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ABSTRACT

Design and Simulation of Readout Circuit for Superconductor Nanowire
Single Photon Detectors in Cryogenic Environments
Master of Science in Electrical and Electronics Engineering
August 2, 2024

This thesis investigates the development of readout circuits for Superconducting
Nanowire Single-Photon Detectors (SNSPDs), with a special emphasis on the cryogenic
electronics that facilitate their operation near 4.2 Kelvin. SNSPDs exploit the light-driven
superconducting-to-resistive phase transition of ultra-thin wires to achieve high detection
efficiency, low dark count rates, and ultrafast response times. Photon absorption in these
detectors generates a hotspot, disrupting the superconducting state, which is then
converted into a measurable electrical signal. A critical design consideration is the
proximity of the first-stage preamplifier to the SNSPD to minimize signal loss and
optimize load impedance, a strategy that enhances readout effectiveness. However, the
challenge lies in designing integrated circuits capable of reliably reading out these signals
at such low temperatures.

Traditional silicon-based MOSFETs, commonly used in such circuits, often
experience carrier freeze-out at extreme temperatures around 4.2 K, leading to
compromised performance. This phenomenon is further exacerbated by issues such as
partial doping freeze-out and the freeze-out of parasitic edge transistors, as detailed in
recent studies. On the other hand, High Electron Mobility Transistors (HEMTs) have been
demonstrated to effectively bypass these limitations, thus proving to be more suitable for
use in SNSPD readout circuits. Additionally, the robust performance of GaN HEMT’s at
temperatures as low as 4.2 K further validates their potential for cryogenic preamplifiers.

In this thesis, the suitability of a cryogenic preamplifier circuit designed using GaN
HEMTs for SNSPD sensors has been evaluated through SPICE simulations. The ASM-
HEMT model was employed to facilitate the SPICE simulation of the GaN HEMTs.
Necessary modifications were made to the ASM-HEMT model to ensure that its behavior
aligned with experimental results at cryogenic temperatures.

The simulations revealed that at the typical SNSPD operating frequency of around 1
GHz, a gain of 31.4 dB was achieved, along with a power dissipation of 1.2 mW. This
low-power dissipation is crucial for maintaining the thermal budget constraints of dilution
refrigerators, making the design scalable for multi-pixel SNSPDs. Additionally, it was
observed that GaN HEMTs exhibit significantly lower on-state resistance at cryogenic
temperatures compared to room temperature and achieve up to 75%
higher Ing 4, values, consistent with experimental results. This confirms the superior
performance metrics of GaN HEMTs at low temperatures, as reported in the literature.
The findings of this thesis suggest that GaN HEMTs are excellent candidates for use in
cryogenic preamplifier circuits, providing a foundational approach to enhancing the
efficiency and reliability of SNSPD systems.
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OZETCE

Kriyojenik Ortamlarda Siiperiletken Nanotel Tek-foton Dedektorleri icin
Okuma Devresinin
Tasarimi ve Simiilasyonu
Elektrik ve Elektronik Miihendisligi, Yiiksek Lisans
2 Agustos 2024

Bu tez, 4.2 Kelvin civarinda calismay1 kolaylastiran kriyojenik elektronige
odaklanarak, Siiperiletken Nanotel Tek-Foton Dedektorleri (SNSPD'ler) i¢cin okuma
devrelerinin gelistirilmesini incelemektedir. SNSPD'ler, yiiksek tespit verimliligi, diisiik
karanlik sayim oranlari ve ultra hizli yanit siireleri saglamak icin 151k kaynakl
stiperiletken-iletken faz ge¢isini kullanir. Foton sogurulmasi, siiperiletken durumu
bozarak Slciilebilir bir elektrik sinyaline doniisen bir sicak nokta olusturur. Sinyal kaybini
en aza indirmek i¢in preamplifikatoriin SNSPD'ye yakin olmasi énemlidir; ancak, bu
sicakliklarda giivenilir entegre devreler tasarlamak zordur.

Bu tiir devrelerde yaygin olarak kullanilan geleneksel silikon bazli MOSFET'ler, 4.2
K civarindaki asir1 sicakliklarda tasiyict donma sorunu yasayarak performansin
diismesine neden olur. Bu fenomen, kismi doping donmasi ve parazitik kenar
transistorlerinin donmasi gibi sorunlarla daha da kétiilesir, bu durum son c¢alismalarda
detaylandirilmistir.  Ote yandan, Yiiksek Elektron Hareketliligi Transistorleri
(HEMT'ler), bu smirlamalar1 etkili bir sekilde asarak SNSPD okuma devrelerinde
kullanim i¢in daha uygun oldugunu kanitlamistir. Ayrica, GaN HEMT'lerin 4.2 K kadar
disiik sicakliklarda saglam performansi, kriyojenik preamplifikatorler icin
potansiyellerini daha da dogrulamaktadir.

Bu tez kapsaminda, GaN HEMT kullanilarak tasarlanan kriyojenik preamplifikator
devresinin  SNSPD  sensorleri i¢in  uygunlugu SPICE  simiilasyonlariyla
degerlendirilmigtir. GaN HEMT'lerin SPICE simiilasyonunu kolaylastirmak i¢in ASM-
HEMT modeli kullanilmis ve ASM-HEMT modelinin kriyojenik sicakliklarda deneysel
sonuglarla uyumlu olacak sekilde davranis sergilemesi icin gerekli modifikasyonlar
yapimistir.

Simiilasyonlar, tipik SNSPD ¢aligsma frekansi olan 1 GHz civarinda 31.4 dB kazang
ve 1.2 mW gii¢ tiiketimi elde edildigini ortaya koymustur. Bu diisiik gii¢ tiiketimi,
seyreltilmis sogutucularin termal biitce kisitlamalarini korumak i¢in kritik dneme sahiptir
ve tasarimin ¢ok pikselli SNSPD'ler i¢in Ol¢eklenebilir olmasinit saglar. Ayrica, GaN
HEMT'lerin kriyojenik sicakliklarda oda sicakligina kiyasla énemli 6l¢giide daha diisiik
on-state dirence sahip oldugu ve deneysel sonuglarla tutarli olarak %75 daha yiiksek
Ips max degerlerine ulastigi gozlemlenmistir. Bu, literatiirde de belirtildigi gibi GaN
HEMT'lerin diisiik sicakliklarda daha yiiksek performans metriklerine sahip oldugunu
dogrulamaktadir. Bu tez bulgulari, GaN HEMT'lerin kriyojenik preamplifikator
devrelerinde kullanim i¢in miikemmel adaylar oldugunu ve SNSPD sistemlerinin
verimliligini ve giivenilirligini artirmak i¢in temel bir yaklagim sagladigini dnermektedir.
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Introduction 1

Chapter 1:
INTRODUCTION

Quantum computing has emerged as a revolutionary paradigm in computing, offering
unprecedented capabilities for solving complex problems beyond the reach of classical
computers. In recent years, significant advances have been made in quantum computing
research, bringing practical quantum computers closer to reality [1]. These advances have
led to increasing applications in sensing and computation technologies.

As quantum computing applications continue to gain traction, the demand for
efficient and reliable readout circuits has become increasingly important. A key challenge
in developing practical quantum computing systems is their operation at cryogenic
temperatures, typically below 4K [2]. This requirement arises from the need to operate
quantum computing applications in extremely stable mechanical and thermal
environments because thermal energy can excite vibrational motion that could disturb
quantum computing operations [3]. Consequently, there is a growing need for electronic
devices and integrated circuits capable of functioning effectively in such extreme
conditions. Conventional electronic materials and devices, such as silicon-based metal-
oxide-semiconductor field-effect transistors (MOSFETs), often exhibit performance
degradation and increased power consumption at cryogenic temperatures [4]. This has
driven researchers to explore alternative materials and device structures that can provide
reliable operation and improved performance in these environments. Among the various
candidates, GaN High Electron Mobility Transistor (HEMT) has emerged as a promising
material for cryogenic electronics due to its unique properties [S][6][7].

In this chapter, I introduce the background and motivation for the research. I explain
the fundamental concepts, including the importance of single-photon detection. I also
discuss superconductivity, the role of dilution refrigerators in maintaining
superconductivity, and a literature review that compares semiconductor devices for
cryogenic applications. Finally, I highlight the contributions of this thesis and provide an

overview of the subsequent chapters.
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1.1  Background and Motivation

1.1.1 Importance of Single Photon Detection

The fundamental quantum of light, a photon, is the smallest physical entity in the
electromagnetic spectrum. Its detection is crucial for experimental physics, where the
ability to accurately measure single photons enables advancements across various
scientific fields, such as quantum computation, quantum communication, and deep-space
observations [8][9][10][11]. Photodetectors are the instruments that make photon
detection possible, serving a crucial role in our ability to engage with the quantum
domain. These detectors, ranging from semiconductors to superconductors, are adept at
capturing incoming light signals and converting them into electrical signals that we can
measure and analyze. This conversion is vital for various applications that rely on precise
and discernible detection of photons.

Photon detection technology has been subject to a significant evolution, commencing
with the early adoption of photomultiplier tubes (PMTs) [12], which revolutionized time-
correlated photon-counting techniques (TCPC). This technology provided unparalleled
sensitivity within its spectral range, enabling precise measurements of weak and transient
fluorescence signals. By the late 1970s, a technological leap occurred with the
development of avalanche photodiodes, or more specifically, single-photon avalanche
diodes (SPADs) [13]. These devices, biased above their breakdown voltage, signified a
more affordable and compact alternative to PMTs, capable of operating up to near-
infrared wavelengths and applicable in a multitude of disciplines, including spectroscopy
and quantum-mechanical interference studies at the single-photon level.

With the continuous quest for enhanced quantum efficiency and the need to resolve
photon numbers with precision, superconducting devices entered the scene. Transition
edge sensors (TES) are one such innovation, leveraging the precise temperature
dependence of superconducting materials to detect single photons with remarkable
accuracy [14]. A TES functions as a highly sensitive microcalorimeter, gauging the
quantity of heat absorption. Such a device typically includes an energy absorber, a
thermometer to register the resultant temperature rise from energy absorption, and a
thermal connection that facilitates the return of the absorber to its foundational

temperature after the temperature measurement of the device is finalized [15].
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Among the technologies utilizing superconductive properties, Superconducting
Nanowire Single-Photon Detectors (SNSPDs) also find their place as a notable sensor.
This device capitalizes on the superconducting state of ultra-thin wires, usually only a
few nanometers thick. When a photon hits the nanowire, it produces a localized hotspot,
disrupting the superconducting state and resulting in a measurable electrical signal.
SNSPDs are known for their high detection efficiency, low dark count rates, and fast
response times, making them highly effective for applications requiring rapid and

accurate single-photon detection [16].

1.1.2  Superconductivity

Superconductivity is a quantum mechanical phenomenon characterized by the
absence of electrical resistance and the expulsion of magnetic fields when a material is
cooled below a critical temperature (T,). In this state, electrical current can flow without
energy loss, making it highly significant for various technological applications.

The phenomenon of superconductivity was first observed in 1911 by Dutch physicist
Heike Kamerlingh Onnes [17]. He discovered that the electrical resistance of mercury
dropped to zero when the temperature was reduced to 4.15 Kelvin (-269°C). This
discovery marked the identification of superconductivity in certain materials under low-
temperature conditions.

All materials can conduct electricity to some extent, but their effectiveness varies
widely. Metals, known for their low resistance, allow electric currents to flow easily,
while insulators offer high resistance. In normal conductors, electric current is visualized
as electrons moving through a lattice of heavy ions. Electrons frequently collide with
these ions, converting some of the current's energy into heat, a process known as electrical

resistance, leading to energy dissipation.
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Figure 1.1: Resistance versus temperature curve of superconductors and normal
conductors. [18]

However, superconductors exhibit a fundamentally different behavior. As shown in
Figure 1, the resistance of superconductors drops to zero below a critical temperature,
unlike normal conductors which maintain a finite resistance. [19][20]

In superconductors, electrons form pairs known as Cooper pairs due to an attractive
force mediated by phonons, the quantized vibrations of the lattice. Quantum
mechanically, the Cooper pair fluid has an energy gap, meaning a minimum energy is
required to excite it. If the thermal energy (given by kBT, where B is Boltzmann's constant
and T is temperature) is less than this energy gap, the Cooper pairs will not scatter off the
lattice, thus allowing the fluid to flow without resistance. This phenomenon, responsible
for zero electrical resistance in superconductors, is described in the BCS theory by John
Bardeen, Leon Cooper, and Robert Schrieffer, for which they were awarded the Nobel
Prize in 1972 [21].

The concept of Cooper pairs was first introduced by Leon Cooper in 1956 [22].
According to Cooper, the attraction between electrons in a metal can lead to a lower
energy state for the pair compared to individual electrons at the Fermi level, thus binding
the pair. This binding force in conventional superconductors is due to electron-phonon
interactions. The BCS theory elaborates on how these pairs lead to superconductivity.

Soon after discovering superconductivity, Kamerlingh Onnes realized its potential
for creating high magnetic fields without energy dissipation. However, in 1913, he

discovered that superconductivity is destroyed when exposed to small magnetic fields.
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Each superconductor has a characteristic critical magnetic field (B.) which is maximal at
0 Kelvin and decreases with increasing temperature, becoming zero at Tc. In 1916, Francis
Silsbee proposed that superconductors also have a critical current (/.) which, when

exceeded, generates a self-field equivalent to B, thus destroying superconductivity [23].

& Current Density

\ Bc Magnetic Field

Figure 1.2: Critical surface of a superconductor. [24]

Therefore, three critical parameters characterize a superconductor: critical
temperature (T,), critical field (B.), and critical current (I.). These parameters are
interdependent and define the superconducting state within their bounds, as illustrated in

Figure 1.2.

1.1.3 Maintaining Superconductivity: The Role of Dilution Refrigerators

Superconducting devices rely on ultra-low temperatures to exhibit their remarkable
properties, such as zero electrical resistance and the expulsion of magnetic fields.
Achieving these temperatures requires advanced cooling systems, with dilution
refrigerators being a critical component. These refrigerators use the unique properties of
helium-3 and helium-4 mixtures to reach temperatures below 10 millikelvin (mK),
essential for various applications in quantum computing and fundamental physics

research.
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Figure 1.3: Cabled dilution refrigerator (DR). (a) Bluefors XLLD DR with 25 drive
lines, 25 flux lines, 4 read-out, 6 read-in, and 5 pump lines installed. (b) Schematic of the

cabling configuration within the DR. [25]

Dilution refrigerators, such as the Bluefors BF-XLD-SERIES [26], operate without
the need for liquid cryogens, making them cryogen-free systems. They utilize the heat of
mixing between helium-3 and helium-4 isotopes to achieve ultra-low temperatures. The
cooling process begins with the separation of the helium mixture into two phases below
0.8 K: a helium-3 rich concentrated phase and a helium-3 poor dilute phase. The energy
required to transfer helium-3 atoms from the concentrated phase to the dilute phase is
absorbed from the surrounding environment, resulting in effective cooling of the mixing
chamber. Bluefors' cryogen-free design incorporates a pulse tube cooler to initiate the
dilution cycle, providing continuous and efficient cooling without the need for traditional
liquid helium baths.

The Bluefors BF-XLD-SERIES dilution refrigerator, for example, demonstrates this
advanced technology. It achieves temperatures below 10mK through the efficient mixing
and separation of helium isotopes. This system, detailed in Figure 1.3, highlights the
complexity and precision of modern dilution refrigerators. The schematic shows multiple

layers and cabling configurations, including 25 drive lines, 25 flux lines, 4 read-out lines,
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6 read-in lines, and 5 pump lines, which are essential for the operation of quantum

devices.

Table 1.1: Dilution refrigerator specifications. Temperatures and available cooling

powers on the indicated stages of a Bluefors XLD400 DR. [25]

Stage name Temperature (K) Cooling power (W)
50K 35 30 (at 45 K)
4K 2.85 1.5 (at 4.2 K)
Still 882 x 1073 40 x 1073 (at 1.2 K)
Cp 82 %1073 200 x 107 (at 140 mK)
MXC 6x1073 19 x 1076 (at 20 mK)

One of the challenges in using dilution refrigerators is the potential signal loss at
various stages due to connectors and transitions between different temperature layers.
These losses can impact the performance of superconducting devices, necessitating
careful design and engineering to minimize signal degradation [27].

Additionally, devices and sensors within the dilution refrigerator must remain below
certain power dissipation limits, which are related to the cooling power of the refrigerator.
For example, Table 1.1 shows the cooling power available at different temperature stages
of the Bluefors XI.LD400 DR. Ensuring that power dissipation stays within these limits is
critical to achieving the desired temperatures at each stage of the dilution fridge.

In conclusion, dilution refrigerators are indispensable for maintaining the
superconducting properties of devices at ultra-low temperatures. By leveraging the
unique properties of helium-3 and helium-4 mixtures, these systems provide stable and
efficient cooling, essential for advancing technologies in quantum computing and low-
temperature physics. As the demand for high-performance superconducting devices
continues to grow, the role of dilution refrigerators in ensuring optimal operating
conditions will remain crucial, driving further innovation and development in cryogenic

engineering.
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1.1.4 Literature Review: Comparison of Semiconductor Devices for Cryogenic

Applications

Superconducting Nanowire Single Photon Detectors (SNSPDs) require efficient
readout circuits to convert the weak electrical signals generated by photon detection
events into readable data while maintaining signal integrity. Traditional readout
amplifiers tend to be large and consume significant power, making them difficult to
integrate with SNSPDs. As noted in the literature, these amplifiers typically operate at
room temperature and are connected to the SNSPDs in cryogenic environments via long
coaxial cables. This setup not only limits the size and scalability of SNSPD readout
systems but also deteriorates signal quality and introduces significant signal jitters. To
address these issues, placing the readout amplifier in the cryogenic environment itself is
preferred, resulting in a compact SNSPD readout system that reduces insertion loss and
signal interference while maintaining low power consumption [28].

This section explores the performance of various semiconductor devices at cryogenic
temperatures, including Si-based MOSFETs, SiGe HBTs, GaAs MESFETs, and GaN
HEMTs, to identify the most suitable technology for designing readout preamplifiers for
SNSPDs.

Si Based MOSFETs

Traditional silicon-based MOSFETSs are commonly used in electronic circuits due to
their well-established manufacturing processes and wide availability. However, these
devices often experience carrier freeze-out at extreme temperatures around 4 Kelvin,
leading to compromised performance. This phenomenon is further exacerbated by issues
such as partial doping freeze-out and the freeze-out of parasitic edge transistors, as
detailed in recent studies [29].

Moreover, at temperatures below 150 K, the corner effect becomes significant,
characterized by a lower threshold voltage at the device corners compared to the top and
sidewall Si/SiO: interfaces [30]. This leads to a narrower linear region, with the
subthreshold slope varying linearly with temperature, ultimately resulting in a reduced
subthreshold slope and decreased gain performance at cryogenic temperatures.

Due to these limitations Si-based MOSFETs are not preferred for use at cryogenic
temperatures. Instead, alternative semiconductor technologies are being explored to

achieve better performance in such extreme conditions.
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SiGe HBT

A Silicon-Germanium Heterojunction Bipolar Transistor (SiGe HBT) is a type of
bipolar junction transistor (BJT) that utilizes a silicon-germanium alloy in the base region
to improve performance. Unlike conventional silicon BJTs, SiGe HBTs benefit from the
unique properties of the SiGe material, which allows for better control over the bandgap
and enhances carrier mobility. This heterojunction between the silicon emitter and the
SiGe base creates a high-performance device capable of operating at higher speeds and
frequencies with lower noise. SiGe HBTs are particularly advantageous in high-
frequency applications such as RF and microwave communications, as well as in high-
speed digital circuits. The incorporation of germanium into the silicon lattice enables
these transistors to offer superior performance in terms of gain, bandwidth, and thermal

stability compared to traditional silicon BJTs.
E
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Figure 1.4: Schematic cross section of SiGe HBT on wafer-bonded SOI with buried
silicide collector layer and buried silicide groundplane. © 2005 IEEE. Reprinted, with
permission, from M. Bain et al., "SiGe HBTs on bonded SOI incorporating buried silicide

layers," in IEEE Transactions on Electron Devices, vol. 52, no. 3, pp. 317-324

In Figure 1.4, the schematic cross-section of a SiGe HBT on a wafer-bonded Silicon-
On-Insulator (SOI) substrate with a buried silicide collector layer and buried silicide
groundplane is shown. This structure highlights the advanced design and fabrication
techniques used to enhance the performance and integration of SiGe HBTs in modern
semiconductor technologies. The figure illustrates the key layers, including the n-Si
active layer, n+ buried layer, buried silicide layer, and the handle wafer, which together

contribute to the device's high efficiency and functionality.
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Among the various candidates, silicon-germanium (SiGe) has emerged as a
promising material for cryogenic electronics due to its unique properties and
compatibility with established semiconductor fabrication processes [31][32][33][34].

Despite their advantages, SiGe HBTs also exhibit certain non-ideal behaviors,
including high-injection heterojunction barrier effects. These effects tend to worsen with
cooling, potentially limiting the use of SiGe HBTs in cryogenic applications [35][36].
Additionally, there is significant uncertainty regarding SiGe HBT characteristics at very
low temperatures, making their performance somewhat unpredictable under these
conditions [37].

Another drawback of SiGe HBTs is the phenomenon of transconductance saturation
that occurs at temperatures below 40 K. This saturation implies that the slope of the
collector current no longer increases, and carriers begin to move through a quasi-ballistic
transport mechanism, leading to higher power consumption at cryogenic temperatures
[38].

Overall, while SiGe HBTs offer several benefits for cryogenic applications, such as
high-speed operation and compatibility with existing fabrication processes, their non-
ideal behaviors and uncertainties at cryogenic temperatures necessitate careful

consideration for their use in specific applications.

GaAs MESFET
Metal-Semiconductor Field-Effect Transistor (MESFET) is a type of FET where the
current flow between the source and drain terminals is controlled by a voltage applied to

the gate terminal.

Vgs
Vds

i

Source Gate Drain
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\ 4

Figure 1.5: An operating GaAs MESFET showing three different regions of the gate

depletion. Region-I & III are due to the extension of gate depletion in the gate-source and
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gate-drain sides respectively. © 2013 IEEE. Reprinted, with permission, from M. M.
Ahmed, N. M. Memon and S. A. Moiz, "Effects of interfacial layer on submicron GaAs
MESFETs characteristics," 2013 IEEE 9th International Conference on Emerging
Technologies (ICET), Islamabad, Pakistan

Unlike traditional FETs that use an oxide layer between the gate and the channel,
MESFETs have a Schottky metal gate directly on the semiconductor channel. This metal-
semiconductor junction creates a depletion region that controls the flow of electrons. In
Figure 1.5, the schematic of a GaAs MESFET structure is shown, illustrating the
depletion region and the Schottky metal gate.

MESFETs are typically fabricated on compound semiconductor materials like
Gallium Arsenide (GaAs). Gallium Arsenide (GaAs) MESFETs are known for their high
electron mobility and robust performance, making them suitable for high-frequency and
low-noise applications. These characteristics are especially beneficial in cryogenic
environments, where traditional silicon-based devices often struggle. GaAs MESFETs
exhibit stable operation at extremely low temperatures, including those as low as 1.6 K,
which further validates their potential for use in cryogenic preamplifiers [39]. Their
ability to maintain performance under such conditions makes them a strong candidate for
integration into SNSPD readout circuits. Additionally, the inherent low-noise properties
of GaAs MESFETs contribute to enhancing the signal integrity and reducing the overall

noise floor, which is critical in applications requiring high precision and sensitivity.

GaN HEMT

The recent interest in GaN (Gallium Nitride) has been driven by its exceptional
material characteristics, including a high critical electric field, high saturation velocity,
high electron mobility, and outstanding thermal stability. These properties make GaN-
based high electron mobility transistors (HEMTs) particularly attractive for advanced
electronic applications [40].

Gallium Nitride High Electron Mobility Transistors (GaN HEMTs) are advanced
semiconductor devices that offer superior performance in high-frequency and high-power
applications. The key advantage of GaN HEMTs lies in their heterostructure, typically
composed of AlGaN/GaN layers, which facilitates the formation of a two-dimensional
electron gas (2DEG) at the interface. This 2DEG results in high electron mobility and

high saturation velocity, allowing for efficient and fast electronic switching.
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Figure 1.6: AlIGaN/InGaN/GaN HEMT structure. [41]

In Figure 1.6, an example of HEMT structure is shown, illustrating the key layers
2DEG that contribute to its high performance.

GaN HEMTs are especially well-suited for cryogenic environments due to their
superior performance, which includes maintaining high mobility and low noise at very
low temperatures. For low-noise amplifier applications, HEMTs are generally recognized
as the best choice, outperforming MESFETs at the same gate length and higher
frequencies [42]. This makes HEMTs ideal for high-frequency applications where
minimal signal degradation and noise are crucial.

GaN HEMT:s also feature a wider bandgap compared to GaAs, which enhances their
reliability in environments with energetic radiation and provides a considerably lower
noise figure [43]. This wide bandgap results in improved sensitivity and time resolution,
critical factors for high-precision applications such as those involving SNSPDs.

Moreover, GaN HEMTs offer lower power dissipation due to their higher mobility
and lower resistance, which are results of their high electron carrier concentration and
high conductivity [44]. Despite GaN's lower thermal conductivity compared to silicon,
its high charge carrier concentration compensates by providing low resistance and
efficient operation even at low temperatures. This makes GaN HEMTs a highly promising

candidate for preamplifiers in cryogenic readout circuits for SNSPDs.
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Table 1.2: Comparison of Semiconductor Device Features in Cryogenic

Temperatures
Semlcon‘ductor Material Key Advantages Behavior at Cryogenic Ty.p1C{fll
Device Temperatures Applications
General
Carrier freeze-out at electronic
Well-established very low temperatures circuits not
Si-MOSFET Silicon manufacturing, wide (4K), doping issues, requiring
availability performance extreme
degradation temperature
performance
Non-ideal behaviors :h%}llc_ifgr?:ii};
Improved bandgap such as high-injection 28
; " . . . . . RF and
SiGe Silicon- control, higher carrier | heterojunction barrier microwave
MOSFET Germanium mobility, enhanced effects, ..
. . communications
gain and bandwidth transconductance .
. , high-speed
saturation below 40K R
digital circuits
High-frequency,
High electron low-noise
bili b Stable performance at applications,
GaAs Gallium gLy, IO extremely low cryogenic
MESFET Arsenide performance, low- temperatures (as low preamplifiers
noise characteristics as 1.6K) including
SNSPD readout
circuits
) - Exhibi 1 High-f
High mobility and low X ibits stable = . requency
. electrical performance | and high-power
noise at very low . o
and lower noise applications,
temperatures, . L. .
Gallium imoroved sensitivit characteristics at low low-noise
GaN HEMT . prove y temperatures. Efficient amplifier
Nitride due to wide bandgap, ; .
. ) operation due to low applications
high electron carrier o . .
i power dissipation and including
concentration, and .
. .. robustness against SNSPD readout
high conductivity . -
thermal fluctuations circuits
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1.2 Contributions of This Thesis

In this thesis, I designed a GaN HEMT, modified the ASM-HEMT model for
operation at cryogenic temperatures, and performed SPICE simulations using ngspice.
Subsequently, I designed a preamplifier circuit utilizing the designed HEMT with an
SNSPD model and conducted SPICE simulations to analyze its performance. All these

tasks were accomplished using open-source tools and workflows.

+ ASM-HEMT Model Modifications: I extended the existing ASM-HEMT model
to operate effectively at cryogenic temperatures. This involved developing a new physics-
based compact model incorporating temperature-dependent parameters such as mobility,

threshold voltage, and flicker noise.

* SPICE Simulations: Using ngspice, I conducted SPICE simulations of the
developed model. These simulations were validated against experimental data to ensure
accuracy, showing improved performance (increased mobility, reduced on-resistance,

and enhanced noise performance) at cryogenic temperatures.

* Preamplifier Design with SNSPD: Utilizing the designed GaN HEMT, I
integrated it with a Superconducting Nanowire Single-Photon Detector (SNSPD) model
to design a preamplifier circuit. I performed SPICE simulations of this circuit and
analyzed the results, demonstrating successful operation at cryogenic temperatures and

compatibility with SNSPD.

* Open-Source Tools and Workflows: All the modeling, design, and simulation
tasks were carried out using open-source tools and workflows, ensuring accessibility and

reproducibility of the research. Ngspice, openvaf, asm-hemt,

This thesis advances the field of cryogenic electronics by providing a robust and
validated model for GaN HEMTs, facilitating their use in demanding low-temperature
applications. Additionally, the use of open-source tools and workflows promotes

transparency and collaboration within the research community.
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1.3 Section of This Thesis

* In Chapter 2, I present an introduction to single-photon detectors, including an
overview and the different types. I provide a detailed study of Superconducting Nanowire
Single-Photon Detectors (SNSPDs), discussing their working principle, cryogenic
requirements, and the design and function of readout circuits. Additionally, I examine the
impact of the cryogenic environment on semiconductor devices, focusing on material
behavior, device characteristics, design considerations, and cryogenic packaging and

integration.

* In Chapter 3, I investigate into the physics and characteristics of High Electron
Mobility Transistors (HEMTS). I include a SPICE simulation model of HEMTs, covering
the DC analysis at room temperature, modifications to the ASM-HEMT model for
cryogenic temperatures, and simulations of the modified HEMT at cryogenic
temperatures. I also present the visualization and analysis of simulation results, focusing

on key performance metrics under cryogenic conditions.

* In Chapter 4, I cover the design and integration of the SNSPD readout circuit. I
discuss the modeling of SNSPD sensors and the integration of preamplifier design. I
include SPICE simulations of the complete readout circuit and discuss the layout design

using KLayout.

* In Chapter 5, I summarize the findings of the thesis and provide recommendations
for future research. I highlight the key contributions and suggest potential areas for further

investigation to advance the field of cryogenic electronics and GaN HEMT design.

This structured approach ensures a comprehensive understanding of the design and
application of GaN HEMTS in cryogenic environments, integrating both theoretical and

practical perspectives.
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Chapter 2:
SINGLE-PHOTON DETECTION AND CRYOGENIC READOUT
ELECTRONICS

2.1 Introduction to Single-Photon Detectors

In this section, we embark on a detailed exploration of the three principal types of
photon detectors that are shaping the frontier of quantum detection technology: Single-
Photon Avalanche Diodes (SPADs), Transition Edge Sensors (TES), and
Superconducting Nanowire Single-Photon Detectors (SNSPDs). Each type is scrutinized
for 1its intrinsic operational principles, strengths, and potential drawbacks.
Complementing our discourse, we present Table 2.1, a comprehensive table that
encapsulates the performance metrics from various studies, offering a panoramic view of

the capabilities and limitations inherent to these sophisticated devices.

2.1.1 Figures of Merit for Single Photon Detectors

Photodetectors are essential for a wide range of applications, including medical
imaging and telecommunication. Several performance indicators are used to evaluate
their efficacy and efficiency. Here, we examine some of the most important factors that

determine how well photodetectors work:

Detection Efficiency

Detection efficiency in single-photon detectors (SPD) is a pivotal measure, defined
as the probability that the detector generates an output in response to a photon. Real SPDs
often deviate from ideal behavior due to various factors, leading to efficiencies less than
100%. The efficiency is influenced by the wavelength of the photon and the detector's
material and design. It encompasses coupling efficiency (how well photons are delivered
to the detector), absorption efficiency (how effectively the detector absorbs photons) and
registering probability (the likelihood of producing a signal after absorption). This overall
efficiency is crucial for assessing the practical performance of SPDs in photon-counting

applications.
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Timing Properties

Timing properties are among the most crucial characteristics of single-photon
detectors, governing the accuracy of photon detection events. The timing jitter reflects
the detector's precision in recording the arrival time of a photon, and any variation here
can lead to inaccuracies in temporal measurement. Dead time, on the other hand, is the
period after a photon detection during which the detector is unable to sense another
photon, directly limiting the count rate. Recovery time is closely related, denoting the

span needed for a detector to reset and be ready for the next photon.
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Figure 2.1: Detection efficiency as a function of time

The timing characteristics are vital for precise photon detection, as demonstrated in
Figure 2.1. This figure shows the relationship between a detector's efficiency and the

temporal aspects of single-photon events.

Dark Count Rate (DCR)

The dark count rate (DCR) refers to the false detections recorded by a photodetector
when no light is present, effectively measuring the device's noise level. These dark counts
can originate from the detector's own material properties, the way it is powered, or from
environmental noise. DCR is typically expressed in Hertz or counts per second and is an
essential factor in assessing a detector's performance, especially in low-light conditions.
Techniques like gating, which involves activating the detector only when a photon is

expected, can help reduce DCR and improve the accuracy of photon detection [45].

Photon number resolvability (PNR)
Photon number resolvability (PNR) distinguishes between detecting single or
multiple photons, a critical function in quantum information applications where precise

photon control is necessary. While traditional SNSPD designs offer a binary response,
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advanced types such as Transition Edge Sensors can indicate the quantity of photons
absorbed with a resolution. This capability is crucial for secure quantum key distribution
and reducing errors in quantum computing, driving research towards detectors that can

accurately count individual photons.

Operational Economics and Physical Constraints

In practical applications of photodetectors, three parameters often dictate their
suitability and effectiveness: cost, size, and operational temperatures. These parameters
are critical as they determine not just the initial investment but also the long-term viability
of the detectors in various settings. Cost considerations encompass the expense of
materials and manufacturing, while size affects both the resolution capabilities and the
integration into space-sensitive environments.

Superconducting detectors, like SNSPDs and TES, have an added layer of
complexity with their requirement for cryogenic temperatures to maintain
superconductivity. This necessity for cooling to just a few Kelvins above absolute zero
imposes additional cost and size considerations due to the cryogenic systems involved.
The operational temperature not only affects the detector's performance but also
significantly impacts the infrastructure and energy consumption, making the trade-off
between performance and practicality a vital consideration in the design and

implementation of these sensitive devices.

2.1.2  Types of Single Photon Detectors

Single Photon Avalanche Photodiode (SPAD)

Single-Photon Avalanche Diodes (SPADs) are specialized photodetectors that
operate on the edge of a semiconductor breakdown, where a single photon can trigger a
detectable avalanche of current. A SPAD is essentially a p—n junction diode biased above
its breakdown voltage VB, creating an intense electric field that can initiate a self-
sustaining avalanche from a single charge carrier injected into the depletion layer [46].
The unique attribute of SPADs is their ability to produce a macroscopic current pulse in
response to the detection of a photon, with a rise time that is sub-nanosecond and a

corresponding current in the milliampere range [46]. This capability allows the detection
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of the photon’s arrival time with picosecond jitter, a critical feature for applications

requiring high temporal resolution.
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Figure 2.2: Ge-on-Si single-photon avalanche diode (SPAD) structure. [47]

In Figure 2.2, the schematic of a Ge-on-Si single-photon avalanche diode (SPAD)
structure is shown. The diagram features several key layers: the metallization layer at the
top, followed by a p++ Ge contact layer and an intrinsic Ge absorption layer. Beneath the
Ge absorption layer is a p+ Si charge sheet, which is in turn layered over an intrinsic Si
multiplication layer. At the bottom is the n++ Si contact layer. The diagram also includes
a planarization, passivation, and anti-reflective (AR) coating, which helps to optimize the
performance of the SPAD.

In complete darkness, a SPAD waits in an armed state until a photon is absorbed,
which leads to the generation of charge carriers. These primary carriers can cause a
cascade of secondary electron-hole pairs through impact ionization, discharging the
diode’s depletion capacitance and creating a sharp, measurable current pulse. This
operational mode is referred to as Geiger mode and is a hallmark of SPAD technology

[48].

19



Single-Photon Detection and Cryogenic Readout Electronics
20

SPAD’s operate effectively at room temperature, which simplifies their integration
into various systems without the need for complex cooling mechanisms. The
advancements in SPAD technology have led to multi-pixel devices that can resolve the
detection of multiple photons, broadening their applicability in quantum computing and
communication. SPADs excel in detection efficiency, with certain models reaching 74%
at 600 nm, a spectral range that is particularly useful for a variety of photonics
applications [49]. Another variant of SPADs demonstrates 56% efficiency at 450 nm
while operating at a cryogenic temperature of 78 K, which aids in reducing noise and
improving signal clarity [50]. Both types of SPADs boast Photon Number Resolvability
(PNR) capability, allowing for the detection and distinction between single and multiple
photon events, a key feature for quantum computing and other quantum technologies.
Additionally, the maximum count rate for the high-efficiency SPAD is an impressive 16
MHz [49], indicative of the device's ability to handle high-speed photon detection tasks.

Despite these advantages, SPADs do encounter certain limitations. For instance, a
SPAD operating at room temperature (250 K) exhibits a dark count rate of 2000 Hz,
which can introduce a significant amount of noise into the measurement process,
especially in low-light conditions [49]. The cryogenic SPAD variant, while having an
exceptionally low dark count rate, is limited by a maximum count rate of only 10 kHz
[50], which could be restrictive for high-throughput photon counting applications.
Moreover, while the maximum count rate of SPADs is generally high, allowing for the
detection of a large number of photons per second, the presence of dead time can limit

the effective count rate, especially in high-speed or high-flux applications.

Transition-Edge Sensor (TES)

A transition-edge sensor (TES) is an intricate micro-calorimeter employed for
detecting energy through minute temperature changes. The core of a TES is an absorber
coupled with a superconductive thermometer, which is characterized by a positive
temperature coefficient of resistance [51]. The superconducting thermometer is delicately
poised near its transition temperature, which is achieved through careful voltage-biasing.
This poised state ensures that the TES operates in a region where its resistance varies
significantly with even the slightest temperature variations, making it incredibly sensitive

to the energy absorbed from incident photons [52].
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Figure 2.3: Transition Edge Sensor Schematic. [53]

The operational principle of a TES revolves around the fundamental physics of
superconductivity. The superconducting state is defined by an energy gap which dictates
the presence of Cooper pairs—paired electrons that behave as superconducting charge
carriers. These pairs exist due to a weak attractive interaction, often facilitated by phonon
exchange [54]. When a photon with sufficient energy interacts with the TES, it disrupts
these Cooper pairs, generating quasiparticles. While in conventional detectors like STJ or
KIDs, the count of these quasiparticles is used as a measure of photon detection, a TES
utilizes a different approach. It measures the collective effect of these quasiparticles as a

change in temperature, thanks to the sensitive thermometer embedded within. This
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temperature change, a result of the Cooper pairs breaking, provides an accurate measure
of the energy of the absorbed photon [55].

In Figure 2.3, the schematic of the transition edge sensor (TES) is illustrated. The
TES absorbs a photon with energy E, leading to a temperature increase AT in the sensor.
The TES, characterized by its heat capacity C and temperature T, is thermally connected
to a heat bath at a lower temperature via a thermal conductance G. The temperature
increase AT is given by the equation AT = EC. The resulting temperature decay over time
t follows the thermal relaxation time constant T = CG.

Transition Edge Sensors (TES) are renowned for their exceptional photon number
resolvability and high detection efficiency, with some variants exhibiting up to 95% at
1550 nm wavelengths, making them highly reliable for near-infrared photon detection
[56]. They operate at millikelvin temperatures (100mK — 200mK), which, while
demanding in terms of cooling requirements, provide a low-noise environment crucial for
their operation. Moreover, the dark count rate is very low, sometimes reaching the
negligible range, which greatly enhances the signal-to-noise ratio of these detectors.

Despite their remarkable sensitivity and precision, TES devices are not without their
limitations. The main limitation of TES detectors is their need for ultra-low operational
temperatures, necessitating complex and costly cryogenic systems. While the dark count
rate is minimal, the operational economics related to the cooling infrastructure could be
a significant barrier, especially for long-term or widespread application. Additionally, the
intrinsic characteristics of TES, such as longer recovery times and timing jitter within the
nanosecond range, inherently limit their maximum count rate. These factors collectively
render TES less suitable for applications requiring rapid photon detection sequences, as

they cannot reliably sustain the high-count rates that such processes demand.

Superconductor Nanowire Single Photon Detector (SNSPD)

A superconducting nanowire single-photon detector (SNSPD) operates based on the
unique physical properties of a superconducting nanowire, which can be in one of three
states: superconducting, normal, and resistive. Initially, in the superconducting state, the
nanowire demonstrates zero electrical resistance and functions similarly to an inductor
with kinetic inductance L; [57]. This state persists until the device current (I;) increases
to a critical value known as the switching current (I, ). The [, is sensitive to

temperature, decreasing as temperature rises [57]. The transition from the
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superconducting to the normal state occurs when [; reaches I, . This can happen either
by increasing I, through the bias current (1)) or due to the absorption of a photon. For a
photon to trigger this transition, its energy must exceed the superconducting energy gap
(hw > 2A4) [58]. The energy imparted by the photon increases the local temperature,
thereby reducing [, at that point and leading to the formation of a resistive hotspot. This
hotspot, with resistance typically ranging from 1 to 10 k€, is contingent on the nanowire’s
dimensions and material composition [S7][58].

As this hotspot forms, a voltage signal is generated across the nanowire, marking the
transition to the resistive state. The dynamics of the hotspot involve a competition
between Joule heating, which drives its expansion, and a cooling process where electrons
lose energy through electron-phonon scattering. If cooling is more effective than heating,
the hotspot dissipates, returning the nanowire to its superconducting state [58].

The final resistive state, where the entire nanowire becomes resistive and displays
ohmic behavior, is not typically utilized in single-photon detection applications, thus is
not a primary focus for SNSPDs.

Superconducting Nanowire Single-Photon Detectors (SNSPDs) stand at the forefront
of high-speed photon timing applications, thanks to their exceptional timing resolution.
Certain models can achieve timing jitter as minuscule as 30 picoseconds [59], which is
essential for capturing the rapid succession of photons. Additionally, these detectors are
capable of handling extensive photon fluxes, with some variants supporting maximum
count rates that soar up to 1 GHz [59][60]. While boasting good timing parameters, they
also maintain relatively high detection efficiencies, like 57% with low dark count rates at
1550 nm within a cavity [59].

Despite their operational advantages, SNSPDs are not without their challenges.
While the operational temperature for SNSPDs is higher than TES (1.5 K to 4 K), it still
necessitates cooling equipment, which could impact the size and cost. Additionally,
SNSPDs typically lack intrinsic Photon Number Resolvability, limiting their use in

quantifying photon numbers.
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Table 2.1: Comprehensive Overview of Single-Photon Detector Specifications from
Literature, PNR: Photon Number Resolvability

Operati .
Detector on De.tef:non Timing Dark PNR Max
Tvpe Temper Efficiency Titter Count Capabilit Count | Ref.
P p (% @ A, nm) Rate P Y| Rate
ature
Si SPAD | 250K 74 @ 600 - 2000 Hz Yes 16 MHz | [49]
Si SPAD | 78K 56 @ 450 - 0.001 Hz Yes 10kHz | [50]
100mK
TES — 95 @ 1550 - Negligible Yes 100 kHz | [15]
200mK
TES 100mK | 95 @ 1556 100 ns | Negligible Yes 100 kHz | [61]
InGaAs 100
SPAD 243K 10 @ 1550 55 ps 16 kHz No MLz [62]
TES 110mK | 88 @ 1550 - 400 Hz Yes - [63]
Parallel
SNSPD 2K 2 @ 1300 50 ps 0.15Hz Yes 1 GHz | [60]
SNSPD 1.5K 57 @ 1550 30 ps - No 1 GHz | [59]
TES 100mK | 50 @ 1550 100 ns 3Hz Yes 100 kHz | [64]
SNSPD 3K 2 @ 1550 60 ps 1 kHz No - [65]
SNSPD <4K >90 @ 1550 | 150 ps 1 Hz No 25 MHz | [66]

2.2 Detailed Study of SNSPDs

2.2.1 Working Principle and Physics

The working principle of superconducting nanowire single-photon detectors
(SNSPDs) is fundamentally based on the transition from the superconducting state to the
resistive state, triggered by the absorption of an incoming photon.

Superconductivity is a quantum mechanical phenomenon where, below a critical
temperature, certain materials exhibit zero electrical resistance and expel magnetic fields.
This state is maintained by Cooper pairs, which are pairs of electrons bound together at
low temperatures that move through the lattice without scattering. The absence of
scattering allows for the free flow of electric current with no energy loss, which is a
crucial property for the operation of SNSPDs.
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Figure 2.4: (a) Schematic of quasi-constant-current-bias circuit for SNSPD. (b) Current-
voltage curve of SNSPD without light. Solid arrows indicate the up sweep curve from 0

to 1.5 V. Dash arrows indicate the down sweep from 1.5 to 0 V. [67]

In the cryogenic environment, the superconducting nanowire in an SNSPD is
typically biased with a constant current source. As illustrated in Figure 2.4 (a), which
shows an example setup, the system includes a bias resistor, a bias-tee, a load resistor Rr,
and an amplifier. When a photon strikes the nanowire, its energy is absorbed, causing a
localized disruption in the superconducting state and resulting in a temporary increase in
resistance. This increase in resistance generates a voltage pulse across the nanowire. The
pulse is then transmitted through the load resistor Rv to the amplifier, which amplifies the
signal for further processing. After the pulse is generated, the nanowire undergoes a
recovery process where the resistive region cools down, allowing Cooper pairs to reform
and the superconducting state to be restored. Once the nanowire has fully recovered, it is

ready to detect another photon.
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S S

Figure 2.5: Schematics of the supercurrent-assisted hotspot formation mechanism in an

ultrathin and narrow superconducting strip, kept at temperature far below T, are shown.

The arrows indicate direction of the supercurrent flow. [58]

The changes in the superconducting nanowire upon photon absorption can be

explained by the following physical phenomena.

Hotspot Creation

When a photon strikes the superconducting nanowire, its energy is absorbed, causing
a localized disruption in the superconducting state. The energy of the photon must be
greater than the superconducting gap energy, which is the energy required to break
Cooper pairs. Upon absorption, the photon's energy is transferred to the electrons in the
nanowire, breaking Cooper pairs and creating quasiparticles (unpaired electrons). This
localized energy deposition leads to the creation of a hotspot, as illustrated in Figure
2.5(a), an area where the temperature is temporarily elevated. This results in a localized
region where the superconducting state is disrupted, and the resistance increases. The
hotspot is essentially a small, temporary region of normal (non-superconducting) state

within the superconducting nanowire.

Supercurrent Redistribution:
The formation of a hotspot forces the supercurrent to redistribute around the non-

superconducting region. As shown in Figure 2.5(b), the current density increases in the
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remaining superconducting areas due to the fixed width of the nanowire. As the hotspot
grows, as depicted in Figure 2.5(c), Joule heating causes further disruption of
superconductivity, resulting in a larger resistive region. This redistribution of
supercurrent and the subsequent formation of a larger resistive barrier occur if the current

density exceeds the critical current density (/) of the superconducting material.

Voltage Pulse Generation:

The appearance of the resistive region results in a measurable voltage pulse across
the nanowire since constant current source is applied to the nanowire. The amplitude of
this pulse is directly proportional to the size of the resistive region and the current passing
through the nanowire. This voltage pulse can be detected by readout electronics, which
indicate the arrival of a photon. Figure 2.5(d) illustrates the expansion of the resistive

region and the subsequent voltage pulse generation.

Recovery Process

After the initial creation of the hotspot and the resulting voltage pulse, the nanowire
begins to cool down, allowing the normal (non-superconducting) region to shrink. The
quasiparticles recombine to form Cooper pairs, restoring superconductivity in the affected
region. This recovery process is rapid, typically occurring on a timescale of a few
picoseconds to nanoseconds, allowing the detector to reset and be ready for another

photon detection event.

2.2.2 Design and Function of Readout Circuits

Readout electronics are critical for the performance of Superconducting Nanowire
Single-Photon Detectors, as they influence key characteristics such as timing resolution
(jitter), reset time, and maximum count rate. Effective readout circuits are essential for
optimizing these parameters and ensuring the detector's overall efficiency and reliability.

One of the main challenges in readout circuit design is achieving low-noise
amplification. This is crucial for improving the signal-to-noise ratio and reducing timing
jitter, both of which are vital for accurate photon detection [68]. Additionally, a high
bandwidth is necessary to capture the fast rise time of SNSPD signals accurately, ensuring

that the detector can respond quickly to incoming photons [68]. Another significant
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challenge is maintaining high count rates while minimizing power consumption,
particularly for large SNSPD arrays [28].

Cryogenic amplifiers play a significant role in readout circuits for SNSPDs. These
amplifiers offer advantages such as reduced noise and closer proximity to the detector,
which enables better impedance matching and overall improved performance [28].
Moreover, to address the issue of gain variation with temperature in cryogenic
environments, temperature-insensitive designs have been introduced. These designs
ensure consistent performance across a range of operating conditions.

Scalability and integration are also crucial considerations in the design of readout
circuits for SNSPDs. Scaling readout circuits for large SNSPD arrays presents unique
challenges. One approach to managing scalability involves balancing the trade-offs
between on-chip digitization and analog multiplexing [69]. Additionally, low power
consumption is vital for enabling multi-channel readout systems, which are essential for
scalable and efficient detector arrays [28].

In conclusion, the design of readout circuits for SNSPDs involves addressing several
key challenges, including low-noise amplification, high bandwidth, and power
consumption. Cryogenic amplifiers and scalable integration strategies play crucial roles
in overcoming these challenges and enhancing the overall performance of SNSPDs. By
focusing on these aspects, we can develop more efficient and reliable readout circuits that

meet the demands of various applications in quantum communication and imaging.
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Chapter 3:
HIGH ELECTRON MOBILITY TRANSISTOR DESIGN FOR
CRYOGENIC ENVIRONMENTS

High Electron Mobility Transistors (HEMTs) are essential components in modern
electronics, particularly in high-frequency applications. The primary advantage of
HEMTsS over traditional field-effect transistors (FETS) lies in their heterostructure, which
enables high electron mobility due to the formation of a two-dimensional electron gas
(2DEQG).

This chapter first provides an overview of the physics and characteristics of High
Electron Mobility Transistors (HEMTs), focusing on their key development milestones,
the physics of Gallium Nitride (GaN) based HEMT devices and related concepts, and the
effects of cryogenic temperatures on GaN based HEMT devices. Then, we investigate the
structural design of a GaN HEMT for cryogenic preamplifiers and use Ngspice
simulations to identify the device behavior under different Vg bias voltages at room
temperature for DC analysis and cryogenic temperatures. For SNSPD and cryogenic
preamplifier devices, high-frequency behavior must be understood. We studied and
present here the frequency-dependent drain voltage at 4.2 K, which is a common
operating temperature for the devices. For future fabrication and testing, we prepared a
lithography mask layout design using KLayout for a GaN HEMT device for a cryogenic
preamplifier. These steps could pave the way for the future implementations of cryogenic

GaN HEMT preamplifiers for quantum information processing.

3.1  Key Milestones in the Development of HEMT Devices

The High Electron Mobility Transistor (HEMT) has seen significant advancements
since its inception. In 1975, Takashi Mimura observed and explained the structural
phenomena of HEMTs, laying the groundwork for their future development [70]. Mimura
conceptualized HEMTs while working on GaAs MOSFETSs, inspired by the modulation-
doped heterojunction superlattice developed by Dingle et al., which demonstrated high
electron mobility due to the separation of electrons and their donor impurities [71].

In 1994, Khan et al. successfully created a two-dimensional electron gas (2DEG)

using a GaN/AlGaN heterostructure, significantly advancing HEMTs for high-power and
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high-frequency applications [72]. This achievement marked a significant milestone in the
application of HEMTs to wide bandgap materials, particularly enhancing their
performance in demanding environments.

In 2004, Eudyna Corporation demonstrated a depletion-mode GaN HEMT for RF
applications, and in 2005, Nitronex Corporation announced their GaN-on-Si HEMTs for
similar applications. The first enhancement-mode GaN devices were developed by EPC
in 2009 [73].

In 2014, the cryogenic performance of HEMT amplifiers operating above 300 GHz
was presented for the first time, demonstrating a gain of 16 dB at 312 GHz by cooling the
device to 28 K [74]. This highlighted the advancements in HEMT technology and their

suitability for extreme environments such as cryogenic temperatures.

The structural phenomena of
HEMTs were observed and |
explained. |

The first important analytical
model of the HEMT was
developed

The first successful creation of

a 2DEG using a GaN/AlGaN |
heterostructure was |
demonstrated.

Eudyna Corporation of Japan

| successfully demonstrated a
| depletion-mode GaN HEMT
for RF applications.

Nitronex Corporation

announced their CGaN-on-Si for
RF applications.

The cryogenic performance
of HEMT amplifiers operating
above 300 GHz is presented
for the first time

Figure 3.1: Timeline of Key Milestones in the Development of High Electron
Mobility Transistors (HEMTs)

The development of analytical modeling for HEMTs has been crucial in advancing
their design and understanding. Analytical models provide a framework for predicting

and optimizing the behavior of HEMTs under various conditions. They are essential for
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understanding the charge transport mechanisms and for the design of more efficient and
high-performance devices.

In 1982, Delagebeaudeuf and Linh developed the first analytical model of HEMTs,
which was crucial for understanding their C-V and I-V characteristics [75]. However, it
was limited by the assumption of a bias-independent Fermi level [76]. This limitation was
later addressed by An-Jui et al. with a more accurate nonlinear charge control model [77].

In this model, the nonlinear dependence of the sheet carrier concentration of the two-
dimensional electron gas (2DEG) has been taken into account in the quasi-triangular
potential quantum well of the HEMT. This consideration helped capture a bias-dependent
effective offset distance of the 2DEF from the heterointerface. This nonlinear solution
helped identify the bias dependence of the Fermi potential.

The significant milestones in the history of HEMT development are illustrated in
Figure 3.1. These key dates highlight the progressive advancements and the pivotal

research contributions that have shaped the current state of HEMT technology.

3.2 Physics of GaN Based HEMT Devices and Related Concepts

High Electron Mobility Transistors (HEMTs) leverage advanced semiconductor
physics to achieve superior performance in high-frequency applications [78][79]. The key
to their exceptional functionality lies in the unique physics of their heterostructures, which
include concepts such as heterojunctions, two-dimensional electron gas (2DEG), and

polarization effects. This section explores these critical aspects in detail.

3.2.1 Heterojunction Formation

A heterojunction is formed when two semiconductor materials with different
bandgaps are joined together. In GaN-based HEMTs, the heterojunction typically consists
of a layer of AlGaN (Aluminum Gallium Nitride) and a layer of GaN. The difference in
bandgap and electron affinity between these materials leads to the creation of a two-
dimensional electron gas (2DEG) at the interface. This 2DEG provides high electron
mobility because the electrons are confined in a potential well, minimizing scattering

from impurities and lattice vibrations [80].
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Figure 3.2: Structure of AlIGaN/GaN HEMT © 2019 IEEE. Reprinted, with permission,
from J. C. Choton, A. Begum and J. K. Saha, "Design and Characterization of 2DEG
Structure of a Gallium Nitride HEMT," 2019 International Conference on
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In Figure 3.2, the structure of a GaN-based HEMT is provided, illustrating the
heterojunction formation. The figure shows how the AlGaN layer is grown on top of the
GaN layer, creating a heterojunction at their interface. The resulting difference in bandgap
energies between AlGaN and GaN leads to the accumulation of free electrons at the
interface, forming the 2DEG. This electron gas is confined to a narrow region, providing

high mobility and enabling efficient operation of the HEMT at high frequencies.

3.2.2  Two-Dimensional Electron Gas (2DEG)

The Two-Dimensional Electron Gas (2DEG) is a crucial aspect of GaN-based High
Electron Mobility Transistors (HEMTs), contributing significantly to their exceptional
performance. The 2DEG forms at the heterojunction interface between the AlGaN barrier
layer and the GaN channel layer due to the unique polarization properties of IlI-nitride
materials and the band structure differences between AlGaN and GaN.

As depicted in Figure 3.1, the 2DEG is formed at the interface of the AIGaN and
GaN layers. This process starts with the inherent polarization of the III-nitride materials,
which creates a conduction path at the interface of the upper (AlGaN) and lower (GaN)
layers. The polarization-induced charges at the interface result in a net positive charge
due to the dissimilarity between the AlGaN and GaN layers. Consequently, the

conduction band bends downwards near the interface, causing electrons to accumulate in
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the potential well formed at this junction. The contacts are Ohmic in the GaN HEMT

devices.
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Figure 3.3: Simplified AIGaAs/GaAs HEMT structure, (b) corresponding band
diagram. [104]

These electrons are confined in a narrow triangular-shaped potential well at the
interface, whose solutions are already known as Airy functions [105], as illustrated by the
yellow region in Figure 3.3. This confinement restricts their movement perpendicular to
the interface while allowing them to move as a free particle parallel to the interface. The
electrons trapped in this region form the 2DEG, which is characterized by high carrier

density and mobility [106].
The electrons confined in this 2DEG exhibit several advantageous properties:

* High Carrier Density: The 2DEG has a very high carrier density because the
potential well attracts and confines a large number of electrons at the interface. This high
carrier density improves the overall conductivity of the channel, enabling the HEMT to

handle high current densities efficiently [107].

e High Mobility: The confinement of electrons in the potential well minimizes
scattering from impurities and lattice vibrations, leading to exceptionally high electron
mobility. High mobility is crucial for the high-speed performance of GaN HEMTs, as it

allows for faster electron transit times and improved transconductance [108].
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* Superior Performance Characteristics: The high mobility and density of the
2DEG contribute to the superior performance characteristics of GaN HEMTs, including
high transconductance, high current density, and low noise figures. High
transconductance enables efficient signal amplification, high current density supports
power applications, and low noise figures are essential for high-frequency and low-noise

applications [109][110][111].

* Reduced Parasitic Effects: The formation of the 2DEG minimizes parasitic
resistances and capacitances in the device. This reduction is crucial for maintaining high-
frequency performance and ensuring that the HEMT operates efficiently in RF and

microwave applications [112][113].

* Increased bandwidth and dynamic range: A natural consequence of reduced
parasitic effects is the increase in signal-to-noise ratio of the GaN HEMT devices. This

increase in the SNR allows for broader bandwidth operations [114].

3.2.3 Polarization Effects

Polarization effects play a crucial role in the operation and performance of High
Electron Mobility Transistors (HEMTs), particularly those based on III-nitride materials
like Gallium Nitride (GaN) and Aluminum Gallium Nitride (AlGaN). These effects arise
from the unique crystal structure and inherent properties of these materials, significantly
influencing the behavior of charge carriers at the heterojunction interface. Polarization in
HEMTsS can be categorized into two primary types: Spontaneous Polarization (Pgp) and
Piezoelectric Polarization (Ppg). Both types contribute to the formation and enhancement
of the two-dimensional electron gas (2DEG), which is essential for the high electron

mobility that characterizes HEMT devices.
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Figure 3.4: Electric field and sheet charges present (a) due to only spontaneous
polarization in GaN and AlGaN crystals; and (b) due to only piezoelectric polarization in

a AlGaN layer.

Spontaneous Polarization (PSP)

Spontaneous polarization is an intrinsic property of Ill-nitride materials resulting
from their wurtzite crystal structure, which lacks inversion symmetry. This structural
asymmetry causes a natural alignment of electric dipoles within the crystal lattice, leading
to a net polarization even in the absence of external stress or electric fields. In GaN and
AlGaN, the spontaneous polarization creates a built-in electric field that can significantly
affect the distribution of charge carriers at the heterojunction interface [81].

As shown in Figure 3.4(a), the difference in spontaneous polarization between the
AlGaN and GaN layers induces a fixed positive charge at the AlGaN/GaN interface. This
positive charge attracts electrons from the AlGaN layer, leading to the formation of a
high-density two-dimensional electron gas (2DEG) in the GaN layer. This phenomenon
is a key factor in enhancing the conductivity of the GaN layer, as the electrons are

attracted to the positive charge at the interface, resulting in the creation of the 2DEG.

Piezoelectric Polarization (PPE)

Piezoelectric polarization is induced by mechanical strain resulting from lattice
mismatches between different semiconductor layers in the HEMT structure. When a layer
of AlGaN is grown on GaN, the difference in their lattice constants causes strain in the
AlGaN layer. This strain generates piezoelectric polarization charges due to the

piezoelectric nature of the III-nitride materials.
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As depicted in Figure 3.4(b), the piezoelectric polarization (Ppg) in the strained
AlGaN layer creates additional polarization charges at the AIGaN/GaN interface, further
enhancing the 2DEG density [82].

The combination of spontaneous and piezoelectric polarization effects leads to a
higher concentration of mobile electrons in the 2DEG, significantly improving the
HEMT's performance in terms of transconductance, current density, and frequency
response.

The interplay between spontaneous and piezoelectric polarization is crucial for the
design and optimization of GaN-based HEMTs. By carefully controlling the composition
and thickness of the AlIGaN layer, engineers can optimize the polarization effects to
achieve the desired electrical characteristics, making GaN HEMTs suitable for high-

frequency applications.

3.3 Effects of Cryogenic Temperatures on GaN based HEMT Devices

The performance of HEMTs, particularly GaN-based HEMTs, can be significantly
affected by operating temperatures. Notably, their thermal and flicker noise significantly
decrease at cryogenic temperatures, extending their utility to quantum computing and
deep space exploration through low-noise amplifiers. These temperature-dependent
improvements make GaN-based HEMTs highly advantageous for applications requiring
high precision and low noise in extreme environments [83].

Compared to traditional silicon-based devices, GaN HEMTs offer superior thermal
capacitance, breakdown voltage, and saturated drift velocity, making them well-suited for
operation in harsh conditions. The comparison between silicon (Si) and gallium nitride
(GaN) in Table 3.1 highlights the significant advantages of GaN for cryogenic electronic
devices. GaN's wider bandgap (3.44 eV) compared to Si (1.1 eV) allows for improved
sensitivity and time resolution, making it suitable high-frequency applications.
Additionally, GaN's higher electron mobility (2000 cm?V-s) compared to Si (1450
cm?/V-s) results in higher conductivity and lower resistance, which in turn leads to lower
power dissipation and enhanced efficiency. The thermal conductivity x of the GaN is
lower than Si. The implication of it is that GaN has lower power dissipation. These
characteristics make GaN HEMTs excellent candidates for operation at cryogenic

temperatures.
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Table 3.1: Comparison of Material Properties of Si and GaN

Properties Unit Si GaN Ref.
Bandgap Eg4 [eV] 1.1 3.44 [86]
Thermal K [W/em-K] 1.5 13 86]
conductivity
Mobility u [em?/V -s] 1450 2000 [84][85]

At cryogenic temperatures, several changes occur that can enhance the performance

of GaN HEMT devices:

e Improved DC Performance: At cryogenic temperatures, electron mobility in
GaN HEMTs increases dramatically. For instance, in InAIN/AIN/GaN HEMTs, electron
mobility can rise from 1600 cm?/Vs at room temperature to 16,000 cm?/Vs at 5 K [87].
This increase in mobility is primarily due to the reduction in phonon scattering at lower
temperatures. As a result, the on-resistance of the device also decreases significantly [88],

enhancing the overall DC performance [89][90].

* Improved RF Performance: The RF performance of GaN HEMTs is also
notably improved at cryogenic temperatures. Studies have shown that as the temperature
decreases, there are increases in maximum available power gain, short-circuit current
gain, and open-circuit voltage gain [91]. Additionally, improvements in drain current,
transconductance, and cutoff frequency are observed, which are critical parameters for

high-frequency applications [92].

* Improved Noise Performance: Noise characteristics of GaN HEMTs benefit
greatly from cryogenic operation. At temperatures around 10 K, there is a significant
reduction in the noise temperature of the devices [93]. This reduction is crucial for
applications requiring low-noise performance, such as in communication systems and

sensitive measurement equipment.

* Reduced Switching Losses: GaN power devices also exhibit reduced switching
losses at cryogenic temperatures. The increased carrier mobility at lower temperatures

leads to a notable reduction in conduction losses, thereby improving the efficiency of the
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devices [88]. This improvement is particularly beneficial for power electronics

applications where high efficiency is critical.

In conclusion, operating GaN HEMT devices at cryogenic temperatures significantly
enhances their performance. These improvements include better DC and RF
characteristics, reduced noise, and lower switching losses. Such enhancements make GaN
HEMT technology highly suitable for advanced applications in space exploration,

satellite communication, and cryogenic power electronics.

3.4  Structural Design of GaN HEMT for Cryogenic Preamplifier

The design and characteristics of the GaN HEMT device used in Zeng et al. [94]
were selected for integration into a cryogenic preamplifier due to their promising

experimental results.

(a) Cap §2£Qf (b)

Gate
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.....
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Figure 3.5: (a) Schematic diagram of GaN-based HEMT. (b) The test platform for
temperature-dependent DC and LFN characterizations, including the probe station,

semiconductor analyzers, and liquid helium dewar. [94]

As illustrated in Figure 3.5(a), the schematic diagram of the GaN-based HEMT
shows the layered structure comprising a sapphire substrate, an unintentionally doped
GaN buffer layer, a 1 nm AIN spacer layer, a 20 nm Al, ;Ga, ;N barrier layer, and a 3
nm GaN cap layer. The gate contact is made of Ni/Au, while the source/drain contacts

consist of Ti/Al/Ni/Au.
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Figure 3.6: DC characteristics of the DUT under various T: output characteristics at (a)
300 K and (b) 4.2 K. (c) Comparison of the output curves at Vg =1 V from 300 K to 4.2
K. Extracted (d) Ipg mqx and (€) RON as a function of T from the output curves. [94]

The experimental results for the GaN HEMT device under different temperature
conditions are illustrated in Figure 3.6. Figure 3.6(a) shows the output characteristics of
the GaN HEMT at room temperature (300 K). This plot illustrates the drain current (1)
as a function of the drain-source voltage (V) for different gate-source voltages (V;s),
demonstrating the typical behavior of the device at room temperature. When the
temperature is lowered to cryogenic levels, as shown in Figure 3.6(b), the output
characteristics change significantly. At 4.2 K, the device shows a marked increase in drain
current, highlighting the enhanced performance at these low temperatures.

Figure 3.6 (¢) compares the output curves at a gate-source voltage (V) of 1 V across
a range of temperatures from 300 K to 4.2 K. The plot uses a color gradient to indicate
temperature, with red representing 300 K and blue representing 4.2 K. This comparison
clearly shows the improvement in drain current and reduction in on-resistance as the
temperature decreases, emphasizing the benefits of operating GaN HEMTs at cryogenic

temperatures.
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To quantify these improvements, Figure 3.6(d) presents the extracted maximum
drain current (Ipg pq,) as a function of temperature. The graph indicates a 75% increase
in Ipg may, rising from 461 mA/mm at 300 K to 808 mA/mm at 4.2 K. This significant
enhancement in drain current at lower temperatures demonstrates the superior
performance of the device in cryogenic environments. Furthermore, Figure 3.6(e) shows
the extracted on-resistance (R, ) as a function of temperature. The plot reveals a decrease
in Ryy with decreasing temperature, with notable changes observed below 100 K. This
reduction in on-resistance contributes to the overall improvement in the device's
efficiency at cryogenic temperatures.

Collectively, these figures illustrate the substantial enhancements in the electrical
characteristics of the GaN HEMT device when operated at cryogenic temperatures. The
improvements in maximum drain current and on-resistance make GaN HEMTs highly
suitable for low-temperature applications such as cryogenic preamplifiers.

To validate the suitability of the GaN HEMT device for cryogenic preamplifier
applications, we conducted SPICE simulations and compared the results with

experimental data.

3.5 SPICE Simulation of GaN HEMT Device

To simulate the operational performance of the GaN HEMT device, SPICE
simulations were carried out using ngspice, an open-source simulation program. Ngspice
is a highly versatile and widely used SPICE simulator capable of simulating electrical and
electronic circuits. It can handle circuits with various components, including JFETs,
bipolar and MOS transistors, passive elements (R, L, C), diodes, transmission lines, and
even digital circuits. Additionally, ngspice supports mixed-signal circuits, which combine
analog and digital components in a single simulation environment.

A notable feature of ngspice is its integration with Verilog-A compact device models
via the OSDI/OpenV AF interface. This integration allows the use of modern models such
as PSP or FinFET BSIM-CMG without needing to program on the ngspice side. Verilog-
A has become the de facto standard for developing and distributing compact models due
to its simulator-independent and standardized language. Verilog-A compilers translate
these models into machine code, enabling simulators to use them without manual

implementation.
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Verilog-A enhances model development and customization by allowing quick
modifications to the model equations. It supports the implementation of behavioral or
data-driven models and ensures portability between simulators for both models and
process design kits (PDKs).

The OSDI format enables the loading of compiled Verilog-A compact device models
at runtime. OpenVAF, a Verilog-A compiler, is essential for compiling these models for
use in circuit simulators. OpenVAF aims to provide high-quality, standard-compliant
compilation with features like fast compile times, an intuitive user interface, and efficient

simulation performance.

ASM-HEMT
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Compiler

Spice File
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Figure 3.7: Steps Involved in Simulating GaN HEMT with Ngspice

In this work, the ASM-HEMT model [95] is used for the GaN HEMT device
simulation. The ASM-HEMT model is a physical, surface-potential-based model that is
computationally efficient due to its fully analytical nature. It includes various real device
effects such as velocity saturation, access region resistance, DIBL, temperature
dependence, and models for gate current and noise. The ASM-HEMT model, coded in

Verilog-A, enables easy integration and modification within simulation environments.
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The model offers analytical solutions for surface potential and intrinsic charges,
which form the foundation for accurate drain current calculations [96]. It includes critical
effects like velocity saturation, mobility degradation, short-channel effects such as DIBL,
and self-heating. Additionally, the model features a comprehensive charge model for all
terminal charges, adhering to charge conservation principles to enhance simulation
convergence [96]. Furthermore, the ASM-HEMT model includes gate current models
using diode-based formulations and accounts for both thermal and flicker noise, which
are crucial for RF and low-noise applications. It also simulates trapping effects, such as
drain-lag and gate-lag, using RC network sub-circuits. The model supports multiple field
plate configurations and includes quantum mechanical effects like charge centroid shift,
improving the accuracy of gate capacitance modeling. Tested against measured data, the
ASM-HEMT model has shown excellent agreement with experimental results,
confirming its reliability and precision in simulating GaN HEMT devices.

However, ASM-HEMT model has been found to not perform accurately at cryogenic
temperatures [97][98][116], and this observation suggested making essential
modifications to achieve experimentally accurate results under such conditions. Studies
have shown that modifications are required to extend the model's accuracy to cryogenic
temperatures to account for the trapping effect and charge-based flicker noise specific to
low-temperature environments [115][116].

The steps involved in simulating the GaN HEMT device using ngspice are illustrated
in Figure 3.7. This figure outlines the process, starting with the ASM-HEMT Verilog-A
model, compiling it using the OpenV AF compiler to produce an OSDI file, and then using
the ngspice simulator to run the simulation. Finally, the simulation results and the graphs
are generated.

In conclusion, the integration of the ASM-HEMT model with ngspice and the use of
Verilog-A for model development enable accurate and efficient simulation of GaN

HEMT devices.

3.5.1 DC Analysis of HEMT at Room Temperature

DC analysis of the HEMT is required to see the device performance in different gate

voltage regions. Also, it is important parameter to decide gate bias voltage and drain-
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source voltage level of the preamplifier circuit. To conduct the DC analysis of the HEMT
at room temperature, the following steps were implemented using ngspice.

First, the ASM-HEMT Verilog-A model was compiled using the OpenVAF
compiler. The compiled ASM-HEMT model was then included in the SPICE script.

Subsequently, the circuit depicted in Figure 3.8 was constructed within the SPICE script.

Va

Ry

HEMT

L

Figure 3.8: Circuit Diagram for DC analysis of HEMT
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Figure 3.9: DC characteristics of the DUT at room temperature with a device length of
50 um: output characteristics for gate widths of (a) 1 um, (b) 3 um, and (c) 7 um with
V¢s varying from OV to -5V.

Simulations were performed for gate widths of 1 um, 3 um, and 7 um, keeping the
device length fixed at 50 um. For each gate width, the Ips vs. Vs graph was plotted for
6 different Vg values from OV to -5V. The results showed that increasing the gate width

led to a decrease in Ips current. These findings are illustrated in Figure 3.9.
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Figure 3.10: DC characteristics of the DUT at room temperature with a gate width of 3
um: output characteristics for device lengths of (a) 50 um, (b) 75 um, and (c) 100 um

with V¢ varying from OV to -5V.

Next, the gate width was fixed at 3 um, and the same simulation was repeated for
device lengths of 50 pm, 75 um, and 100 um. It was observed that increasing the device
length resulted in an increase in Ig current. These findings are illustrated in Figure 3.10.

In conclusion, the DC analysis of the ASM-HEMT at room temperature, combined

with the exploration of different device geometries, confirmed that the model functions
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correctly within ngspice. The simulations validated the effects of gate width and device

length on Ips current, demonstrating the model's accuracy and reliability.

3.5.2 Applying Required Modifications to ASM-HEMT for Cryogenic Temperatures

The standard ASM-HEMT model does not accurately reflect the behavior of HEMTs
at cryogenic temperatures, as shown in various studies [97][98]. In the study conducted
by Nazir et al. [115], modifications to the ASM-HEMT model were proposed to improve
the accuracy of low field mobility and threshold voltage calculations, aligning them more

closely with experimental data at cryogenic temperatures.

Low Field Mobility vs Temperature
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Figure 3.11: Characterizing Low Field Mobility Across Temperature Ranges

To adjust the low field mobility, the following formulation was employed:

u(T) "
@y T 3.1
[1+ (M) ](dl_u) (3D

Upmax

pr(T) =

Here, pyq, represents the maximum mobility, set at 0.271 m?/V-s. The temperature-
dependent mobility u(T) is given by uo(Tpgy/Tnom)**. Parameters u, (mobility at
Tpey = Tyom)s @y, and Aur = (1 + aAT) are varied to capture the temperature
dependence. The parameter d,, governs the saturation temperature for mobility. After this
change in low mobility calculation, the Low Field Mobility Across Temperature Ranges

graph is given in
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Figure 3.11.
For threshold voltage, the existing model expresses temperature dependence as:
Ve = Viepo — KT]-(TDEV/TNOM -1 (3.2)

However, experimental results indicate that threshold voltage saturates at lower
temperatures, whereas the existing model shows a linear increase with decreasing
temperature. To address this discrepancy, an effective device temperature Tgpr is used

instead of Ty in the threshold voltage expression:

Ven = Veno — KT1(Tgpp/Tyom — 1) (3.3)

Here, Vryq 1s the threshold voltage at Tgpr = Tyom and KT1 is a fitting parameter.

The effective temperature Tggf is defined as:

Terr = 0.5(Tpgy + Ts + /(Tppy — Ts)? + A2) (3.4)

This effective temperature formulation helps capture the saturation behavior of the
subthreshold swing (SS) by replacing the thermal voltage Vi = KTpgy/q with Vi =
KTgpr/q where K is Boltzmann’s constant (in eV/K) and q is the electron charge. The
temperature Ts marks the onset of SS saturation, and A is a smoothing parameter for the
transition. All extracted parameter values are provided in Table 3.2.

Table 3.2: The extracted parameters for the device. [94]

Parameter Value
o (m%/V.S) 165.2e-3
a, -1.6
A 40e-3
Umax (M*V.S) | 270.9e-3
d, 1.8
Vo (V) -5.05
KT1 354.0e-3
T (K) 100
A (K) 401.4
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By implementing these modifications, the ASM-HEMT model can accurately
simulate the behavior of GaN HEMT devices at cryogenic temperatures, ensuring that the
simulation results closely match experimental observations. After implementing these
changes, the modified ASM-HEMT Verilog-A code is compiled using OpenVAF to

generate a new OSDI file.
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Figure 3.12: DC characteristics of the DUT at 4.2 Kelvin with a gate width of 3 um and
a device length of 50 um. (a) shows the output characteristics using the unmodified ASM-
HEMT model, while (b) displays the improved results with the modified ASM-HEMT

model, indicating a 75% increase in Ipg 4, value from 28 mA to 49 mA.
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In the SPICE script[117], the operating temperature is set to 4.2 K, and the simulation
is run using the modified ASM-HEMT model. The simulations demonstrated a significant
improvement, with the Ipg 4, value increasing from 28 mA to 49 mA, corresponding to
a 75% increase. This enhancement is confirmed by the experimental results, which also
show a 75% increase in the Ipg 1,4, value. Figure 3.12(a) illustrates the incorrect results

obtained using the unmodified model, while Figure 3.12(b) shows the corrected results

using the modified ASM-HEMT model.
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Figure 3.13: DC characteristics of the DUT at 4.2 Kelvin with a device length of 50 um:
output characteristics for gate widths of (a) 3 um, and (b) 7 um with V5 varying from OV
to -5V.
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Furthermore, we explored the effect of different gate widths on the HEMT's
performance. Simulations were conducted for gate widths of 3 um and 7 pm. The results,
presented in Figure 3.13, show the performance at 4.2 K for gate widths of 3 um (a), and
7 um (b). Notably, the simulations revealed that reducing the gate width led to higher I

currents, demonstrating enhanced device performance with smaller gate dimensions.
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Figure 3.14: Voltage Response of Vi,qin rq Across R to Changes in Vg,

The effect of changes in gate voltage on the voltage drop across the drain resistor has
also been investigated. For this purpose, the voltage across R, was measured while
increasing the gate voltage from -4.809 volts to -4.807 volts.
Under these conditions, the voltage drop across Rj, as a function of V4, is presented in
Figure 3.14. According to the simulation, a 2mV change in V4, resulted in a 526mV
change in the voltage drop across Rj. This indicates that the designed HEMT has a gain
of 263 times, which corresponds to 48.39 dB. This significant gain demonstrates the
preamplifier's high sensitivity and efficiency in amplifying signals under the specified

operating conditions.
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Figure 3.15: Frequency-Dependent Behavior of Drain Voltage in Modified ASM-
HEMT on a Logarithmic Scale at 4.2 Kelvin

Finally, a frequency sweep simulation was conducted to observe the amplification
gain of the designed cryogenic amplifier in different frequency. The result graph of the
frequency sweep simulation is depicted in Figure 3.15. A sinusoidal signal was applied
to the gate, extending up to 100 GHz, and the resulting current through I, was plotted to
assess device performance across varying frequencies. It was observed that the HEMT
maintained stable [pg performance up to 10 GHz without any notable degradation.
Additionally, the device exhibited a 3 dB decline in performance at 48.3 GHz, thereby
establishing the cutoff frequency at 48.3 GHz.

3.6  Layout Design of GaN HEMT Device

The layout design of the GaN HEMT device was accomplished using KLayout, a
powertful tool for layout creation and manipulation. The process began by defining the
necessary layers using Python scripting within KLayout. Each layer corresponds to a
different aspect of the device geometry. The script was meticulously crafted to draw the
design of each layer according to the specified device geometry.

After defining the layers and creating the layout, the design was saved in the GDS

format, which is widely used for semiconductor manufacturing. This format ensures that
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the design can be easily transferred to fabrication tools. The final 2D view of the designed
GaN HEMT device is illustrated in Figure 3.16, providing a comprehensive visual

representation of the device layout.
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Figure 3.16: 2D Top View of Designed GaN HEMT Device

To enhance the visualization of the designed GaN HEMT device, the 2D layout was
converted into a 2.5D view. This transformation involved creating a script that specified
the thickness of each layer, effectively adding a third dimension to the design. The
resulting 2.5D view is depicted in Figure 3.17, offering a detailed perspective of the

designed device with the added depth dimension.

Figure 3.17: 2.5D View of Designed HEMT Device
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3.7  Conclusion

In this chapter, the focus was on investigating the use of GaN HEMTs in cryogenic
preamplifier circuits for SNSPD sensors. The ASM-HEMT SPICE model was employed
to analyze the geometry determined from the literature review in SPICE simulations.
However, it was found that the ASM-HEMT model did not provide values close to
experimental results at cryogenic temperatures, as observed in studies from the literature.
To address this issue, necessary model modifications were applied to accurately represent
the behavior at cryogenic temperatures, and the model was compiled with OpenVAF to
produce output in OSDI format.

Then, the modified ASM-HEMT model was included in ngspice, and DC analysis
was performed, followed by observing the IDS current as a function of frequency. The
simulations demonstrated that the modified model achieved up to 75% higher Ipg pqy
values at cryogenic temperatures compared to room temperature, consistent with
experimental results. Additionally, it was observed that the HEMT maintained stable I
performance up to 10 GHz without any notable degradation. The device exhibited a 3 dB
decline in performance at 48.3 GHz, establishing the cutoff frequency at this point.
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Chapter 4:
DESIGN AND INTEGRATION OF SNSPD READOUT CIRCUIT

Cryogenic preamplifiers are critical components in the field of low-temperature
electronics, playing an essential role in a variety of applications such as quantum
computing, superconducting detectors, and deep space communication. These
preamplifiers are designed to operate efficiently at extremely low temperatures, often
around 4.2 K, to amplify weak signals without introducing significant noise or distortion.
One notable application of cryogenic preamplifiers is in superconducting nanowire
single-photon detectors (SNSPDs).

Traditionally, amplification is done at room temperature, with signals transmitted
from the cryogenic environment of the SNSPDs to the amplifiers via long coaxial cables.
However, this setup has significant drawbacks. The long cables introduce signal
degradation, increased noise, and timing jitter, which can severely impact the
performance of the system. To overcome these challenges, integrating the amplifier
directly into the cryogenic environment is preferred. This integration results in a more
compact and efficient SNSPD readout system, reducing insertion loss and signal
interference while maintaining low power consumption and high signal integrity.

Conventional preamplifiers, especially those utilizing silicon bipolar junction
transistors (BJTs) and CMOS technologies, encounter substantial performance issues at
cryogenic temperatures. Silicon BJTs, for example, experience a significant reduction in
current gain (f), rendering them ineffective for use in cryogenic conditions [118].

CMOS circuits, although generally more stable, face significant challenges related to
power dissipation. Some studies have observed that the cooling capacities of cryogenic
infrastructures and the efficiency of heat transfer from circuits to coolants impose strict
limitations on power distribution [119]. On the other hand, some studies have shown that
cryogenic cooling significantly reduces the resistance of GaN HEMTs [88]. As a result,
GaN HEMTs can operate with lower power consumption at cryogenic temperatures.

For SNSPD readout circuits, the ability to operate at high frequencies is crucial, as
SNSPDs can achieve high count rates of up to 1.5 GHz. GaN HEMTs have been observed
to exhibit faster switching speeds compared to SiC MOSFETs at cryogenic temperatures,

making them more suitable for high-frequency applications [120]. Additionally, the
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higher transconductance of GaN HEMTs at low temperatures results in higher dv/dt
and/or di/dt, allowing for increased switching frequencies [120].

High-fidelity readout is another crucial component of any superconducting-based
system, imposing strict requirements on the noise performance of the readout chain
[121][122]. Studies have demonstrated that at cryogenic temperatures, the output phase
shift of GaN HEMTs decreases, which is vital for high-performance applications.
Conversely, CMOS devices at cryogenic temperatures can experience signal distortion
due to the "kink effect" caused by residual current [119]. These findings underscore the
superior performance of GaN HEMTs in maintaining high signal fidelity at low
temperatures compared to other technologies [122].

Another critical advantage of GaN HEMTs in cryogenic environments is their
reduced system complexity. The lower on-resistance allows for higher current operation
with fewer devices, simplifying the overall circuit design and reducing the number of
components needed [120]. This reduction in complexity not only enhances reliability but
also contributes to lower power consumption, a vital factor in cryogenic systems because
of the limited cooling power of dilution refrigerators [25].

In summary, the use of GaN HEMT-based preamplifiers in cryogenic environments
addresses the limitations of conventional preamplifier technologies by offering superior
noise performance, higher frequency capabilities, and reduced system complexity. These
advantages make them indispensable in advancing the capabilities of cryogenic
electronics, particularly in fields demanding high precision and low noise.

In this chapter, a preamplifier circuit has been designed to operate at cryogenic
temperatures for SNSPD sensors. The circuit employs the GaN HEMT device designed
in Chapter 3. Using an effective circuit model, we design and analyze the preamplifier
circuit through DC and AC SPICE simulations in Chapter 4. Finally, we investigate the
maximum estimated power consumptions for single and parallel GaN HEMT
preamplifiers in order to investigate the power dissipation of the preamplifier is still in

the limits of the cooling power of the dilution refrigerator.

55



Design and Integration of SNSPD Readout Circuit
56

4.1  Overview of SNSPD Sensor Modeling

In the realm of SPICE simulations for Superconducting Nanowire Single Photon
Detectors (SNSPDs), an equivalent circuit model is utilized to effectively simulate the

behavior of the device upon photon detection.

lbias ZO

X
s
=
A
Q_O

Figure 4.1: A simple electrical equivalent circuit of a SNSPD. L, is the kinetic inductance
of the superconducting nanowire and R, is the hotspot resistance of the SNSPD. The
SNSPD is current biased at I,;,5. Opening and closing the switch simulates the absorption
of a photon. An output pulse is measured across the load resistor Z. [99]
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Figure 4.2: Time-Domain Simulation of Photon Detection in the SNSPD

Equivalent Circuit Using SPICE. V (Z,)represents the voltage difference across Z,,.
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For modeling the voltage output of an SNSPD in response to an incident photon
within SPICE simulations, the equivalent circuit shown in Figure 4.1 has been
established. In this circuit, R,, represents the hotspot resistance of the SNSPD, and L,
denotes the kinetic inductance of the superconducting nanowire. The equivalent circuit
includes a voltage-controlled switch to simulate the transition of the nanowire to a
resistive state upon photon detection. A voltage pulse exceeding the threshold value is
applied to the control input of the switch, representing the incident photon. This setup
generates the SNSPD signal, as depicted in Figure 4.2, where the voltage across Z is

measured, capturing the characteristic response of the detector.

Voltage vs Time Graph across Z0 with Different Rise Times
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Figure 4.3: Time-Domain Simulation of Photon Detection in the SNSPD
Equivalent Circuit with Different Rise Time

The uncertainty in the rise time of the SNSPD's voltage output is referred to as timing
jitter. This timing jitter can be influenced by various factors, including the design of the
detector, the properties of the materials used, and the operational parameters under which
the detector is functioning [125]. Figure 4.3 illustrates the output signal of the equivalent
SNSPD sensor model with four different rise time values. The variations in rise time are

marked as uncertainty within the yellow shaded region.
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FFT of the Signal with Different Rise Times
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Figure 4.4: Frequency domain analysis of SNSPD signals with different rise times.
Region I shows the meaningful part of the signal, while Region II captures the high-

frequency noise caused by the steep rise of the signals.

Figure 4.4 presents the frequency domain representation of four SNSPD signals with
varying rise times. This variability in rise times for the same sensor is what defines timing
jitter. The uncertainty in rise time causes variations in the output signal of the SNSPD,
leading to shifts in the detected time of incoming photons. A steep rise time corresponds
to a high frequency in the frequency domain. To prevent this from appearing as noise in
the output signal, it is crucial that these high-frequency components remain outside the
operational bandwidth range [123]. The relatively high-frequency components observed
in Region II can be disregarded in the operational bandwidth, allowing for a cleaner signal
at the amplifier output. Therefore, it is crucial to appropriately configure the amplifier's

operational frequency band to match the characteristics of the SNSPD sensor.

4.2  Preamplifier Design Integration

Given the critical role of the preamplifier in handling the typically 600-uV output
signals produced by Superconducting Nanowire Single Photon Detectors (SNSPDs), it is
essential to ensure that this component provides a gain exceeding 20 dB, thereby assuring
that the output signal swing is sufficiently large for efficient processing by the post-

analog-to-digital conversion circuitry[100][101][102].
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Figure 4.5: (a) Circuit schematics implementing HEMT amplifier and 500 Ohm load
resistor. The 10-nF capacitor sets the maximum ac gain and a 200 Ohm resistor sets the
dc current for the HEMT; and are the biasing and pull-up resistors, respectively. (b)
Standard electrical photoresponse model of the SSPD with S denoting the detector
switching action. Zo=50 Ohm [103]

GaN HEMTs, known for their high input impedance and substantial gain, were
selected for a single-stage preamplifier design in this study. An extensive literature review
led to the adoption of a preamplifier circuit previously utilized by J. Kitaygorsky et al.
[103], which is depicted in Figure 4.5. The high input impedance characteristic of the
HEMT design enabled the determination of input impedance using an R; .4 resistor. By
adjusting the R,;,s value, the HEMT's gate input can be set to the desired operating bias
voltage. Additionally, the amplified signal output can be measured through Z,. The IDS-
VDS graph obtained from the HEMT DC simulation conducted at cryogenic temperatures
was used to set the gate bias voltage at -4.63 volts. To achieve this voltage, the
Rp;qs resistance value was precisely set to 32k ohms, ensuring the necessary conditions

for optimal device performance under cryogenic conditions. An important practical
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consideration is grounding of the preamplifier circuit at the ground of the 3K stage, not
higher temperature ground planes. This measure is essential to avoid unintentional current
flow between ground planes at different temperature stages due to thermoelectric or
thermocouple effects. An important practical consideration is grounding of the
preamplifier circuit at the ground of the 3K stage, not higher temperature ground planes.
This measure is essential to avoid unintentional current flow between ground planes at
different temperature stages due to thermoelectric or thermocouple effects.

The power consumption of the designed GaN HEMT preamplifier circuit was also
analyzed using simulation results, and it was measured that the system has a power
dissipation of 1.2 mW while actively operating. If 300 mW, which is 20% of the 1.5W
cooling power provided by the dilution refrigerator, is allocated for the preamplifier
circuit, this result indicates that more than 200 preamplifiers can be accommodated within
the dilution refrigerator. This allows for the use of the preamplifier with multipixel

SNSPDs, which started getting developed recently [126].
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Figure 4.6: Frequency Response of Cryogenic GaN HEMT Amplifier
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To observe the performance of the designed preamplifier circuit at different
frequencies, a frequency-dependent gain analysis was conducted. An SNSPD signal was
applied to the input of the preamplifier, and the output voltage was measured to calculate
the gain. The resulting graph from this simulation is presented in Figure 4.6. It was
observed that the preamplifier achieved a gain of 32.56 dB around 1 GHz. However, at 8
GHz, the gain decreased by 3 dB, dropping to 29.56 dB, indicating a cutoff frequency of
8 GHz.

Table 4.1: Comparison of Cryogenic Preamplifier Gain and Power Consumption

Across Various Studies

References [134] [133] [28] This Work
Technology SiGe GaAs SiGe GaN
Gain (dB) 29.6 15 26 32.56
Power
Consumption 20 2.5 1.6 1.2
(mW)

Table 4.1 provides a comparison of the gain and power consumption values of the
cryogenic preamplifier designed in this study with those of cryogenic preamplifiers from
other works. As seen in the table, the cryogenic GaN HEMT preamplifier circuit
simulated in this study delivers a higher gain while also exhibiting lower power
consumption. These results indicate that GaN HEMTs show great promise for use in
cryogenic preamplifier circuits. However, it is important to validate these findings
through real-world testing.

Typical time-dependent SNSPD characteristics range from ps to ns rise time, 6-50 ps
jitter [60][123] and their operation frequencies are around 1 GHz [59][124]. The operation
bandwidth of the GaN HEMT devices designed here are greater than twice the range of
operation frequencies. Besides, for building high-frequency analog-to-digital converters
based on GaN HEMT devices, the bandwidth is high enough to support sampling the
statistics of rise and fall time jitter of SNSPDs. The GaN HEMT electronics design here
is not a bottleneck for the high-speed SNSPD operations for quantum telecommunication
networks. These findings substantiate the suitability of the HEMT design for

implementation in fast SNSPD’s, aligning with their operational requirements.
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Chapter 5:
CONCLUSION AND FUTURE WORK

In this chapter, we present a summary of our findings and provide recommendations
for future research. The "Summary of Findings" section consolidates the key insights
gained from our study on High Electron Mobility Transistors (HEMTs), including their
physical principles, design considerations, and performance metrics. The
"Recommendations for Future Research" section outlines potential areas for further
investigation to advance the understanding and application of HEMTs, particularly in

cryogenic readout electronics.

5.1 Summary of Findings

In this study, a preamplifier circuit was designed for operation at cryogenic
temperatures (4.2K), specifically for use with SNSPD (Superconducting Nanowire
Single-Photon Detectors) sensors, and its performance was analyzed using SPICE
simulations.

SNSPD sensors require cryogenic temperatures to function, typically achieved using
dilution refrigerators. These sensors detect incoming photons and produce an electrical
signal. However, this electrical signal suffers RF insertion and transmission losses when
delivered out of the dilution refrigerator. To address this issue, earlier studies suggest
placing a preamplifier circuit close to the SNSPD. This circuit requires semiconductor
devices that operate effectively at cryogenic temperatures [27].

Upon reviewing various semiconductor options, GaN HEMT devices have been
found to potentially outperform other semiconductor device types at low temperatures
due to their high performance, high input impedance, and low output impedance. GaN
HEMTs exhibit higher thermal conductivity, leading to lower power dissipation. Their
high electron mobility prevents issues like kink effect and carrier freeze-out, commonly
observed in other semiconductors at low temperatures. Consequently, the performance of
a preamplifier circuit designed with GaN HEMTSs was investigated in this study. The
ASM-HEMT SPICE model was utilized for simulation, but it required modifications for
accurate low-temperature operation. Modifications proposed by Nazir et al. [115] were
applied to the ASM-HEMT model and compiled using OpenVAF, creating an OSDI

format for use in ngspice.
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DC analysis of the modified ASM-HEMT model was performed at cryogenic
temperatures, measuring the IDS current. The simulation results confirmed an increase in
IDS current by 75%, consistent with literature findings. Further DC analysis with varying
gate widths and lengths determined that a gate width of 2 pm and device length of 50 um
provided optimal performance.

Subsequent AC analysis assessed the amplification performance across frequencies.
The GaN HEMT maintained switching performance up to 10 GHz exhibited a cutoff
frequency at 48.3 GHz, validating its suitability for the 1 GHz operating frequency
required by SNSPD sensors. This wide bandwidth might benefit other applications such
as quantum photonic integrated circuits, high-frequency quantum communication
networks, space telecommunication networks, and other high-speed sensing and
metrology applications.

An electrical model for the SNSPD was developed for SPICE simulation, and its
output was tested. A preamplifier circuit incorporating the designed GaN HEMT was then
built, and its signal amplification performance was analyzed. The SPICE simulation
yielded a gain of 48.3 dB, exceeding the desired 20 dB gain noted in the literature for
SNSPD applications.

Based on earlier promising studies [103], a preamplifier circuit was selected for the
designed HEMT. The simplicity of the preamplifier circuit ensures it contains fewer
components while capturing the effective inductive, capacitive and real impedance
characteristics of the amplifier. This results in fewer components inside the dilution
refrigerator and lower power dissipation, which helps maintain the dilution refrigerator's
cooling power limit and ensures it operates at the necessary temperatures.

The chosen preamplifier circuit was assembled, and the resistance values were tuned,
followed by gain measurements. It was observed that the preamplifier achieved a gain of
32.56 dB around 1 GHz. However, at 8 GHz, the gain decreased by 3 dB, dropping to
29.56 dB, indicating a cutoff frequency of 8 GHz.

Subsequently, a power consumption analysis was performed, and it was calculated
that the designed preamplifier circuit has a power dissipation of 1.2 mW. If 300 mW,
which is 20% of the 1.5W cooling power provided by the dilution refrigerator, is allocated
for the preamplifier circuit, this result indicates that more than 200 preamplifiers can be

accommodated within the dilution refrigerator. This observation suggests that recently
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emerging multichannel SNSPDs [124] and SNSPD-based cameras [126] can be
integrated with the preamplifier for each pixel or detector column array or row.

This study concludes that GaN HEMT devices are highly effective in preamplifier
circuits designed for SNSPD sensors operating at cryogenic temperatures, meeting all
necessary performance criteria. The findings underscore that GaN HEMTs are excellent
candidates for use in cryogenic SNSPD readout circuits, promising enhanced reliability

and efficiency in these specialized applications.

5.2  Recommendations for Future Research

This study has successfully implemented SPICE simulations to explore the
performance of GaN HEMT devices in preamplifier circuits for SNSPD sensors.
However, to further validate these findings, it is recommended to proceed with a tape-out
followed by a thorough examination of experimental results. For this purpose, epitaxial
growth and testing of GaN HEMT devices and experimental confirmation of the models
presented here are going to be essential in the future. One way to achieve high-quality
GaN HEMT device fabrication is through getting GaN foundry services. These services
might allow for fabricating the layers with pre-optimized recipes that would allow for
near-ideal device operation characteristics. Below is a list of GaN foundries, which might

be able to fabricate the proposed GaN HEMT devices.

Table 5.1: Some of the GaN foundries that provide growth and fabrication services

for GaN-based epilayers and devices

Company Country Ref.

MACOM USA [127]

QROMIS USA [128]

Trusted Serrgconductor USA [129]
Solutions

X-FAB Germany
. [130]
(Germany, France, Malaysia, USA)
Sanan IC China [131]
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These results are essential for the fine calibration of GaN HEMT characteristics,
ensuring that the simulated outcomes closely align with real-world performance.

Additionally, detailed noise analysis is advised to enhance the understanding of noise
characteristics in these circuits. This would provide crucial insights into the noise
contributions from GaN HEMTs and their impact on the overall sensor performance,
particularly under low-signal conditions.

Further characterization of GaN HEMTs on different substrates such as SiC, silicon
or other strained substrates should also be considered. Exploring various substrate
materials could reveal significant variations in device performance and durability, which
are critical for optimizing the design and functionality of SNSPD systems.

There is also a need for targeted development of preamplifier circuits specifically
designed for particular types of SNSPD sensors. Such tailored designs could significantly
improve sensor responses under varied operating conditions, including dark conditions.
Alongside, conducting dark count analysis and assessing detection efficiency will provide
a comprehensive understanding of the sensor behavior in absence of light, which is vital
for low-light applications.

Efforts were made to use the open-source TCAD program DEVSIM for simulating
the GaN HEMT device. Although the physics of the HEMT could be modeled, an
overflow error occurred in DEVSIM's matrix solutions at low temperatures. This issue
was due to the significant changes in parameters as the temperature decreased, leading to
very large values in the calculations. Future research could address this problem by
modifying the simulator to handle these conditions or by using alternative simulators
capable of accurately performing TCAD simulations for HEMT devices at cryogenic
temperatures.

Improving GaN HEMT bandwidth: For broader sensing or communication
applications that require broader bandwidths, GaN HEMT geometry must also be
optimized for lower RC constants and effective capacitances. Increasing the device length
and reducing the gate width increases the Ig, which helps increase the signal at higher
frequencies and increase the operation bandwidth. Tuning the HEMT capacitances might
also help in optimizing their cut-off frequencies.

Clear characterization of the effect of gate bias voltage: When gate bias voltage is

applied, the 2DEG carrier concentration is changed in a nonlinear manner. Hence, the
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device current-voltage characteristics must be solved self-consistently in numerical
models. These models need to be tested and verified with experiments.

Commercial and room temperature applications: GaN HEMT device applications are
not just limited in quantum sensing, computing or communications. GaN HEMT devices
have a wide range of commercially viable room temperature applications in consumer,
industrial, and automotive sectors due to their highest efficiency and power density. These
HEMT devices can withstand up to 700V bias and can form the basis of DC converters,
adapters, and battery charger modules. Major semiconductor companies such as Infineon
are already offering significant GaN HEMT product lines for these purposes [132].

Reviewing the literature and considering the findings from this study, GaN HEMT
devices emerge as promising candidates for cryogenic preamplifier circuits in SNSPD
sensors. However, due to their relatively recent development compared to traditional Si-
based MOSFETs, there is less existing research on HEMT devices. Further studies and
advancements are crucial for improving single photon detection processes. Enhancing the
understanding and application of GaN HEMTs in this field will be essential for achieving

better performance and reliability in advanced photonics technology.
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Appendix A: KLayout Scripts for 2D GDS File Generation and 2.5D

Visualization

The Python script below was used to draw the GDS file according to the required
physical length parameters. This script sets up the layout, defines the layers, and creates
the shapes representing the various components of the HEMT device.

import pya
layout = pya.Layout()

layout.dbu = 0.001 # database unit in micrometers

layers = {
"sapphire": layout.layer(1, 0, "Sapphire"),
"gan_buffer": layout.layer(2, 0, "GaN Buffer"),
"gan": layout.layer(3, 0, "GaN"),
"aln": layout.layer(4, 0, "AIN"),
"algan": layout.layer(5, 0, "AlGaN"),
"cap": layout.layer(6, 0, "GaN Cap"),

"metal": layout.layer(7, 0, "Metal"),

# Device dimensions in micrometers (width, length)
device_dimensions = {

"width": 50, # WG

"length™: 14 # LSD
}

gate_length =3 #LG
source_length = 5 # Length for Source
drain_length = 5 # Length for Drain

gate_position = (device_dimensions['length"] - gate_length) / 2 # Center the gate

# Layer dimensions and positions

dimensions = {
"sapphire": (0, 0, device_dimensions["width"], device_dimensions["length"]),
"gan_buffer": (0, 0, device_dimensions["width"], device_dimensions["length"]),
"gan": (0, 0, device_dimensions["width"], device_dimensions["length"]),
"aln": (0, 0, device_dimensions["width"], device_dimensions["length"]),

"algan": (0, 0, device_dimensions["width"], device_dimensions["length"]),
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"cap": (0, 0, device_dimensions["width"], device_dimensions["length"]),
"metal": [
(0, gate_position, device_dimensions["width"], gate_position + gate_length), # Gate
(0, 0, device_dimensions["width"], source_length), # Source
(0, device_dimensions["length"] - drain_length, device_dimensions["width"], device_dimensions["length"])
# Drain
]
}

# Create layers and insert shapes
cell = layout.create_cell("HEMT")
for name, layer in layers.items():
layer_index = layer
if name == "metal":
for box in dimensions[name]:
cell.shapes(layer_index).insert(pya.Box(*box))
else:
box = dimensions[name]

cell.shapes(layer_index).insert(pya.Box(*box))

# Save the layout as GDS file
layout.write("GaN_HEMT.gds")

To view the layout generated by the 2D drawing script in a 2.5-dimensional
perspective, the following script was used. This script allows for the visualization of the

layout, enhancing the understanding of the device structure in three dimensions.

# 2.5D script for GaN HEMT structure visualization
z(input(1, 0), zstart: 0, height: 30.nm, fill: OXADD8EG, name: "Sapphire Substrate") # Sapphire substrate,
30 nm

z(input(2, 0), zstart: 30.nm, height: 30.nm, fill: 0x00008B, name: "GaN Buffer")
z(input(3, 0), zstart: 60.nm, height: 30.nm, fill: 0XOOFF00, name: "GaN")
z(input(4, 0), zstart: 90.nm, height: 1.nm, fill: OxFFFF00, name: "AIN Spacer")
z(input(5, 0), zstart: 91.nm, height: 20.nm, fill: 0OXFF6347, name: "AlGaN Barrier")
z(input(6, 0), zstart: 111.nm, height: 3.nm, fill: 0x800080, name: "GaN Cap")
z(input(7, 0), zstart: 114.nm, height: 20.nm, fill: 0XDAAS520, name: "Metals")
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