
core expressions for the development of physically accurate cryoT CMs [24]. Further, several
groups studied the cryogenic in uence on various aspects of device performance, incMgding:
[57-59],S[25, 28, 47, 60-62], and{15, 29, 32, 35, 63, 64], where they characterized device
performance, explored physical explanations, and even created physical models. J. Hoff et al,
explored device reliability through stress-testing in cryogenic environments [65].

Table 2.1: Survey of the state-of-the-art in cryoMOSFET models.

Ref Compact Focus Circuit Demo Min. Model Edit
Model Temp. Type
[9] MOS11 - LNA & OSC 4K Par. adj.
[39] BSIM3v3 - ADC 4.2 K Par. adj.
[31] BSIM3.3 - V-reference 77K Par. adj.
[40] Not-mentioned - ADC 44K Par. ad,j.
[30] XMOS Physics-based - 8 K Original CM
[45] 8? EIKM\?ZV z - - 77K Par. extraction
[22]  Simplied EKV Svs. T table - 42K Par. adj.
T cryoT electrostatics i .
[46] Simpli ed EKV Soffset 4.2 K Par. adj.
cryoT S ) Additional egs.
[28] MVS Svs. Vs 42K & par. adj.
MOS11 Kink effect egs. Additional egs.
[49] BSIM3v3 Svs. T table RO 100 mK & par. adj.
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Compact

Min Model Edit

Ref Model Focus Circuit Demo Temp. Type
MOS11 Kink effect egs. Additional egs.
[(21] BSIM3v3 Svs. T table RO&LNA 100 mK & par. adj.
[50] BSIM3v3 - 42K Par. adj.
52] ) _ In_cor_nplete 30 K _DeV|ce
ionization &m simulator
S Vih, andm .
[51] BSIM3 drift-diffusion based 20K  Additional egs.
S Vin, andm .
[53] BSIM4 Kink effect 4K Additional egs.
[54] BSIM-CMG Ssaturation\ip, m 10K Modi ed egs.
[55]  BSIM-based Saté‘\rlit'f’/z’\s’th’ m 42K  Modied egs.
[56] EKV3 Model evaluation 100 mK  Modi ed egs.
[26] MVS Trend explanation 6 K Par. adj.
Physical model Original model
[24] ) for cryoT devices 4K (not CM)
[57] ; Vin physical 173K ;
characterization
(58] ] \ih physical 6 K ]
model
[59] i Vin physical 42K i
model
GeneralS Original models
[25, 60] ) cryoT models 42K (not CMs)
[62] - S-saturation 2K -
[47, 66] - S-saturation 4.2 K -
[61] - Sin ection 4.2 K -
[15] - S&m 20 mK -
[29] - Vih, M Dit 100 mK -
[35] - Vi, M 10 K ;
- eutral defects -
[64] N | def 50K
) Vih, M S )
32, 63] & Neutral defects K
[65] i MOSFET lifetime 77 K i

in cryoT
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All these works underscore the need for deeper comprehension of the intricate physics behind
cryoT phenomena and, concomitantly, the formulation of a uni ed compact model that encapsu-
lates all cryoT phenomena at the same time. This research will explore cryoT phenomena, and
incorporate the ndings into one model, the MIT Virtual-Source (MVS) model (chapters 3-4).
MVS is a exible CM suitable for prototyping, technology benchmarking that, and rst-pass cir-
cuit design simulations. To the best of our discernment, no prior investigations have attempted
to update the temperature range of this model yet, making this study unique in that regard. The
CM development must also consider practicality and ease of adoption. For this reason, extrac-
tion tools are developed alongside the model to lower the barrier-to-entry into cryo-electronics
design (chapter 5). Moreover, validation through circuit simulation is vital to test and show-
case the CM's capabilities. After going through the extraction process, circuit simulation of
a Demultiplexer circuit (Demux) circuit common in Quantum computing applications [67] is
demonstrated.
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Chapter 3

Cryogenic Measurements

The silicon technologies utilized in mainstream electronics (such as smartphones and computers)
are developed and rigorously tested at temperatures suitable for their intended operation. Typi-
cally, these temperatures span a range of -50°C to 200°C (or 223.15 K to 473.15 K), which falls
considerably short of the cryoT regime (e.g. liquid nitrogen's temperature is 77 K or -196.15°C).
Despite that, these technologies are still capable of operating in extreme temperatures, even be-
low 4.2 K (liquid helium temperature) [29]. Nevertheless, the exact physics at cryoT are not fully
understood yet, and the underlying device models lack consideration for such temperatures and
are unlikely to account for any exclusive cryoT effect. Consequently, acquiring raw experimental
data from real-world observations becomes imperative, allowing for exploration of this uncharted
territory without being con ned by theoretical biases. By obtaining unbiased experimental data,

it becomes possible to unravel the intricacies of device behavior to validate theoretical predic-
tions and uncover any phenomena exclusive to cryoT. These data-driven insights serve as the
foundation for enhancing our understanding of silicon technologies in cryogenic regimes.

At cryogenic temperatures, even the simplest measurements quickly become complex and
deeply involved. For instance, submerging a sample (the DUT) in liquid helium necessitates
stringent safety measures. Helium is a scarce and very expensive resource on Earth, and it
expands 750 times when transitioning from liquid to gas [68]. A casual fast immersion would
not only boil off large amounts of precious helium, but in extreme cases, the expanded volume
of the newly formed gas produces enormous pressure, enough to catastrophically explode the
containing dewar. Owing to its scarcity, suitable infrastructure is in place to capture and re-
liquefy the helium gas inevitably produced, and therefore, great care must be taken while loading
and unloading samples to avoid contamination.

A major electrical consideration is the dipping probe, which becomes an integral part of the
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measurement system, necessitating thorough understanding of its properties, as explored in sec-
tion 3.2. Furthermore, the expected subthreshold current levels at cryoT are orders of magnitude
smaller than at RT, which are dif cult to detect and isolate, requiring specialized research-grade
measurement equipment. Fortunately, this research project bene ts from the availability of a
dedicated cryogenic laboratory equipped with research-grade instruments speci cally designed
for quantum computing research. This laboratory, situated at the RAC on our university campus,
is led by Professor Jonathan Baugh, a professor at IQC and the University of Waterloo's Depart-
ment of Chemistry. This research endeavor is a collaboration with prof. Baugh's research team
who offered their invaluable insight and expertise to realize the measurements discussed in this
chapter.

3.1 Measurement Samples

The samples analyzed in this study are based on multiple bulk CMOS process nodes ranging from
65-nm to 20-nm. As discussed in chapter 2, such mature technologies are attractive for quantum
computing cryo-electronics. They can provide adequate performance and compact chip area at a
lower cost and higher yield with exible layout rules and better access to talent compared with
more advanced technologies such as FinFET.

Table 3.1: Summary of measured samples.

Sample Process Node Name Type** \Evr:(rj;)h [Aeisgktf g:ﬁ) mFE?n);
oves Towones Tofe WIOSHT s 2%
o Tswows ISWER WSS 12 g g
o Towonzo TSUEN MMOSULT 0
coss T e NS WOSSIT 8 g izss

*Estimated value due to lack of speci ¢ information.

**The letter proceeding 'VT' indicates the threshold voltage avor (or level) where: S, H, UL
refer to standard, high, and ultra low. Typically, the order of the threshold voltage in the same
process node is: ULVE SVT < HVT. These avors are not comparable across process nodes
and highly technology dependant.
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The structures needed for this study are n- and p-type transistors with different gate lengths
and made in different technologies. There are two main sample groups involved in this re-
search as listed in Table 3.1. The rst group is sample chips sourced from TSMC (dubbed TSM)
which are made in 65-nm, 28-nm, and 20-nm process nodes. These test chips are made for
automated industry measurements, introducing further challenges when measured manually for
measurements they are not designed for (details in section 3.2). To alleviate these challenges, a
second group is specially designed for cryogenic measurements is and produced through CMC
Microsystems services (dubbed CMC). Although the CMC65 chip uses the TSMC's general
purpose 65nm process [69], it is not equivalent to the TSM65 chips. While little is known about
the TSM samples due to protection of trade secrets, measurements results from both groups are
different. There are several potential causes for these differences, such as: layout effects, the
speci ¢ metalization stack used in the fabrication run, maturity of the process (process revision),
pads used, different process node avors (e.g. GP vs LP process technologies), etc. Itis possible
that the TSM samples are from early or pre-production samples fabricated during the technol-
ogy development process (around 2005 or before), while the CMC samples are made using the
perfected fabrication process after decades of improvements (in 2020).

Overall results from TSM samples suffered from reliability issues where samples often failed
during cryoT measurements or even while conducting routine RT measurements beforehand.
These failures could be caused during a wide range of stages, including sample preparation,
sample handling, and on-chip sample protection. The lack of information about the speci cs of
the test structure design (such as layout) in the TSM samples makes it dif cult to identify failure
sources and improve the measurement yield. Thus, several strategies are employed to attempt
to overcome these issues, such as: designing a test chip speci cally for cryoT measurements
(section 3.1), utilizing creative wire-bonding techniques, and using more advanced cryogenic
systems (section 3.2).

3.1.1 CMC65 Chip Design

The new chip is developed to resolve the following challenges:

1. Determining whether electrostatic discharge (ESD) protection is implemented or not, and
its effect, if any, on the results.

2. The input/output (1/0) pad placement and the tight pitch utilized in the TSM samples. This
is related to wire-bonding yield and complexity.

3. Unknown structure layout, including well layout and device isolation, guard-ring layout,
shared connections between devices (like gates and body).
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4. The lack of an on-chip temperature sensing solution.

5. The lack of general knowledge about the technology used.

The CMC65 chip is designed using the PDK for TSMC's 65-nm general purpose (GP) process
provided by CMC Microsystems [69]. It is made to produce known DUT structures and isolate
failure points. Additional test structures are added to help isolate failure points, such as structures
with and without protection circuits, and an on-chip temperature sensor. The chip also contains
cryogenic test circuits for other aspects of the cryogenic CMOS project that are beyond the scope
of this thesis. Nevertheless, designing a chip comes with a multitude of practical challenges that
must be addressed.

ESD Protection

Figure 3.1: (a) Area comparison between I/O pad, ESD Cell, and a typical DUT. (b) An example
of an ESD protection circuit.

A possible reason behind the TSM samples’ sensitivity to excessive handling is ESD, a major
concern in CMOS chip design in general. ESD is a sudden ow of electrical charge between two
objects at different potentials. Such discharge may occur during chip handling, wire bonding, or
other activities, and it can generate signi cant voltage spikes that have the potential to damage
the internal test structures. To prevent this, I/O pads are typically not directly connected to the
internal devices and circuits on the chip. Instead, ESD protection circuits, like the one shown in
Fig. 3.1a, are employed in between. Any voltage abgyg or belowVssis rapidly discharged
through D1 or D2, respectively, before it propagates further into the chip and damages its com-
ponents. ESD protection circuits are provided in the PDK (referred to as ESD cells) and it is
unknown if the TSM samples include them or not.

ESD cells come with a disadvantage related to area as they are made considerably large for
optimal protection. For context, an ESD cell has an area of about 1.5 times that of an 1/0 pad and
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more than 1300 times larger than a CMC65n device. Moreover, ESD cells are additional devices
that are considerably larger than the MOSFET being tested, and may affect the results. This is
particularly concerning at cryogenic temperatures, where the behavior of the device is not yet
fully understood essentially leading to a two-variable one-equation problem. For these reasons,
two sets of NMOS and PMOS devices are included in the chip; one set with ESD protection
and another without, as marked in Fig. 3.2. The unprotected set is intended as an experiment
to ascertain if ESD protection is indeed needed and a backup option if ESD cells interference is
signi cant. The device collection includes multi- nger NMOS and PMOS devices with a base
width of 5 1 mm= 5 mmand a layout gate length of 8Bn An array of different device lengths

and widths is also included, but only in the ESD protected set due to area limitations.

Figure 3.2: (a) CMC chip layout with an area ofiBr? where ESD cells and I/O pads occupy
20% and 16% of total chip area, respectively, excluding spacing. (b) A simple temperature sensor
circuit made from a diode connected npn Bipolar Junction Transistor (BJT).
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I/O Pad Layout

The chip shown in Fig. 3.2 is surrounded by an 1/O pad ring that connects the outside world to
the internal structures (stand-alone devices and circuits) with ESD cells in-between. Typically,
the pads are placed as close as possible to each other for area ef ciency since chip packaging
is usually done via high precision automation. Nevertheless, additional spacing is inserted to
increase the minimum pad pitch to I® (or minimum inter-pad spacing of &8n) to better
support manual wire-bonding during sample preparation. The extra spacing can help with wire-
bonding yield and simpli es the wire angles, allowing for more pads to be wired simultaneously
when needed for complex measurements. Due to area limitations (or more speci cally, limited
perimeter), part of the I/O-ESD pad structure is moved internally. Additionally, a set of I/O
pads that lack ESD protection are also placed internally. These pads connect directly to the
"NnoESD” device set meant to test the need for such protection given our sample preparation and
measurement process.

Device Layout

Each device structure is fully isolated from other devices despite requiring more 1/0O pads. Thisis
done by separating wells, guard rings and similar signals like gate and body, as illustrated by Fig.
3.3. Moreover, the interconnect layout introduces additional parasitics that must be accounted
for in order to achieve desired results. These parasitics can be extracted by the EDA tool and
added to circuit simulation to produce what is known as the "post-layout” simulation. Fig. 3.4a
shows the difference between pre- (schematic only) and post-layout output characteristics of the
same transistor. The post-layout simulation shows slightly lower current levels owing to addi-
tional interconnect resistance. Fig. 3.4b shows the importance of optimized layout to minimize
layout parasitics by comparing simulation results of the same transistor implemented using two
different layouts. Using post-layout simulation brings simulation results closer to post-silicon
performance, and improves the yield.

On-Chip Temperature Sensor

As outlined in greater detail in section 3.2, the sample will not be in direct contact with the
cryogenic liquid, but instead will be housed in a vacuum can, thereby signi cantly reducing heat
transfer and slowing down the cooling process. While the temperature inside the cryostat is
known, it important to create a baseline of the time it takes the chip need to change temperatures
and achieve thermal equilibrium. The sensors on the temperature-controlled cryostat cannot be
relied on because they are placed outside the vacuum can and cannot provide any insight on the
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Figure 3.3: Layout diagram displaying transistor isolation. (a) Shows 2 separated simple devices,
while (b) shows the same 2 simple devices sharing the same well and guard ring, as well as gate
(through poly) and body (through guard ring) connections.

temperature within it. Therefore, a Bipolar Junction Transistor (BJT) has been incorporated to
function as an on-chip temperature sensor.
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Figure 3.4: Simulated output characteristics of a CMC65n device (a) showing the difference
between pre- and post- layout simulations and (b) the difference between two different layout
implementations of the same device.

The chip ambient temperature change is measured through the change in the forward bias
voltage of the diode-connected BJT (Fig. 3.2b). This relationship is known to be linear at higher
temperature range (related to the Fermi-level shift with temperature discussed in section 4.1.3)
and not yet tested at cryogenic temperatures. Calibrating the sensor to read absolute cryogenic
temperatures is a non-trivial task, considering the unexplored cryo-physics and process varia-
tions. Since it is beyond the research scope, the on-chip temperature sensor is not calibrated
and used only to determine when the chip temperature has stabilized before initializing any
measurement. Moreover, this research is concerned with ambient temperature, and the electron
temperature is not measured, due to the nature of this work: modeling the device performance
under a certain ambient temperature. Finally, note that these measurements are only possible
with the CMC65, and it is assumed that the TSM chips would require similar wait periods.

3.2 Cryogenic Measurement Setup

The primary objective of the measurement system is to control the temperature of the DUT
while facilitating seamless interfacing between the measurement instruments at RT and the DUT
at cryoT. The system should achieve this with minimal additional parasitics (such as resistance)
and damage the to DUT. The cryogenic measurements were performed in RAC facilities where
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Figure 3.5: Overall view of the cryogenic dipping system showing (a) a sample custom dipper
probe, (b) the inside of the mounting vacuum can, (c) a sample wire-bonded to a custom chip
holder and mounted into the vacuum can, and (d) the Janis cryostat.

a dipping technique is used (as a cryogenic probing station was not available). In this process, a
dipper probe containing the DUT is submerged into the cryogenic medium. A cryogenic probing
station was not available. The 2m dipper probe is comprised of a vacuum can that houses the
sample to be tested (at cryoT), a breakout box providing an interface to the DUT (at RT), and a
metal rod connecting the two components with enough length to minimise thermal conductivity
from the RT side to the cryoT side. After mounting the sample, the air is pumped out of the
probe to prevent it from freezing around its internal wiring or the DUT, thus compromising their
integrity. Then, the probe is grounded and loaded slowly and carefully into the cryo-dewar to
prevent contamination, maintain safe pressure levels, and minimize helium loss.

Initial measurements were performed by submerging the samples in separate helium and ni-
trogen cryo-dewars, providing only two cryogenic temperature points. Between cryo points, the
probe is heated back to RT and then submerged into a new cryo-dewar to remove the conden-
sation formed on it (preventing contamination if helium is next), and to ensure that the sample
IS not at a cooler temperature than intended (if nitrogen is next). Results published in [28] were
measured using this system. However, due to the repeated temperature cycling and extensive
handling involved, measurement yield was signi cantly reduced as samples failed between tem-
perature points (especially TSM samples), resulting in incomplete and inconsistent results.

To combat this problem, a Lake Shore pumped 4He cryostat with base a temperature of 1.5
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K is used. This system, referred to as Janis, offers temperature control range of 1.5 K - 160
K eliminating substantial amount of failure points and greatly improving measurement yield
(no failures were recorded between temperature points). After preparing the dipper probe and
measuring at RT, the probe is loaded and cooled down to the lowest temperature oK}

for safe operation of the cryostat. Then, the probe is heated up to the target temperature point,
from 4K to 160K. The measurements presented in section 3.3 are produced using this system.

3.2.1 Dipper Probe

The dipper probe utilized in this study is custom made by prof. Baugh's research group. It
contains 18 signal lines, of which 6 are coaxial lines exhibiting minimal wire resist&ges (

]

Figure 3.6: Diagram of the internal probe structure where (a) depicts the different line types
and resistances, (b) shows the pin arrangement on the chip holder, and (c) illustrates the thermal
voltage difference effect. The connections shown in (b) depict a certain test-chip wire-bond map,
discussed further in section 3.3, showing parasitic wire-bond resistance.
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2Wat RT). The remaining lines are twisted pairs DC lines with a wire resistanRgof 120V

at RT, 8 of them with an additional resistanég{y 2:6 kWat RT) resistor, as depicted in Fig.
3.6a. From the sample side, the lines are laid out in a circular pattern as shown in Fig. 3.6b, and
the location of each line type is xed, which must be considered during sample preparation.

Furthermore, it is important to note that a differential voltage can develop when two types
of lines (i.e. a coaxial and a DC line) are connected to the same 1/0O pad. While the exact
process is complex, a thermal couple analogy provides enough insight into this phenomenon. A
thermal voltage dropV will develop across a metal line when put under a temperature gradient.
This DV depends on the line's material properties, and would be different for two types of lines
(i.e. DVcoax® DVpc). When the lines are shorted at the cryoT end (having the same potential),
the thermal voltageMhermai = DVeoax DVpc) difference will show up at the RT end where
measurement instruments are connected.

It is clear that both thermal voltage and probe resistance vary with temperature. In order to
mitigate their effect on measurement results, they are measured at each temperature point to be
compensated for correctly during measurements (section 3.3).

3.2.2 Sample Preparation

The dipping method involves wire-bonding the samples to a custom chip holder compatible with
the custom cryogenic dipper probe. During chip preparation, careful planning of each wire-bond
(in both electrical and feasibility sense) is necessary while taking into account the probe lines
circular layout and xed placement. For example, the coax lines are mostly desired for source
and drain connection (Fig. 3.10), while high resistance DC lines are mostly avoided, but can be
used for low DC current signals like gate-voltage.

The TSM samples were intended for precise industry-level testing that favored dense pad
placement rather than accessibility, introducing additional wire-bonding challenges. The pads
are made small and tightly spaced with side length betweem/&hd 3%, horizontal pitch
between 126m and 70mm, and vertical pitch between 70mmto  35mm (almost no vertical
spacing) for TSM65 and TSM20, respectively (Fig. 3.7a). To put these dimensions in perspec-
tive, wire-bonders typically use 25mm threads that expand even more when mashed down to
bond with pads (Fig. 3.7b). The TSM pads ar@x than a typical pad size of 160nx100mm, a
dimension signi cantly larger than wire-bonding threads.

To improve wire-bonding consistency, a number of wire-bonder types, techniques, and thread
material were tested. Reliable results were achieved using a wedge wire-bonder with aluminum
thread, in contrast to a ball bonder and gold thread. Additionally, a non-standard bonding tech-
nique is developed where thread termination happens at the chip side in instead of the holder
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Figure 3.7: (a) Example of a TSM chip with demonstrating relevant feature sizes. (b) Early
wire bond attempt, showing the size discrepancy between the thread and pad dimensions. (c)
An example of a successful wire bond of a CMC chip showing controlled tail length and wedge
size. (d) Typical DUT wiring diagram to differentiate between applied and measured terminal
voltages. (e) A successful wire-bonding example of a TSM sample.

side. This is done to reduce the residual tail length (Fig. 3.7b and c) and prevent unintentional
connection and short-circuits with neighboring pads or other wire-bonds.

Finally, probe resistance can signi cantly affect measurement results as shown in Fig. 3.8. It
is easy to assume that the entire supplied voltage is seen by the device. and then draw conclusions
regarding performance parameters from Fig. 3.8a. However, this perspective hides the additional
probe characteristics that must be removed or compensated for during DUT analysis. Fig. 3.8b
shows the difference between the two perspectives, and how the device is not driven to its full
potential when turned-on. Fro¥iys perspective, the resistance of both source and drain lines are
added together, whilssis only affected by the source's line, since the gate current is small, and
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Figure 3.8: Output characteristics of a TSM65n sample where the current is plotted against (a)
the applied voltage, and (b) the measured voltage across the source and drain terminals (as shown
in Fig. 3.7d). The gap shows the signi cance of the of voltage lost across the probe resistance
manifested purely by the line's length (no resistors added).

the voltage lost across the gate line is negligible. For simplicity, the same type of line is always
used for the source an drain. Therefore, it is desired to use the low resistance coax Wves (
instead of the orders of magnitude resistance DC line240W or 4kW). The measurements
shown from this point onward will be from the applisfs voltage perspective, and this effect
will be compensated for during analysis.

3.2.3 Experimental Setup

Regarding the electrical connections, a single MOSFET device requires a connection to each of
its 4 terminals (more if ESD cells are involved). It was not always possible to use the six coax
lines exclusively (low resistance lines), especially when multiple devices are wired in the same
chip simultaneously. Moreover, the circular pattern of the chip-holder pins and xed placement
of line types (according to Fig 3.6b) hinders the exibility of choosing line types. Hence, it is
necessary to use a 4-point measurement (Fig.3.7d) at the source and drain terminals if the DC
lines are used. This is to discern the difference between the applied voltage at the breakout box
and the measured voltage across the DUT terminals. This technique is not used on the body and
gate terminals since the small expected DC current would produce negligible voltage drop across
the line. 4-point measurements increase the minimum number of lines required per device and
further complicates wire-bonding. Only a maximum of two isolated devices (usually a PMOS
and an NMOS) were successfully wired and measured simultaneously.
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Figure 3.9: Diagram of the overall measurement setup, showing two possible setups: the self-
contained B1500 semiconductor device analyzer, or a group of individual instruments (digital
multi-meters, SMUs, power sources, etc) connected to an external machine with SA.

For the on-ship temperature sensor present on the CMC65 samples, an ext&al 10
10kWresister is used (Fig. 3.2b). The exact resistor value is not critical given that only temper-
ature change is measured, but this range is chosen to control the current levels. The connection
of the BJT involves the base and collector terminals being tied together, while the emitter and
substrate terminals are connected to ground, requiring only two lines. With transistor values not
critical, even the high-resistance DC lines can be used. This frees up the coax and low resistance
DC lines for more critical measurements.

A series of measurement instruments are connected to the DUT through the exposed break-
out box and controlled by an in-house (RAC) developed data acquisition software called Spanish
Acquisition (or SA). Using the IEEE-488 GPIB interface allowed for great level of exibility
and modality. The system was updated to support remote control around mid 2022, which sub-
stantially improved the ability conduct measurements ef ciently. As shown later in Fig. 3.10,

a signi cant amount of time is required for the chip to settle at most of the temperature points.
Combined with the nighttime curfew in the lab, a single temperature cycle would require 4-5
days, which introduced further equipment booking and scheduling challenges. Remote control
allowed for overnight measurements and blocked the cryostat for less than 2 days.
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Unfortunately, this system is limited by the 2 available SMUs. Therefore, a Keysight B1500
semiconductor analyzer with 3 SMUs is occasionally utilized when gate and substrate currents
are measured. Simple multi-meters are not suitable to measure such low currents. The B1500 is
not used permanently because of its proprietary software that limits modularity, stimulus setup
exibility, remote access. For example, the 3 included SMUs are not enough for 4-point mea-
surements, requiring the exclusive use of the very low resistance coax lines.

3.3 Experimental Results

It is important to distinguish the probe's in uence on the measurements and compensate for
it when analysing the DUT. Therefore, the following subsections will divide the experimental
results into two categories: probe characteristics and DUT parachutists.

3.3.1 Dipping Probe Characteristics

It is imperative to characterize the probe parasitics and study their temperature variations to be
able to separate them from the DUT's own temperature variation (the intended target of the

Figure 3.10: Dipping probe characteristics. (a) Wait time period required between temperature
points. (b-c) Line resistance and [@;nhermal Variation with temperature.
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experiment). To this end, a series of short circuits, along with the temperature sensor circuit
(Fig. 3.6b), have been employed to determine the various line resistancEs:agea at each
cryogenic temperature point. Since the cold side cannot be probed directly, two lines of the
same type are connected together, and the the line resistance is divided by two. The wire-bond
thread resistancBinreaq IS measured directly at RT to be less tha@Vl This is repeated for
multiple wire-bond lengths, indicating that the correct value is too small for a handheld digital
multi-meter to measure. Given the order of magnitud&gkaq, it is not measured further to a
precise value and is ultimately ignored. Additionally, time required for the sample to transition
between temperature points has also been recorded.

The results of the characterization, presented in Fig. 3.10, indicate a substantial increase in
Radd by 33% at 4K, whereas line resistancesRpt and R.qax decreased with temperature by
2:6Wand< 1W, respectively, a negligible change. The thermal voltage is measured between ev-
ery line pair combination and, as expected, it only develops when coax and DC lines are shorted
together at the cold end. It showed consistent increase with decreasing temperature, at a very
small voltage € 10mV). Nevertheless, the probe resistance and offset voltage is compensated
for during post data processing.

3.3.2 Device Characteristics

Figure 3.11: Pre-processing experimental results from a CMC65n device at RT. Both plots
present the same data from two different perspectives: (a) output and (b) transfer characteris-
tics. The voltage biases used for b&gs andVps are: 0! 1 with a step size of 20 mv, in
addition to 10 mV and 50 mV.
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To extract the DC characteristics of MOSFET devices, two measurements are needed: the
output characteristics and the transfer characteristics. The former involves swegpioger
many points for a few/g values, while the latter requires the opposite. If conducted back-to-
back, the overlappingVs, Vps) points are likely to have different measured currents due to
noise uctuations or lingering effects from previous measurements (like self-heating, or aging).
Moreover, signs of reduced reliability have been reported in literature [65] and observed during
testing. Therefore, a "one-measurement per temperature-point” approach is adopted, where both
Vs andVps are swept to form a high resolution 2-dimensional matrix. Additionally, to mitigate
any potential temperature cycle effects on device performance, only the rst device measured
per chip is included. The resulting dense data is visualized as mpawys andIp-Vss curves
as seenin Figs. 3.11. The data is then post-processed to the perspective desired via an in-house
developed software (chapter 5) producing the characteristics shown in Figs. 3.12 and 3.13. With
regards to CMCB6b5, it has been determined that ESD protection was not needed, and hence only
unprotected devices are shown to eliminate any unnecessary interference from ESD protection.

The overall increase in drive current with decreasing temperatures is apparent in the output
characteristics of most devices. The saturation current, however, seems to decreas&/§gy low
values, attributed to the notable increase in the threshold voltage. For example, Fig. 3.12a
displays current increase fdtss= 1 V curves, but almost no change visible #gts = 0:8 V,
and decreasing current for lowggs curves. This effect is most pronounced in the TSM20n
device (Fig. 3.12g) that has the most apparent threshold voltage at RT (close to the maximum
operating voltage, Fig. 3.12h) and does not display any current increase at cryoT. The transfer
characteristics for all devices show monotonic improvement in subthreshold S\vigible
as steeper slope) and steady increase in threshold voltage (noticeable as a shift to the right).
The Vssdependence of subthreshold swing is clearly visible in all devices at cryoT, especially
in the TSM20 devices Figs. 3.12h and 3.13h. FinaBys extracted from the linear transfer
characteristicsMps = 0:05 V) using the constant current method (where the slope is measured
at the samdp level across all transfer curves, even if that falls on diffeMggg biases). The
current levels are chosen carefully to avoid the effect of Coulomb blockade on the subthreshold
region and simplifyS extraction. S saturation behaviour is especially pronounced in TSM28p
and TSM20p with noticeably low saturation temperature.
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