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A2 2w Y0 kg a8 E  (Light-Emitting Transistors, LETs) &5k 3* ~ @i ~

Baggipit, (f5 7 - RFERERPITHLELE o A MLV % £ 42 HH

@@ 3 1 (Quantum-Well, QW) 44, LETs BN & 5 i £t~ £ T AL TR
( Optoelectronic Integrated Circuits, OEICs ) 17 % i gl BB * > & g AREA |
Fu A d S H R PR T SR o W R SR Y B AR B A3
VM A LETs el a3 Mg RO T - RARRIEAS K g2t E

dAZAR T SRR R BB RO -

hehe F R #* LETs A ERL R bl 4521 £ 0B R
kgt E g3 ER B EEET & (Single Quantum Well-Based

Heterojunction Bipolar Transistors, SQW-HBTs) o 4= # #7 7 52 3% 7 & HBTs 24 % p %

Pt

Ersth R RS (SQW) B, F 0 A 25°CT 85°CIE A FEIN K TIET it
2 72.23%enkg F i hopt A FFINH B OBRT F F B F e T EE S

AP g bl o 22 @A HBTs e (7 3 4R F , %8 B @ P A8 3 F 5123505

3T I ehd #F, 3 R0 BT o 4, B EGe 0 QW-HBT B it

RV Ty ST ST

vii

doi:10.6342/NTU202500212



Gipe Ay AR L HED SR (MQW) 2 = 25 H (TQW) HBTs, B
TORR R HERA o - B T AR gy 2 B ke (ol

BECE)HRTIHE AR A ET R EEHE S > R TQW-HBTs, #

BARREEARFRIN TR ETIERT T 200%088 FH 4o, 12 FOCTpA 0T AR
B gl QR 1 - B MQW-HBT 2 TQW-HBT fie B 1148 = % B #4440

%;g% Z';IE’ AT — 1&%@@1;@]% °

TF MQWs F 0 B Fenfacg R, nd W FHFEI L2 FPERSTR
BRI - BREB AR, TR M AW AR T LMY o %A

3 AT LA E A1 LET oo T 5 3 5448419 0 £ A& eh#uc) B o LET &
e (TR R K_25°CH 2 | 85°C PEETHET M4 1 153%, 7 E R T KM At
B BRAE R EET AT 210% o pt ¢t LET chE T IHER T H 5 853
HA/CC, @ i GHpe s ¢ pot F 82 3 2620A/°C, Bor 1 AR B DB E it L o

S IR AT R R G BACE RE D] 9.12mV/°C, A& B AR RIE

@A AR R AL TR EE R PR E

&
o
i
Ee}

TR T QW BT GRR R AU AR R - A - B ML T QW TR
:%‘f%%'ri};; n’”?‘,ﬁ‘ ?{"E‘F'_ﬂl iﬁ'g\; }’:"7 F'&r‘rlfé g.ro 7 f*ﬁﬁﬁﬁ{%fr,ﬁi?ﬁﬂ

EIHEEANL RO R, A R OEIEPAEET {FORER o R EahE

viii

doi:10.6342/NTU202500212



FHEE AL 90 A, H A 100°C pF IR & °C 1.34 mA it R 2 RR s

B pBARLBERELRERERET ML

Bots, 22 %31 ¢ 35 SQW-HBTs, MQW-HBTs = TQW-HBTs & chf s LET
AR CHERERIE? ¥ RIS - AP Y WEORTARE, blAost B 5
Wpamahd T LW, BT AZF ORAE R - TREH LT - RFERE R

e S S O N B S R Y e R R

MeE: - REsta A (LET), £ 2 (QI), 5 8512 (MQW), = £+ 1 (TQV),
HE+ R TSR fo® (SQV-HBT) , MQW-HBT - TQW-HBT, HBLET, if & % 2

G, BT R BRSBTS EM, 3, TEARRE, &

X

doi:10.6342/NTU202500212



Abstract (English)

This dissertation presents a comprehensive study on the design, fabrication, and
optimization of Light-Emitting Transistors (LETs) as advanced devices for next-
generation smart thermal sensing technologies. LETs, based on IlI-V compound
semiconductors, emerge as innovative, high-speed three-port devices integrating optical
and electronic functionalities. Leveraging state-of-the-art quantum-well (QW) structures,
LETs demonstrate exceptional potential for high-speed optical communication, enhanced
performance in optoelectronic integrated circuits (OEICs), and advanced thermal sensing
applications, particularly due to their thermionic emission properties. These findings
position LETs as strong candidates for next-generation smart thermal sensing
technologies, surpassing traditional thermal sensor technologies in thermal sensitivity.
The study begins with the design and fabrication of single-quantum-well heterojunction
bipolar transistors (SQW-HBTS), designed to enhance thermal sensitivity. The innovative
incorporation of a staircase QW into the base region of HBTs achieved a 72.23% increase
in collector current across a temperature range of 25°C to 85°C, attributed to faster
electron escape dynamics from the QW. A modified charge-control model incorporating
thermionic emission theory effectively explains this behavior and provides a foundation

for optimizing SQW-HBT structures for thermal sensing applications.

X
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Building on these initial results, the research advances to multi-quantum-well (MQW)

and triple-quantum-well (TQW) HBTSs to further improve thermal sensitivity. A newly

modified charge-control model for MQW-HBTSs is developed to account for the influence

of quantum-well parameters, such as number and position, on the current gain. This model,

validated against experimental results, guides the design of TQW-HBTS, which exhibit a

remarkable 200% increase in collector current over the same temperature range and

achieving a current sensitivity of 7 uA/°C. These findings highlight the potential of

MQW-HBTs such as TQW-HBTSs for applications requiring ultra-high thermal sensitivity.

To address the challenges of reduced current due to electron trapping in MQWSs, the

dissertation introduces a groundbreaking idea developed in the optoelectronics thermal

technology by successful design and fabrication of the world’s first Darlington transistor

configuration cascaded with LETs. This innovative approach combines the thermionic

emission properties of LETs with the amplification benefits of the Darlington design,

achieving a 153% increase in LET collector current from 25°C to 85°C and a further

enhancement to 210% in the Darlington configuration. The collector current-to-

temperature sensitivity improves from 8.53 pA/°C in LETs to 26.2 pA/°C in the

Darlington configuration, with a voltage-to-temperature sensitivity reaching 9.12 mV/°C

surpassing conventional thermal sensor. Despite these advancements, challenges in

xi
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achieving linear voltage-to-temperature responses are addressed, with recommendations

for optimizing QW structures to balance sensitivity and linearity.

Further investigations into the effect of QW width reveal critical trade-offs between
thermal sensitivity and linearity. Narrower QWSs exhibit higher sensitivity, while wider
QWs improve linearity. An optimal QW width of 90 A achieves a thermal sensitivity of
1.34 mA/°C at 100°C while maintaining excellent linearity, providing essential insights
for designing high-performance thermal sensors. Finally, this dissertation work highlights
the transformative potential of LET-based devices, including SQW-HBTs, MQW-HBTS,
and TQW-HBTSs, for smart thermal sensing applications. The novel configurations, such
as the Darlington transistor cascaded with Light-emitting transistor, reported ultra-high
thermal sensitivity in this studied. These advancements lay strong ultra-high-thermal
performance front-end components for next-generation for smart thermal sensing

technologies.

Key words — Light-emitting transistor (LET), quantum-well (QW), multiple-QW (MQW),
triple-QW (TQW), single-QW-based heterojunction bipolar transistor (SQW-HBT),
MQW-HBT, TQW-HBT, HBLET, Darlington transistor, modified charge-control model,
temperature dependent current gain, thermionic emission, high temperature, smart

thermal sensor, smart sensing technologies, ultra-high thermal sensitivity, and linearity
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Chapter 1

Introduction to Light-Emitting Transistor for Smart

Thermal Sensing Technology

1.1 Introduction

The rapid evolution of semiconductor technology has significantly influenced

modern electronics, enabling the development of increasingly sophisticated devices that

power industries ranging from computing and communications to healthcare. The

invention of the transistor in 1947 marked a pivotal turning point, driving the

miniaturization of electronic devices and laying the foundation for solid-state electronics.

Over the decades, transistors have evolved from traditional bipolar junction transistors

(BJTs) to heterojunction bipolar transistors (HBTS), culminating in the breakthrough

development of light-emitting transistors (LETS), which integrate optical and electrical

functions within a single device.

As the demand for more efficient, accurate, and compact temperature sensors grows,

particularly in optoelectronic integrated circuits (OEICs), innovative thermal sensing

technologies have become essential. LETs, with their unique characteristics, have

emerged as a promising solution for next-generation smart thermal sensors, offering
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exceptional sensitivity, integration capabilities, and performance In optical

communication systems and sensor technologies.

This chapter introduces LETs as advanced devices for smart thermal sensing applications,

setting the stage for a deeper exploration of their potential in future optoelectronic systems.

This chapter begins with Subchapter 1.2, “Era of Transistor to Light-Emitting Transistors,”

provides a historical perspective on the evolution of transistor technologies, outlining the

transition from traditional transistors to the emergence of LETs. This background

establishes the technological foundation necessary to understand how LETs have evolved

to meet the demands of modern thermal sensing systems.

Following this, Subchapter 1.3, “Applications of Light-Emitting Transistors,” discusses

the diverse and expanding range of applications for LETS, highlighting their role in

optical communication, integrated circuits, and, notably, their key position in next-

generation thermal sensing technologies. The insights from this subchapter naturally lead

to Subchapter 1.4, “Traditional Temperature Sensor Devices,” where we analyze the

limitations of conventional temperature sensing technologies. By comparing traditional

sensors to LET-based sensors, we highlight the need for innovative solutions, positioning

LETs as superior alternatives.
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Subchapter 1.5, “Thermal Sensing Mechanism of QW-Based HBTSs,” builds on the

insights from Subchapter 1.4 by exploring the advanced thermal sensing mechanisms of

quantum-well-based heterojunction bipolar transistors (QW-HBTSs). These devices,

which leverage quantum well (QW) structures to enhance temperature sensitivity,

represent a significant advancement in smart thermal sensor technology. This subchapter

connects directly to the design and operation of LETS, demonstrating how QW-HBTSs are

essential components in the development of high-performance thermal sensors.

Finally, Subchapter 1.6, “Thesis Organization,” outlines the structure of this thesis,

presenting the research objectives and the flow of the chapters. Each chapter builds upon

the previous one, providing a comprehensive understanding of the design, fabrication,

and application of LET-based thermal sensing technologies. The thesis concludes by

presenting the potential of LETs in shaping the future of smart thermal sensing and

optoelectronic systems.

Lastly, this chapter provides an overview of the historical development of transistors, the

emergence of LETs, and their applications in OEICs and thermal sensing, laying the

groundwork for a detailed discussion on LET-based smart thermal sensor design in the

chapters that follow.
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1.2 Era of Transistor to Light-Emitting Transistors

The advent of the electronic age began when semiconductor (or “solid-state’)
devices started replacing bulky and unreliable vacuum tubes. This era was marked by the
invention of the first point-contact triode transistor by John Bardeen and Walter H.
Brattain in 1947, a significant breakthrough in the development of the original bipolar
triode devices [1]. Since then, semiconductors have become the foundation of modern
technology, playing a critical role in computing, communication, transportation,
entertainment, and medicine. The invention of the transistor in 1947 laid the groundwork
for the electronic technologies that enhance our smart lives today.

Following this revolutionary development, William Shockley introduced the concept of
minority carrier injection in 1949 [2], and in 1951, the first BJT was demonstrated [3]. In
his 1948 patent application, Shockley proposed the use of materials with a wider energy
bandgap for the emitter of a BJT to enhance transistor performance through improved
minority carrier injection efficiency [4]. This idea was further advanced by Herbert
Kroemer in 1957 when he proposed the HBT, utilizing a wider bandgap material for the
emitter to suppress hole injection from the base to the emitter in an n-p-n transistor [5].
This marked the transition from homojunction to heterojunction devices, significantly
enhancing performance by allowing higher current gains while maintaining low base

resistivity.
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The HBT structure offered several advantages over traditional BJTs. In a BJT, the n-p-n

junction is formed using different dopant concentrations, with the emitter heavily doped

to increase electron concentration and improve emitter injection efficiency, while the base

is lightly doped to minimize hole back-injection. However, this also leads to increased

base-emitter junction capacitance, increased base resistance, and then need for a thicker

base, potentially causing bandgap shrinkage and performance degradation. In contrast,

the HBT’s lightly doped emitter reduces junction capacitance, while its heavily doped

base lowers resistivity, allowing for a thinner base and faster transit times. These

improvements enable HBT to operate at frequencies in the hundreds of gigahertz range.

Advancements in material growth technologies, such as Metal Organic Chemical Vapor

Deposition (MOCVD) and Molecular Beam Epitaxy (MBE), have enabled the

development of modern high-speed HBTs with extremely thin base layers, only tens of

nanometers thick. These devices exhibit ultrafast transit times, with carriers crossing the

base within femtoseconds, significantly improving their speed and performance [6], [7].

Carrier recombination in semiconductor devices, particularly in the base of HBTs, is a

key process that influences transistor operation. Traditionally, base recombination is

viewed as an undesirable effect, dissipating energy as heat. However, when applied to

light-emitting devices, radiative recombination becomes a crucial mechanism for photon

generation. The first observation of coherent light emission from a semiconductor was
5
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achieved in 1962, when diode lasers (DLs) were demonstrated by Robert N. Hall and

Holonyak, marking a milestone in optoelectronics [8], [9].

\ n- Collector GaAs /

n+ Subcollector G aAs
| GaAs Substrate

Fig. 1.1: (a) Epitaxial layer structure of the III-V InGaP/GaAs HBT; (b) Top view of light
emission from the base of the first light-emitting transistor (LET) based on the HBT layer

structure under forward active operation, captured by a silicon CCD [10].

In 2004, a groundbreaking development occurred when Milton Feng and Nick Holonyak,

Jr. observed radiative recombination in the base of II1I-V InGaP/GaAs HBTs, marking the

first instance of light emission from a transistor (see Fig. 1.1(a) for the epitaxial layer

structure) [10]. This observation suggested that HBTs could function as light-emitting

sources. This discovery marked the birth of the LETs, a new class of device of both

electrical and optical output (see Fig. 1.1(b) for the observed light emission from the

HBT). Building on this breakthrough, Feng and his team introduced a new class of device

by incorporating QWs into the base region of HBTs to enhance radiative recombination,

leading to the development of QW-HBTs, or quantum-well heterojunction bipolar light-

emitting transistors (QW-HBLETS), or more commonly, the LET [11]. This innovation
6
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introduced a novel class of devices capable of functioning as both high-speed transistors

and light sources, offering simultaneous electrical and optical outputs, enabling high-

speed optical modulation and opening new possibilities for OEICs [12]. The energy band

diagram of this QW-based HBT is shown in Fig. 1.2(a), with Fig. 1.2(b) illustrating light

emission from the QW-HBT under forward active bias.

Ing ,sGa, 5, As QW
oL felL e

Fig. 1.2: (a) Energy band diagram of the first QW-based HBT with two InGaAs QWs
inserted into the base to enhance radiative recombination by capturing more electrons; (b)
Top view of light emission from the first QW-HBT in the common emitter configuration,

with the device biased in forward active mode and a base current, Iy, of 1 mA [11].

Unlike traditional DLs, where carriers are confined within the QW active region, LETs

benefit from the tilted charge distribution in the base and the electric field sweeping

carriers from the base to the collector, significantly reducing recombination lifetimes

compared to DLs [13]. This results in ultrafast modulation speeds, enabling LETs to

achieve modulation frequencies as high as 4.3 GHz [14]. By integrating optical cavities

and confining layers, these devices can also be transformed into transistor lasers (TLs),

further enhancing their performance as light-emitting sources [15].

7
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The development of TLs has achieved significant milestones, including the introduction
of vertical cavity transistor lasers (VCTLs) in 2012 [16], with oxide-confined VCTLs
demonstrating bandwidths exceeding 11 GHz [17]. Recent advancements include a
tunneling junction LET achieving 12 GHz bandwidth [18]. These innovations position
LETs and TLs as promising candidates for OEICs and next-generation high-speed optical
communication systems, offering a combination of high speed, low power consumption,
and dual electrical-optical outputs.
Today, III-V compound semiconductors, with their superior radiative recombination
efficiencies, have paved the way for efficient TLs and LETs, which hold great potential
for the future of optoelectronic technologies.
1.3 Applications of Light-Emitting Transistors

Over the last decade, society has become increasingly dependent on internet
connectivity and electronic devices for a smart, interconnected lifestyle. The demand for
data bandwidth has grown exponentially, driven by applications like high-performance
computing, video streaming, cloud computing, and social media. According to CISCO's
predictions, nearly two-thirds of the global population will have Internet access by 2023
[19]. The total number of internet users is expected to rise to 5.3 billion (66% of the global
population) by 2023, up from 3.9 billion (51%) in 2018. This marks a compound annual

growth rate (CAGR) of 6%. Fig. 1.3 illustrates this projected growth from CISCO’s
8
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Annual Internet Report for 2018-2023.

Cisco Annual Internet Report, 2018 to 2023
Billions of Internet users per year

6% CAGR
2018-2023

5.3B

2018 2019 2020 2021 2022 2023

Fig. 1.3: Global internet user growth prediction according to the Cisco Annual Internet
Report (2018-2013) white paper [19].

By 2024, the total volume of global data is projected to reach around 147 zettabytes, rising

from 120 zettabytes in 2023. This increase is being fueled by rising internet usage, social

media, and the proliferation of the Internet of Things (IoT). By 2025, this number is

anticipated to soar to 181 zettabytes. The rapid expansion of unstructured data, such as

videos and social media content, has contributed significantly to this growth. The

challenge now is no longer about generating data but ensuring fast and reliable delivery

of such vast quantities.

The development of optical transceiver and receiver systems is key to addressing this
9
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challenge. Optical communication, particularly through fiber optics, has replaced

traditional wired connections over long distances and within data centers. It is even on

the brink of reaching residential use, providing the necessary speed and reliability for data

transmission. Optical interconnects (Ols), which use photons instead of electrons, offer

several advantages, particularly for long-distance and high-bandwidth transmission.

In this era of optical communication, LETs and TLs present themselves as promising light

transmitters, modulators, and photodetectors due to their dual outputs—both electrical

and optical. They facilitate electrical-to-optical (E-to-O) and optical-to-electrical (O-to-

E) conversions, making them strong candidates for the development of OEICs and high-

speed optical communication systems.

At our Integrated Optoelectronic Device (IOED) Lab at NTU, under the guidance of Prof.

Chao-Hsin Wu and in collaboration with Prof. Milton Feng’s team at UIUC, we have

consistently explored the potential of LETs and TLs for optical logic gate designs [20],

[21], [22], [23], [24], [25], [26] and high optical modulation bandwidth [14], [18].

Although LETs and TLs have shown great promise, further modifications to the layer

structure are required to fully compete with advanced semiconductor DLs, especially the

oxide-confined VCSELs.

Currently, LETs and TLs demonstrate three main applications: 1) optical logic gate

designs, 2) high optical modulation bandwidth, and 3) thermal sensor technology for
10
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OEIC development, as shown in Fig. 1.4.

Optical Logic Gate = High Optical -
Application Modulation Smart Thermal

#%\ Bandwidth Sensor
' W ) Application - Technology

Application

Fig. 1.4: Current applications of LETs and TLs include 1) optical logic gates, 2) high
optical modulation bandwidth, and 3) smart thermal sensor applications (my thesis work).
LETs and TLs are potential candidates for the development of OEICs.

In my current research, I focus on the application of LETs for next-generation smart
thermal sensing technology, utilizing the thermionic emission effects in the QWs.

1.4 Traditional Temperature Sensor Devices

Accurate temperature measurement is essential for the reliable operation of OEICs,

11
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where thermal sensing enables control of both operational and safety parameters. Smart

thermal sensing systems achieve this by utilizing temperature-sensitive optical

parameters (TSOPs), which depend on the temperature variation of the energy band gap

[27], or through temperature-dependent electrical characteristics [28]. Temperature

sensors are commonly applied in instrumentation, measurement, and control systems.

Traditional temperature sensors, such as platinum resistance thermometers, are renowned

for their precision but are often bulky and costly [29]. In contrast, semiconductor-based

temperature sensors developed using modern complementary metal-oxide semiconductor

(CMOS) technology offer cost-effectiveness and easier to integrate with control units [30],

[31], [32], [33].

With the increasing integration density and power demands of modern very-large-scale

integration (VLSI) circuits, temperature sensors play a critical role in on-chip thermal and

power management to prevent performance limitations and potential functional failures.

On-chip sensors enable real-time temperature monitoring, facilitating effective thermal

management. Typically, a smart on-chip temperature sensor includes a sensor front-end

that generates temperature-dependent signals (e.g., voltage, current, time, or frequency)

and a signal-to-digital converter (SDC) that converts these signals into digital output.

Figure 1.5 illustrates the basic block diagram of a smart thermal sensor. Table 1.1

provides a overview of different temperature sensor types, including their sensing
12
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principle, advantages, and disadvantages.

( OOEE o
Temperature Thermal Sensor Digital

g Output
°C Temperature to Current or i — p
Voltage or Frequency or ) Signal to Digital | %’
g Time Signals Converter

Front-End Design'
| )

Fig. 1.5: Block diagram of typical integrated thermal sensor.

Bandgap-based sensors are among the most precise and reliable on-chip temperature

sensor technologies due to their high linearity and minimal process variation sensitivity

[34], [35], [36], [37], [38]. These sensors use BJTs, Schottky diodes, or metal-oxide-

semiconductor field-effect transistors (MOSFETs) to produce well-defined voltage or

current outputs proportional to temperature [39]. The architecture typically includes a

sensor front-end generating PTAT (proportional to absolute temperature) voltage and a

reference voltage, coupled with an analog-to-digital converter (ADC) to digitize these

outputs, as illustrated in Fig. 1.6. Most contemporary designs favor the bandgap

configuration due to its high-resolution ADCs and reliable digital outputs. The bandgap

circuit, which supplies both PTAT and reference signals, has been a staple design for

decades.

Figure 1.7 (a) depicts a traditional bandgap reference circuit utilizing PNP BJTs, where

the current mirror transistors M| and M; are identical, and BJTs T; and T> have a size

13
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ratio of N. This configuration ensures a consistent current density ratio between the BJTs,
with the base-to-emitter voltage difference (AVgg) producing a PTAT voltage that is

highly linear and relatively insensitive to process variations.

PTAT Signal \‘/

Generator

Temp

Temp

ADC >

Reference Signal

Generator /‘,
Tem

Fig. 1.6: Block diagram of a typical bandgap-based thermal sensor.

When BJT-based designs are used, achieving consistent operation across temperature

ranges requires careful calibration due to process variations that affect the reference

voltage. The VgE, or base-emitter voltage, of a BJT diode is known to be Complementary

to Absolute Temperature (CTAT) and can be combined with the PTAT signal to produce

a stable reference voltage. While a reference voltage of approximately 1.25 V, known as

the "bandgap reference," is effective, it is not ideally constant over a broad temperature

range, often requiring one-or two-point curvature correction techniques to reduce sensing

14
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CITors.

Table 1.1:Comparison of Traditional Existing Temperature Sensors.

Temperature . L. .
Sensing Principle Advantage Disadvantage Ref.
Sensor Type
Utilizes a temperature- | Simple High-cost calibration
to-pulse generator | implementat | due to wide digital
(special inverter) to |ion  using | circuitry spread;
Pulse.t create a pulse width | pure digital | sensitive to supply
ulse-to-

. proportional to absolute | circuits, fluctuations and
Digital . [40]
S temperature  (PTAT), | occupying clock frequency
ensors

with pulse fed into a | less area. variations.

cyclic  time-to-digital

converter (TDC) for

digital output.

Measures the oscillation | Operates at | Highly sensitive to
frequency of a ring | low supply | supply voltage and

. oscillator, which is | voltage. process  variations,

Oscillator- . .
temperature-dependent. resulting in  poor
Based , , o [41]
Oscillator  output is supply sensitivity and
Sensors ]
buffered, and clock accuracy;  requires
edges are counted linearity correction.
digitally.
Utilizes the IC | High Large front-end size,
Thermal- substrate’s thermal | accuracy, prone to self-heating
Diffusivity- | diffusivity ~with  an | minimal and thermal noise, [42]
Based electrothermal filter | process high power
Sensors (ETF) that converts | sensitivity consumption.
phase shift to digital.
Generates PTAT and | High Requires one- or two-
reference voltage, | linearity, point calibration to
Bandgap- | digitized by an ADC for | low process | minimize process
Based temperature reading. sensitivity, | spread errors; limited | [43]
Sensors commonly | supply voltage
used scaling with modern
CMOS technology.
15
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Fig. 1.7: (a) Schematic of a bandgap reference circuit. (b) [llustration of how the reference
voltage is derived by combining PTAT and CTCT signals [43].

For accurate temperature sensor applications, where the Vgg exceeds tens of microvolts,

the current-voltage (I-V) relationship of the BJT diodes can be expressed as:

VBE

IC1 = Allsexp (T]V.;) (11)
VBE

ICZ = Azlsexp (T]_V;) (12)

Where I¢, and Ic,are the collector currents, A and A> are the BJT areas, Is is the
saturation current (process-dependent), # is the non-ideality factor (typically around 1),
and Vr is thermal voltage (kT/g), where k s Boltzmann's constant, T is the absolute
temperature, and g is the electron charge.

The operational amplifier within the feedback loop equalizes voltages at points A and B,

16
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ensuring that the voltage across resistor Ri, defined as the difference the two base-emitter
voltages (Vgg,and Vgg, ), can be expressed as:
AVgg = V351 - VBE2 (1.3)
With Egs. (1.1) and (1.2), AVgEg can be written as:
AVgp = nViin <Iﬂé> = nk—Tln(N) (1.4)
Ic, Aq q
With further derivations, the bandgap-based temperature sensor front-end can be designed
with flexibility, allowing adaptation for specific applications.
However, traditional BJT-based sensors require higher supply voltages, which may not
be compatible with low-voltage applications and scaled CMOS processes. To achieve a
lower, scalable supply voltage, MOSFETs operating in the subthreshold region are
increasingly replacing BJTs in bandgap circuits [44], [45]. This enables integration in
low-power systems and supports the trend toward battery-operated and compact devices.
In light of the increased demand of the high-speed, thermally sensitive optoelectronic
devices, this dissertation explores the development of thermally responsive devices based
on QW-HBTs. These devices, with their inherent thermal sensitivity, offer promising
front-end components for the next-generation smart thermal sensors. The detailed physics

and design motivations behind such devices will be discussed in the following

constitutive chapter.

17
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1.5 Thermal Sensing Mechanism of QW-Based HBTs

This section highlights the motivation behind this dissertation, emphasizing the
potential of QW-HBTs as promising candidates for the front-end design of next-
generation smart thermal sensing applications. Over the past two decades, GaAs-based
HBTs have gained substantial recognition for high-temperature applications due to the
significant energy band discontinuity, AEy, present in the valence band of III-V emitter-
base heterojunctions, such as AlGaAs/GaAs [46], [47], [48], [49], [50], [51]. This feature
effectively suppresses hole current back injection, resulting in a high current gain, fusr.
The current gain dependency can be better understood as Sypr X (1 —a; 6],)_1, where
a; is the base transport factor, § represents the recombination factor at the emitter-base
junction determined by surface recombination at the heterojunction, and y denotes the
emitter injection efficiency. When the energy difference between the Fermi level Erg and
the valence band Evg in the emitter increases, the equilibrium hole density Pg, o
—(E FE— EV,E) /kgT decreases. Consequently, the addition of AEy between the emitter
and base reduces P and Ev, enhancing thermal stability for sensor applications.
Conventional HBTs typically exhibit a slight decrease or stability in current gain as
temperature rises due to the diminishing valence band discontinuity, AEv[52]. In contrast,
QW-HBTs show a distinct operational trend under increasing temperatures. This

difference can be elucidated using the energy band diagrams shown in Fig. 1.8. Figure.
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1.8(a) presents the energy band diagram of a conventional HBT, while Fig. 1.8(b)
illustrates a QW-HBT, highlighting the insertion of a QW into the active base layer. By
incorporating a QW into the base, QW-HBTs create a novel structure. Unlike
conventional HBTs, QW-HBTs feature a QW that traps a portion of the electrons moving

from the emitter to the collector, undergoing recombination.

(b) Temp4 1.4

InGaAs QW

n-Ing 40Ga, 5:P
Emitter

p-GaAs
Base

n-Ing 4sGa, 5, P p-GaAs
Emitter Base Collector

Fig. 1.8: (a) Energy band diagram of a typical InGaP/GaAs HBT, (b) Energy band
diagram of a QW-HBT with an inserted InGaAs QW in the InGaP/GaAs HBT structure.

As the temperature rises, the thermal energy of electrons in the QW becomes sufficient

to overcome the QW barrier, allowing these electrons to rejoin the diffusion flow towards

the collector. This contributes to the collector current, Ic due to the high electric field at

the base-to-collector (B-C) junction during forward active operation. This phenomenon

results from the rapid escape of electrons from the QW at elevated temperatures, implying

that the shorter escape time at higher temperatures enhances electron flow. Consequently,

with an increase in temperature, the base current, Is adjusts to maintain charge neutrality,

leading to a larger fraction of electrons reaching the collector. This results in an increased
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collector current, Ic and current gain, § = Al;/Alg, defined by the ratio of the increment
in collector current Alc to the increment in base current Alg.
The thermionic emission advantage provided by the QW renders the QW-HBT highly
sensitive to temperature. To benchmark against existing thermal sensing technologies, the
QW-HBT layer structure is significantly optimized to improve current sensitivity, and a
cascaded QW-HBT-based thermal sensor circuit is constructed to convert current
sensitivity to voltage sensitivity, providing a comparison with current existing
technologies. Further details are discussed in the subsequent chapters of this dissertation.
In conclusion, the temperature-dependent current gain and collector current of QW-HBTs
position them as promising candidates for next-generation front-end temperature sensors.
1.6 Thesis Organization

This thesis is structured to comprehensively explore the development, design, and
application of LETSs as highly sensitive devices for next-generation smart thermal sensing
technology. The content is organized into six chapters, each contributing to a cohesive
narrative of the research objectives, methodologies, and findings. The chapter are
organized as follows:
® Chapter 1: Introduction to Light-Emitting Transistor for Smart Thermal

Sensing Technology

This chapter provides an overview of the evolution of semiconductor technology,
20
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focusing on the development of LETs and their potential as advanced smart thermal

sensing devices. It introduces the motivation, research objectives, and scope of this study,

emphasizing the need for innovative thermal sensing technologies in OEICs.

® Chapter 2: Design and Fabrication of Single QW-HBTSs for Thermal Sensing

Technology

This chapter discusses the design principles and fabrication processes for SQW-HBTSs,

unveiling their distinct temperature-dependent current gain behavior. It includes the

theoretical framework, material considerations, and step-by-step methodologies for

constructing these devices, along with challenges and optimizations. The thermal

characterization of QW-HBTSs is detailed, covering experimental setups, measurement

techniques, and result analysis. A modified charge-control model incorporating

thermionic emission theory is developed to explain the observed thermal characteristics.

The findings establish SQW-HBTs as promising candidates for high-precision smart

thermal sensors.

® Chapter 3: From Analytical Modeling of MQW-HBTs to Design and

Fabrication of TQW-HBTSs for Thermal Sensing Applications

This chapter transitions from analytical modeling of multiple-quantum-well (MQW)

HBTs to the design and fabrication of triple-quantum-well (TQW) HBTSs for thermal

sensor applications. The analytical modeling demonstrated how the number and
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positioning of QWSs impact current gain, providing an efficient epi-layer design. A

modified charge-control model for TQW-HBTSs is developed to explain the thermal

behavior of current-voltage characteristics at high temperature. This chapter also presents

the thermal characterization of TQW-HBTSs, highlighting experimental setups,

measurement techniques, and data analysis methods. TQW-HBTSs showcase significant

thermal sensitivity and current gain enhancement, solidifying their potential as advanced

smart thermal sensors.

® Chapter 4: Design and Fabrication of Novel Darlington Transistor Using LET

for Smart Thermal Sensor Technology

This chapter explores the integration of LETs into Darlington transistor configurations to

develop a novel device for smart thermal sensor technology. It outlines the design

principles, fabrication process, and performance evaluation of the Darlington transistor.

This innovative approach enhances current amplification and thermal sensitivity,

enabling the LET-based Darlington transistor to serve as a front-end component in

advanced smart thermal sensing circuits.

® Chapter 5: Thermal Sensitivity and Linearity Analysis of Quantum Well HBTs

This chapter examines the effects of temperature and QW width variations on the

electrical performance of QW-HBTs, focusing on their thermal sensitivity and linearity.

A combination of simulations and experimental investigations is used to analyze the
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intricate relationships among temperature, QW width, current gain, and device

performance. A modified temperature-dependent charge-control model evaluates carrier

dynamics, emphasizing the roles of thermionic emission and carrier escape in shaping

thermal sensitivity. Comparative analyses of different QW widths provide insights into

achieving an optimal balance between sensitivity and linearity. The findings offer

guidance of designing QW-HBTs suitable for integration into next-generation

optoelectronic systems.

® Chapter 6: Conclusion

The final chapter summarizes the key findings and contributions of the thesis,

emphasizing the advancements in LET for smart thermal sensing applications.

Recommendations for future research are presented, including further modification of

charge-control models, development of novel device structures, and exploration of

industrial-scale fabrication processes. The chapter concludes by envisioning the potential

of LET-based thermal sensors in next-generation optoelectronic and thermal sensing

technologies.

By following this structure, the thesis systematically addresses the research goals and lays

the groundwork for future innovations in LET-based smart thermal sensing technologies.
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Chapter 2

Design and Fabrication of Single QW-HBTs for

Thermal Sensing Technology

2.1 Introduction

This chapter presents a comprehensive study on the design and fabrication of HBTs

incorporating QWs and their potential applications in high-performance OEICs and

advanced smart thermal sensing technologies. The focus is on the development of single

quantum well-based HBTs (SQW-HBTs), specifically designed for thermal sensing

applications, with an emphasis on integrating staircase QWs into the base region. These

innovations aim to enhance temperature sensitivity and improve device performance

under varying thermal conditions.

The chapter addresses the limitations of conventional front-end thermal sensing devices

such as HBTs, BJTs, Schottky diodes, and MOSFETs in achieving high thermal sensitivity.

To overcome these challenges, staircase InGaAs QWs are integrated into the base region

of LETs. This approach leverages the unique thermionic emission properties of QWs,

resulting in improved carrier dynamics, particularly by reducing electron escape time at

higher temperatures.
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The chapter begins with Subchapter 2.2, “Motivation Behind SQW-HBTSs for Thermal

Sensing Application,” which highlights the need for devices with enhanced temperature

sensitivity and explains the rationale for incorporating staircase QWs into the base region

of LETs. The integration of SQWs offers distinctive carrier dynamics, enabling superior

thermal performance compared to traditional HBTSs.

In Subchapter 2.3, “Device Design and Fabrication of SQW-HBTSs,” the structural design

of SQW-HBTSs is detailed, including material choices, layer compositions, and the

specific role of the staircase InGaAs QWs in achieving the desired thermal behavior. It

also includes a step-by-step process for fabricating SQW-HBTSs, emphasizing the

precision required to achieve high-quality layer structures and interfaces.

The chapter proceeds with Subchapter 2.4, “Device Characterization at Different

Substrate Temperatures,” presents the experimental evaluations of SQW-HBTs under

varying thermal conditions, revealing an unprecedented increase in current gain with

temperature. This behavior, distinct from the conventional HBTSs, providing the

foundation for subsequent theoretical modeling.

The Subchapter 2.5 continues with “Development of Charge Control Models in LETs and

TLs,” revisiting traditional charge-control models for LETs and TLs and preparing for

25

doi:10.6342/NTU202500212



the modifications needed to explain the unique thermal behavior of SQW-HBTSs.

Subchapter 2.6, “Necessity to Modify the Charge-Control Model for the Design of Highly

Efficient SQW-HBTs Layer Structure” justifies these modifications, focusing on

thermionic emission effects and temperature-dependent carrier dynamics specific to

SQWs.

Following the subchapter 2.7, “Modified Thermionic Emission Model”, a calculation of

highly sensitive escape time is introduced to explain the enhanced current gain observed

in SQW-HBTS, accounting for phenomena such as reduced electron escape time and

thermionic emission from the QW. This modified charge-control model is validated with

the thermionic emission model in subchapter 2.8, “Validation of Experimental Results

Using Modified Charge-Control Model for SQW-HBTSs,” where experimental results

align closely with theoretical predictions, confirming the model’s reliability.

In subchapter 2.9, “Carrier Dynamics and Charge Analysis in QW and Base regions,”

offers a detailed analysis of carrier behavior in the QW and base regions, emphasizing

the impact of these mechanisms on device performance. It further examines the

distribution and dynamics of charge carriers in regions with and without QWs to

underscore the advantages of SQWs.
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Finally, the subchapter 2.10, “Conclusion” summarizes the key findings of the chapter,
highlighting the innovative contributions of SQW-HBTS to thermal sensing technology.
The experimental and theoretical insights presented in this chapter pave the way for

designing advanced smart thermal sensors with unprecedented accuracy and efficiency.

The findings of this study have been published in the IEEE Transactions on Electron
Devices: Mukul Kumar et al., “Current gain enhancement of heterojunction bipolar light-
emitting transistors using staircase InGaAs quantum well,” IEEE Transactions on
Electron Devices, vol. 70, no. 10, pp. 5177-5183, Oct. 2023, doi:

10.1109/TED.2023.3305355.

This chapter lays the groundwork for leveraging SQW-HBTSs in next-generation smart
thermal sensing applications, demonstrating the potential of staircase SQW-HBTSs for
achieving high thermal performance and provides insights into their fabrication and

operational principles.

2.2 Motivation Behind SQW-HBTs for Thermal Sensing
Application
Incorporating a QW into the base region of a HBT offers unique advantages for

thermal sensing. Instead of generating waste heat through recombination in the base, the
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QW-HBT provides dual outputs: an electrical output in the form of collector current and

an optical output as trapped electrons recombine within the QW. Initially, the QW-HBT

device was developed as a light-emitting device. However, when measured at different

temperatures, QW-HBTs exhibited distinct temperature-dependent current gain

characteristics that contrast with the typical HBT’s behavior.

As outlined in Subchapter 1.5, the thermal mechanism in QW-HBTs is influenced by

temperature-dependent thermionic emission within the QW, where an increase in

temperature enhances carrier escape from the QW to contribute to the collector current.

This thermal sensitivity in current makes QW-HBTs highly responsive to temperature

changes. A larger temperature-to-current signal converts into an amplified temperature-

to-voltage output signal, an attribute desirable for high-resolution thermal sensors.

Previous research by our lab group, led by Prof. Chao-Hsin Wu, demonstrated the

thermally enhanced current gain of QW-HBTs [53]. However, for developing QW-HBTs

with enhanced thermal sensitivity tailored for thermal sensor applications, further

optimization of the QW-HBT layer structure is essential. Key factors to consider include

QW design elements such as the number of QWs, their size, material composition, barrier

height, and position within the HBT structure. In this dissertation, I report various QW-

HBT layer structures aimed at improving current sensitivity and outline the development

of a QW-HBT-based temperature sensing circuit in subsequent chapters.
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As this device was initially developed for light emission, its optical output can be
enhanced by increasing the rate of radiative recombination within the QW or by
incorporating multiple QWs. Optimizing the QW structure to minimize piezoelectric
polarization field effects, such as through a staircase QW design, has been shown to
improve this rate [54]. In this work, I investigate the temperature-dependent current gain
of HBTs incorporating QWs, specifically comparing the performance of square QWs
versus staircase QWs. This design also demonstrates an additional advantage of the
enhanced current gain in QW-HBTs compared to previously fabricated devices. This
work presents the temperature-dependent behavior of current gain in InGaP/GaAs QW-
HBT, providing further insights into the thermionic emission mechanisms in staircase
QWs. The temperature-sensitive collector current, or current gain, of QW-HBTs is
promising as a potential candidate for front-end temperature sensor components in future
applications [28], [55].
2.3 Device Design and Fabrication of SQW-HBTs

To investigate the temperature-dependent current-voltage behavior of n-p-n QW-
HBTs, the epitaxial layer structure was grown using MOCVD on a semi-insulating (S.1.)
GaAs substrate, with carbon (C) and silicon (Si) serving as dopants for the p-type and n-
type layers, respectively. The growth process began with a 5000 A n*-type GaAs buffer

layer on the (100) S.I. GaAs substrate. This was followed by deposition of the bottom n-
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type cladding layers, comprising a 634 A Alp4Gao.coAs layer, a 5000 A Alp.osGao.0sAs
oxidizable layer, and a 150 A Alg40Gao.coAs oxide buffer layer. Subsequently, the heavily
doped sub-collector layer was added, consisting of a 200 A GaAs (n-type) layer, a 120 A
Ing.40Gao 51 P (n-type) etch-stop layer, and an undoped 600 A GaAs collector layer on top

of the bottom cladding layer.

\El

n-GaAs Cap
n-AlGaAs Cladding

\ s

p-GaAs Base

\ TC p-GaAs Base

n-GaAs SubCollector

n-AlGaAs Cladding
n-GaAs Buffer Layer

GaAs Substrate (S.1.)

Fig. 2.1: Schematic epitaxial structures of the fabricated n-p-n QW-HBT device.

The base layer, a heavily doped p'-GaAs with an approximate doping concentration of
3 x 10'° cm™ and a thickness of 980 A, includes a series of quantum wells (QWs)
forming a staircase QW structure to enhance temperature sensitivity. Specifically, the base
contains undoped 20 A Ing1GagoAs, 120 A Ing»GaosAs, and another 20 A Ing1GagoAs

QWs, positioned 590 A away from the emitter. This is followed by a 250 A n-type
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Ing.49Gao 51P wide-gap emitter layer and an upper cladding structure composed of several

layers: a 150 A Alo3sGaoesAs oxide buffer layer, a 150 A AlosGao2As oxidizable layer, a

Table 2.1: The epitaxial layer structure design of n-p-n QW-HBT.

Contact GaAs 1000 N* 3el8 Si
Confining AlxGaixAs 0.35 500 N 2el8 Si
Oxidizable AlxGaixAs 0.8 300 N 1.5¢18 Si
Oxide Buffer ~ AlGaixAs 0'95;0'9 4000 N  1.5el8 Si
Oxidizable AlxGaixAs 0.8 150 N 8el7 Si
Oxide Buffer  AliGajxAs 0.35 150 N Sel7 Si
© Emiter  InGaiP 049 250 N sel7 S
. Base = GaAs 100 P 4el9  C
Base GaAs 100 P 2el9 C
Base GaAs 300 P lel9 C
Buffer GaAs 10 i UID

Buffer GaAs 10 i UID
Base GaAs 200 P 1el9 C
Base AlxGajxAs 0.05 100 P 3el9 C

Sub-Collector GaAs 200 N 3el8 Si
Oxide Buffer AlxGajxAs 0.4 150 N 2¢el8 Si

Oxidizable AlxGajxAs 0.95 5000 N 1.50e18 Si
Oxide Buffer  AlxGajxAs 0.4 634 N 2¢el8 Si
Buffer Layer GaAs 5000 3el8

Substrate 4" GaAs S.1.
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4000 A AlxGajxAs (where x varies from 0.95 to 0.99) acting as an oxide buffer layer, a
300 A AlpsGao2As oxidizable layer, and a 500 A Alg35GagesAs confining layer. Finally,
the epitaxial structure is capped with a 1000 A n*-GaAs contact layer to ensure low-
resistance ohmic contact at the emitter. The epitaxial structure of the QW-HBT is
illustrated in Fig. 2.1, and Table 2.1 provides a detailed breakdown of each layer’s

composition and specifications.

The fabrication of the SQW-HBT device was conducted in the cleanroom facilities at
NTU, under the guidance of Prof. Chao-Hsin Wu. The device fabrication process involved
a series of standard semiconductor techniques, including photolithography, chemical wet
etching, reactive ion etching (RIE), e-beam evaporation, thermal evaporation, plasma-
enhanced chemical vapor deposition (PECVD), lift-off, and annealing. The device
fabrication was completed in ten sequential steps, as outlined below:
1.  Wafer Cleaning

To ensure a contaminant-free surface for photoresist application, the wafer was initially
soaked in 95°C acetone for 5 minutes, followed by 95°C methanol for an additional 5
minutes. After rinsing with isopropyl alcohol (IPA) and drying with nitrogen, the wafer
was baked at 110°C for 5 minutes on a hot plate. This cleaning step, as shown in Fig. 2.2,

ensures the cleanliness of the emitter layer’s surface.
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Emitter

Base

Base

Collector

Substrate

Fig. 2.2: Cross-sectional view of the wafer showing the initial layer structure of the n-p-
n SQW-HBT.

2.  Emitter Etch

The process begins with spin-coating the wafer using S1813 photoresist, applied at 1000
rpm for 10 seconds and then at 4000 rpm for 30 seconds, followed by baking on a hot
plate at 110°C for 1 minute to enhance adhesion. This is followed by a soft bake for
photoresist planarization. After baking, the photoresist is removed at the wafer edges to
ensure uniform thickness. Using a light-field photomask, the emitter region is defined,
and the wafer is exposed on an MJB4 Mask Aligner in hard contact mode. The photoresist
is developed by immersing and gently agitating the wafer in MF319 developer for a few
seconds, followed by two rinses in deionized (DI) water. To further harden the photoresist
before wet etching, the wafer undergoes a hard bake at 110°C for 5 minutes.

Selective etching of the emitter mesa is carried out by soaking the wafer in a dilute sulfuric
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acid solution (H2SO4: H2O2: H2O = 1:8:120). The etching process stops at the InGaP layer
beneath the emitter. Finally, the S1813 photoresist is removed by soaking the wafer in
acetone, followed by methanol, a rinse in IPA, and drying with nitrogen. The cross-

sectional view of the device after emitter etching is shown in Fig. 2.3.

Emitter

Base

Base

Collector

Substrate

Fig. 2.3: Cross-sectional view of the device following the emitter etching process.

3. Base Metal Contact Deposition
The deposition process begins with wafer cleaning, followed by spin-coating with PMGI
photoresist at 1000 rpm for 10 seconds and 4000 rpm for 60 seconds. This is succeeded
by a 5-minute bake on a hot plate at 270°C. Next, the wafer is spin-coated with S1813
photoresist at 1000 rpm for 10 seconds and 4000 rpm for 30 seconds, and then baked on
a hot plate at 110°C for 1 minute. To ensure photoresist planarization, edge bead removal
is performed. A dark-field photomask is used to define the base region, and the wafer is

exposed using an MJB4 Mask Aligner in hard contact mode. The S1813 photoresist is
34

doi:10.6342/NTU202500212



developed by immersing the wafer in MF319 developer with gentle agitation for a few
seconds, followed by two rinses in DI water. Next, the wafer undergoes deep ultraviolet
(DUV) exposure for 150 seconds, followed by PMGI photoresist development in 101A
developer for 50 seconds, with double rinsing in DI water. This DUV exposure and 101 A
development sequence is repeated to achieve an undercut photoresist structure. To
eliminate any native oxide on the base layer surface, the wafer is immersed in buffered
oxide etchant (BOE) for 10 seconds and rinsed twice in DI water. Ti/Pt/Au metal layers
(thicknesses of 150 A, 150 A, and 2000 A, respectively) are then deposited as p-type base

contacts via E-gun evaporation.

Emitter

pvi  EENRGAPRNN sv

Base

Base

Collector

Substrate

Fig. 2.4: Cross-sectional view of the device after base metal deposition.

The lift-off process begins with stripping the S1813 photoresist by soaking the wafer in
acetone at 25°C for 20 minutes, then in acetone at 65°C for 10 minutes, followed by

acetone at 95°C for an additional 10 minutes. This is followed by soaking in methanol,
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rinsing with IPA, and drying with nitrogen. Finally, the PMGI photoresist is removed by
soaking in N-Methyl-2-pyrrolidone (NMP) at 90°C for 15 minutes, followed by rinsing
with IPA, two DI water rinses, and drying with nitrogen. The cross-sectional view of the
device following base metal evaporation is illustrated in Fig. 2.4.

4. Base-Collector Etch
This process follows similar cleaning, photoresist spin-coating, photolithography,
development, and oxide removal steps as those used in emitter etching. However, after
the wafer is soaked in dilute sulfuric acid for wet etching, an additional step involves
immersing the wafer in HCI for 3 seconds to selectively remove the InGaP layer above
the collector layer. Once the InGaP etch-stop layer is removed, the S1813 photoresist is
stripped by soaking the wafer in acetone, followed by soaking in methanol, rinsing with
IPA, and drying with nitrogen.

5. Emitter and Collector Metal Contacts Disposition
The cleaning, photoresist spin-coating, photolithography, and development procedures
follow the same steps as in the base metal deposition process. Au/Ge/Ni/Au metal layers
with thicknesses of 250/500/150/2000 A are deposited as emitter contacts on the emitter
contact layer and as collector contacts on the heavily doped sub-collector layer. For the
lift-off process, the S1813 photoresist is removed by sequentially soaking the wafer in

acetone at 25°C for 20 minutes, at 65°C for 10 minutes, and at 95°C for 10 minutes. This
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is followed by a methanol soak, rinsing with IPA, and drying with nitrogen. The PMGI
photoresist is then stripped by soaking the wafer in NMP at 90°C for 15 minutes, followed
by rinsing with IPA, two rinses in DI water, and nitrogen drying. The cross-section of the

device after emitter/collector metal deposition is illustrated in Fig. 2.5.

EM
Emitter

pv [ -

Base

Base

cv  PETImGaP T om
Collector

Substrate

Fig. 2.5: Cross-sectional view of the device post emitter and collector metal deposition.

6. Device Isolation
In this design, the SQW-HBTs are interconnected, necessitating electrical isolation to
prevent leakage current. The cleaning, photoresist spin-coating, photolithography, and
development procedures are performed as described in the emitter etching process. To
achieve selective etching down to the undoped substrate, the wafer is soaked in a dilute
sulfuric acid solution (H2SO4: H202: H,O = 1:8:120), which etches the bottom cladding
layer. Finally, the S1813 photoresist is removed by sequentially soaking the wafer in

acetone, then methanol, rinsing with IPA, and drying with nitrogen. The cross-section of
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the device after isolation is illustrated in Fig. 2.6.

EM
Emitter

pv  EEETIRGAPT  sm

Base

Base

cv PETIGaP T om
Collector

Substrate

Fig. 2.6: Cross-sectional view of the device after the isolation process.

7.  SiNx Planarization
Following the initial cleaning steps, silicon nitride (SiNx) is applied as a passivation layer
to protect the devices and ensure sufficient space for probing and metal evaporation. SiNx
is deposited using PECVD at a rate of 3 A/s for approximately 30 minutes, achieving a
final thickness of 4000 A. The cross-section of the device after SiNx planarization is
illustrated in Fig. 2.7.

8. Resistor Evaporation
The cleaning, photoresist spin-coating, photolithography, and development, process steps
are the same as those used in the base metal deposition process. Nickel-chromium (NiCr)

metal is deposited onto the SiNx passivation layer via thermal evaporation to form a
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resistor connecting the collectors of two SQW-HBTs. For the lift-off process, the S1813

photoresist is removed by sequentially soaking the wafer in acetone at 25°C for 20

minutes, at 65°C for 10 minutes, and at 95°C for another 10 minutes, followed by soaking

in methanol, rinsing with IPA, and drying with nitrogen. The PMGI photoresist is

subsequently removed by soaking the wafer in NMP at 90°C for 15 minutes, then rinsing

with IPA, rinsing twice in DI water, and drying with nitrogen. The cross-section of the

device post-resistor evaporation is shown in Fig. 2.7.

EM
Emitter

Base

Collector

Substrate

Fig. 2.7: Cross-sectional view of the device following resistor deposition.

9. Via Hole Formation

The cleaning, photoresist spin-coating, photolithography, and development processes

follow the same step as in the emitter etching step. The via holes are created by dry etching

the SiNx layer using RIE. Following this, the S1813 photoresist is removed by soaking

the wafer in acetone, followed by immersion in methanol, rinsing with IPA, and drying
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with nitrogen. The cross-section of the device after the via hole formation is shown in Fig.
2.7.
10. Metal Pad and Interconnect Deposition (Metal 1):

The cleaning, photoresist spin-coating, photolithography, and development steps follow
the same procedure as in the base metal process. Titanium/gold (Ti/Au) metal contacts,
with thicknesses of 500/6000 A, are deposited to form the Metal 1 pads and establish
interconnects between the two SQW-HBTs, completing the device. For liftoff, the S1813
photoresist is removed by soaking the wafer in acetone at 25°C for 20 minutes, followed
by immersion in acetone at 65°C for 10 minutes, and acetone at 95°C for 10 minutes. The
wafer is then soaked in methanol, rinsed with IPA, and dried with nitrogen. The PMGI

photoresist is removed by soaking the wafer in NMP at 90°C for 15 minutes, followed by

EM
Emitter

Base

Base

Collector

Substrate

Fig. 2.8: Cross-sectional view of the final fabricated device structure.
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rinsing with IPA, two rinses in DI water, and drying with nitrogen. The cross-section of
the device after the Metal 1 evaporation process is shown in Fig. 2.8. The final

successfully fabricated device is shown in inset of Fig. 2.9.

2.4 Device Characterization at Different Substrate

Temperature

After the successful fabrication of the SQW-HBT device, it was subjected to a
temperature-dependent study of its current-voltage (I-V) characteristics. To investigate
the temperature-dependent behavior, we used four-probe DC measurements, allowing an
in-depth analysis of device physics under elevated temperature conditions. Device
characterization was conducted by placing the device on a Peltier temperature-controlled
stage, which facilitated examination of the thermally enhanced collector current.

The device achieves thermal equilibrium within two minutes, but a stabilization period of
approximately 15 to 20 minutes was allowed to ensure the Peltier stage reached a steady-
state temperature for accurate and precise measurements. The characterization setup,
including the four-probe method and Peltier stage, is illustrated in Fig. 2.9. The inset of
Fig. 2.9 shows the final fabricated device used for this study. A temperature range of 25°C
to 85°C was selected, as this range is relevant for real-world applications where precise

temperature sensing is crucial. This range also provides insights into the device’s
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performance under standard operating conditions.

Fig. 2.9: The experimental setup for device characterization. The inset shows the top-
view layout of the fully fabricated SQW-HBT, with an emitter cross-sectional area of 40
um x 40 pm.

For the experiment, an Agilent E5270B was used to supply the DC bias and current. The

base current, Iz was varied from 0.2 mA to 1 mA in 0.2 mA increments, while the

collector-to-emitter voltage, Vcg was swept from 0 to 2 volts. Figure 2.10 illustrates the

collector current, Ic as a function of Vcg for different base currents, Ig at substrate

temperatures, Texx = 25°C and 85°C. Under forward-active conditions, the collector

current increased from 0.394 mA to 0.683 mA at Ig of 0.2 mA and Vcg of 2 V. To further

understand the underlying device physics, an energy band diagram of the SQW-HBT is
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shown in Fig. 2.11. When electrons travel from the emitter to the collector, a portion of

them are captured by the QW. At higher temperatures, electrons acquire enough energy

to overcome the quantum-well energy barrier, leading to an increase in the collector

current, Ic and current gain, 8 = Al-/Alg with base-to-collector voltage, Vec =0 V.

N

ICvs. VCE SQW-HBT
'T=25 °C (Solid Line)
- T=85°C (Dash Line}_ -— — - —
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Fig. 2.10: Measured collector current, Ic versus collector-to-voltage, Vcg of n-p-n
InGaP/GaAs SQW-HBT at different substrate temperatures.

Fig. 2.12 also shows the experimental variation of current gain, f with substrate
temperatures, Text from 25°C to 85°C. This observed enhancement in current gain is

attributed to both higher substrate temperature, Text and base current, Ig, with a possibility
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of enhanced internal heating at higher Ig contributing to further current gain increments.
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Fig. 2.11: Energy band diagram of an n-type InGaP/p*-type GaAs/ n-type GaAs SQW-
HBT. The inset shows the staircase QW design in the GaAs (p*-type) base.

This experimental study highlights a unique and significant increase in collector current,
approximately 73.23%, at Is of 0.2 mA and Vcg of 2 V, as the SQW-HBT temperature
was raised from 25°C to 85°C. This behavior contrasts with conventional HBTs and is
primarily due to the rapid escape of electrons from the InGaAs QW at higher temperatures.
Given the novel characteristics of this device, further exploration is required to fully
understand its SQW at higher-temperature operation. A temperature-sensitive model will
be developed in the next subchapter to provide a deeper investigation into the device

physics and provide a means to validate experimental results.
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Fig. 2.12: Experimental temperature-dependent current gain as a function of various
substrate temperatures, Tex at the different base current, Ig from 0.2 mA to 1 mA.

2.5 Development of Charge-Control Models in LETs and TLs

The evaluation of charge-control models in QW-based optoelectronics devices, such
as LETs and TLs, has progressed significantly since 2007, and has played a crucial role
in enhancing their design and performance. These models serve to describe the intricate
dynamics of carrier injection, recombination, and transport within the QWs embedded in
the transistor’s base. Since the early conceptualization of LETs and TLs, numerous studies
have contributed to refining the charge-control model, incorporating factors like

spontaneous and stimulated recombination, high-frequency modulation, and thermionic
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emission. These refinements are critical for tailoring LETs and TLs to specific

applications, including high-speed communication and thermal sensing.

In 2007, the foundational work on charge-control model in LETs and TLs emphasized the

role of QWs in enhancing recombination dynamics [56], [57]. The basic charge-control

model of heterojunction bipolar light-emitting transistor (HBLET) was developed by H.

W. Then et al. [56]. This model demonstrated how the base minority carrier electron

lifetime in n-p-n QW-HBLETs varies with base doping density and the width of the QWs.

Their study showed how the minority carrier lifetime could be experimentally determined

in HBLETs. The findings showed that inserting QWs into the base region significantly

reduced carrier lifetimes, enhanced recombination rates, and enabled faster modulation.

The carrier lifetime was reduced from 134 ps in structures without QWs to 10 ps with

double QWs and increased doping concentrations, highlighting the impact of QW design

on charge-control model. In the same year, 2007, M. Feng et al. [57] developed the basic

charge-control model of TLs accounting for the short recombination lifetime in the QW

base. This dual-purpose model, which was based on the charge-control technique and

laser equations due to their electrical signal amplification with coherent light generation,

demonstrates the absence of carrier-photon resonance in TLs, estimating a 3 dB

bandwidth up to 70 GHz. This charge-control model was introduced to explain the

interaction between carrier injection and recombination in the QW, particularly under
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high-frequency conditions. This study highlighted the significance of carrier lifetime in

dictating the modulation response, laying the groundwork for TL modeling.

In 2009, B. Faraji et al. [58] developed an analytical charge-control model of TLs,

detailing how the small-signal modulation response could be improved by reducing

relaxation oscillations and stabilizing the frequency response. Zhang and Leburton (2009)

further developed a transient model to describe electron-photon interactions in QWs and

carrier dynamics in TLs, predicting a modulation bandwidth of up to 55 GHz under

optimal conditions [59]. This work provides insights into electron transit times and

recombination dynamics for high-frequency operation.

Research by Iman Taghavi et al. [60] in 2012 advanced charge-control model by exploring

the effects of multiple QWs in the base of TLs. Their work demonstrated that multi-QW

designs enhance the differential gain and reduce recombination lifetimes, achieving

modulation bandwidths of up to 60 GHz. This study emphasized how multi-QW

structures could optimize both optical and electrical properties, offering new possibilities

for TL applications in high-speed telecommunications applications. Furthermore, Basu et

al. [61] (2012) extended the charge control-model for TLs in a common-emitter

configuration, examining the effects of stimulated recombination on current gain

compression above the lasing threshold. This study was essential for understanding TL

behavior in high-injection regimes and ensuring stable gain under demanding operational
47

doi:10.6342/NTU202500212



conditions.

Unlike TLs, LETs prioritize spontaneous radiative recombination rather than stimulated

emission, requiring a different charge-control approach. Li and Leburton extended

charge-control models for LETs in (2018) and developed a modified charge-control

model for LETs focusing on QW capture times and base carrier lifetime, key factors

influencing frequency response and modulation speed [62]. This study highlights that QW

structures effectively reduce base carrier lifetime, enhancing high-speed performance.

Their model, adapted from the standard charge-control model of BJTs, accounts for the

impact of heavy base doping on base transport and its dependence on base current. This

approach provides insights into device parameters such as capture time, base lifetime, and

transit time, as well as design factors like doping concentration, base width, QW width,

number, and location, aligning closely with experimental optical frequency responses.

Chang et al. [53] introduced a thermally sensitive charge-control model for QW-HBTs in

2019. This model incorporated thermionic emission to explain the unusual enhancement

of current gain with increasing temperature. By modeling the temperature-dependent

escape rates of carriers from the QW, this work supported the development of LETs for

thermal sensing technologies.

Yang et al. [63] extended the charge-control model by developing a four-port SPICE-

compatible model for LETs in 2020, enabling circuit-level simulations of their optical and
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electrical characteristics. This model incorporated advanced charge-control mechanisms,

including carrier transport and tunneling effects, and the Franz-Keldysh (F-K) effect,

facilitating the integration of LETs, into complex circuits for real-world applications. This

work bridged the gap between theoretical modeling and practical deployment,

particularly in optoelectronic circuits.

The most recent advancements were achieved by Tung et al. [64] in 2022, who developed

charge-control models for tunnel-junction TLs (TJTLs). Their work introduced both

current and voltage modulation capabilities into the charge control framework,

accounting for factors such as electric fields, QW positioning, and collector doping

concentrations. By integrating the F-K effect and intra-cavity photon-assisted tunneling

(ICPAT), this work laid the foundation for further enhancements in TL and LET

performance for complex applications.

The development of advanced charge-control models for LETs and TLs has progressed

continually through theoretical advancements and experimental validations. To develop a

highly thermal-sensitive QW-based HBT device, an advanced charge-control model is

required for designing an efficient epi-layer. In the following sections, the mathematical

foundation and experimental validation of our developed modified charge-control model

are explored, emphasizing their application in staircase SQW-HBTs for smart thermal

sensor technologies.
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2.6 Necessity to Modified the Charge-Control Model for the

Design of Highly Efficient SQW-HBTs Layer Structure

In a SQW-HBT, the QW plays a crucial role in modifying the minority carrier
distribution by capturing electrons. This behavior differs from a separate confinement
heterojunction (SCH), particularly due to the forward-active mode in which the transistor
operates. The minority charge distribution within the base of SQW-HBT is tilted by the
reverse-biased base-collector junction, where the high electric field at the junction sweeps
electrons from the base toward the collector, leading to a nearly zero electron density at

the collector.

A previous report presented a simple charge-control model for LETs [56], and another
charge-control model is discussed in subchapter 2.5. In this chapter 2, we focus on
exploring the thermal characteristics of current gain, f and the behavior of minority
carriers near the staircase SQW. To achieve this, we utilize analytical expressions that are
explicitly related to various time-dependent parameters. Figure 2.13 illustrates the base
minority charge distribution (p) of the modified charge-control model for SQW-HBT. The
total base minority charge distribution of the SQW-HBT can be approximated as a
superposition of two triangular charge populations: Qo and Q1. The charge Qo represents

electrons diffusing from the emitter to the collector, forming the collector current, Ic in
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the absence of the QW, while Q: represents the electrons trapped by the QW after
diffusing from the emitter. The charge Qqw represents the electrons trapped within the
quantum well. Notably, the distribution of Qo approaches zero at the base-collector (B-C)

junction, whereas the distribution of Qi vanishes at the location of the staircase QW.

\ > X

Emitter :, Weow Q:Q:W — Wowe i Collector
: &-»
5 dtotal ‘
Wp=Wgc

Fig. 2.13: A schematic diagram of the minority charge distribution (p) in the SQW-HBT.
The injection of minority electrons from the emitter to the QW region (denoted as the
EQW region) can be described by integrating a one-dimensional diffusion equation. The

rate equation for the surface charge density is given by the equations

G
0 _fp G & (2.1a)
ot Ty TreEQw
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WZ
T pow ~ %‘?W (2.1b)
n

Here, F is the charge flux of electrons associated with Q; injected into the base from the
emitter, 7, is the bulk recombination lifetime of minority carriers in the heavily doped
GaAs of the base, and 7 goy is the transit time of minority carriers crossing the emitter
to the QW region, which has a width Wgow. D,, is the electron diffusion constant,
assumed to be constant throughout the bulk GaAs material of the base. It is assumed that
the electron diffusion length (L,, = (D,,7;)'/?) is much longer than both the width of the
base (Wp = Wgc) and the width of the emitter to QW region (Wgqw).

In the QW, the rate equation for charge Qqw van be expressed as follows:

0Qow _ _QQW+ Q1

2.2a
ot Tow TeEQw ( )

Ql — dtotalqnv _ QQW

Tt,EQW Tcap Tesc

(2.2b)

Here, 74y, refers to the recombination lifetime of electrons in the QW, drowi is the total
thickness of the staircase QW, and 7.4, and 7.z are the capture time of minority
carriers in the QW from the virtual continuum state to the bound ones and escape time of
minority carriers from the QW to the bulk GaAs base, respectively. n, is the electron
density in the virtual continuum conduction state, and g is the electron charge. Equation
(2.2b) indicates that the injection rate into the QW can be calculated by considering the

difference between the electron capture and escape rates, which are determined by the
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rate at which electrons leave the EQW region. As shown in Egs. (2.2a) and (2.2b), Q1 is
responsible for supplying the minority carriers into the QW reservoir.

Now, we can now use the triangle similarity theorem, as shown in Fig. 2.13, to
approximate qny by simplifying this expression

(1/2 anVXWQWC) / QOZ(WQWC / WEC)2, and we can express it more compactly as

2Q0 (M)z

2.3
W (2.3)

qny =
v Wowe

From Egs. (2.1a) and (2.2a), under steady-state conditions where d/dt — 0, we can

express Qp as

_ TtEQqw 1

Ql - Tow QQW:l 1 (24)

+
Tp  TtEQW

Using Egs. (2.2a) and (2.2b) in the steady-state condition, the surface charge density in

the QW can be expressed in terms of n, as

1
=d _few 2
QQW = AtotaiqNy 1 1 ( -5)
+ —
Tesc TQW

With Egs. (2.3) and (2.4), Q1 can be written in terms of Qo as

1
T T W, 2 d
Q1 — t,EQW : cap : ( V;WC) l/Vtotal (2.6)
Tow _— 4 = EC ( ﬂ)
Tesc TQW 2

Next, we substitute the Qi from Eq. (2.4) in the function of F; into Eq. (2.6) and evaluate

the term F;/F, as
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Tp

1+
Fi _ Teeqw  Teap Tt,EQW (WQWC)2 deotal @.7)
Fo Tow 1 + 1o +2b \ Wg (WQWC) .
Tesc Tow [2:04 2

We can further express Eq. (2.7) in terms of current gains f&c, feow, and fowc of fictitious

HBTs with respective base widths of Wec, Weqw, and Wowc, as follows:

T _Tp _ Tp

Bec = - Beow = F— Bowc = Teqwe (2.8)
Using Eq. (2.8), we rewrite Eq. (2.7) as
1 1
— 14—
ﬂ _ Tp Tcap dtotal 1 Beow 2.9)
Fo TQWL_i_L (WQWC).BQWC 1 _|_L .
Tesc TQW 2 ﬁEC

The emitter current, g, is given by the relation I[g=AFg, where A is the device cross-

section area, and the collector current, Ic, is expressed as I[c=AFc. These can be written

in terms of Fo as

F.
Ip = AFp = A(Fy + Fo) = A (F—l + 1) Fo (2.10a)
0
Qo A F, AF,
‘ ‘ Teec  Tepc L + 1 1+ 1 (2.10b)
Tp  TtEC Bec

Using Egs. (2.10a) and (2.10b), the base current Iz = Iy — I can be derived as

F 1
I = AF, <1+—1)— - (2.11)
0 1+ --—
BEC

By utilizing Egs. (2.10b) and (2.11), we can determine the current gain 8 = I./Ig. After

cancelling the common factor, A and Fo, the expression of current gain £ becomes:
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g = Bec

B 1+(@1+ ,BEC)% el

With Eq. (2.9), and considering 1/fgow has to be dropped, which is usually smaller

than unity. The current gain f be reformulated as

BEc
p= T
Bec Tp Tcap dtotal (2.13)
PowcTow 1 | 1 (WQWC)
Tesc TQW 2

The temperature-dependent behavior of the SQW-HBT is then analyzed using either Eq.

(2.12) or (2.13). Using Egs. (2.4) and (2.6), the ratio of surface charge density in the QW

Qow to Qo is

1
QQW — Tcap (]/VQWC>2 dtotal
Q 1 , 1 \Wg (M)
Tesc TQW

(2.14)

Substituting Eq. (2.14) into the expression of current gain f in Eq. (2.13), we obtain a

more physically insightful formulation:

Bec
B = 2
ﬁEQW WEQW QQW/TQW (2.15)
1+,3ch (WQWC) ( Qo/Tp >

Examining Eq. (2.15), it is evident that if the QW is absent, i.e., Qow=0 in the base of the
SQW-HBT, the current gain f simplifies to frc, which corresponds to that of a current
gain value of the conventional HBT with a base width of Wgc. The value of S is
diminished by a factor proportional to the ratio of minority carrier recombination rates in

the QW (Qow /Tow) and the base region without a QW region (Qo/75). This implies that
55

doi:10.6342/NTU202500212



recombination of carriers in the QW occurs at a faster rate, leading to a reduction in the
current gain (f).

This modified charge-control model facilitates the design of highly efficient epi-layers
for LETs by allowing for adjustments to the QW design and the overall epitaxial layer
structure. The final expression for the current gain can be employed to verify
experimental results with acceptable temperature-dependent carrier transit times. This
modified charge-control model for SQW-HBTs provides a deeper understanding of the
device physics, particularly under high-temperature conditions, making it valuable for the

development of smart thermal sensing technologies.

2.7 Modified Thermionic Emission Model

The classical thermionic emission theory, as initially developed by Schneider and
Klitzing [65] and Nagarajan [66], serves as a foundation for understanding carrier
behavior in QWs. In this model, carrier distribution within the QW is assumed to follow
Boltzmann-like statistics, and the “tail” of this distribution above the QW barrier is
identified as the escape current. Consequently, this classical approach only effectively
estimates escape times for QW widths on the order of a few hundred A. However, for our
QWs structure in this dissertation, a modification to the escape time formula is required

for accurate analysis. We need to modified the escape time, 7,5, formula as per
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Schneider and Klitzing’s work [65]:

2mm d?\ "’ E
Tesc = < = ) exp (_B> (2.16)

where kg is the Boltzmann constant, T is the temperature, m is the effective electron
mass, d is the QW width, and Eg represents the band offset from the first sub-band to the
conduction band.
Further studies [67] highlight that escape time in QWs has a competitive relationship with
recombination lifetimes, involving a combination of direct tunneling, thermionic
emission, and thermally assisted tunneling. This comprehensive model was refined using
thermionic emission principles explored by Nelson et al. [67]. To begin, the injection
current density, (Je), is expressed as

Je=¢€ foon(E) XT(E) X v(E) dE (2.17)

0

where n(E) represents the carrier concentration at energy E, T(E) denotes the transmission
probability, and v(E) is the escape velocity of the carriers. All these parameters depend on
direction. The QW’s one-dimensional basic electron band structure, illustrated in Fig.
2.14. Next, we integrate over all carrier populations in both the confined and unconfined
states above the QW. Here, n(E) equals the product of the density of states g(E) and the
distribution function f(E).
Finally, the carrier escape time, 7, is determined by dividing the total carrier
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concentration in the QW ngy, = n, X d (in cm) by the injection current density:

_ Mow ned

T T

(2.18)
The derived thermionic emission equation is as follows:

Since the QW is within a neutral region, the flux of J., emission from the QW in both
directions, can be estimated by thermionic emission. The escape current density, Je, can
be further simplified by assuming high transmission T(E)=~1 , and
{h2(kZ + k2)}/2m" + (E.,, — Er) » kgT is as follows:

Je

_22 1 dAy f°° i (hkz)fdl} 1
~ TdAy (2m)3 “\m* z 7 (k2 + k,2)

kzmin exp{ [T + Ec,w - EF]/kBT} +1
* 2
_ 1 7 (Zm kBT) o—(Ecw—EF)/kpT (2.19)
4% m* #?

In this Eq., v represents the carrier velocity hk./m*, d is the QW width, Aw is the area of
QW, m* is the effective mass, k, and k; denote the wave numbers in the z-direction and
continuum state, respectively, and E.w and Er are the QW’s lowest conduction band and
the Fermi level.

The carrier density n, within the QW, inclusive of carriers in both bound sub-bands and

continuum states, is given by:
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T dA, 21)2 t 21, 2 5 _
wig @l [0k [2m) + By = Fely g
B
2 1 dAy [ _ ) 1
b —— dk (z)fdkt
dA 2n3f 7 Wk2/2m)+E., —E
W( ) kzmin exp{ [( t / mkz;_ c,w F]}+1

(2.20)
where h?kZ in/2m* = AEj, and Ny denotes the number of bound sub-bands. Assuming
conduction band energy is significantly far away from the Fermi level;

i.e.,(EC,W —-E F) /kgT > 1, the following approximation applies:

12 © mkyT 1
- EZZ ]0 dx( P )exp[x (B, — Ep) /KaT}] + 1

4 [ 0 —(E.w — EF) —h?(k? + k2)
+ W] de(Z)jo dk, ktexp{ k,T exp kT

kz,min

Np

11 <2m*kBT)Zl [1+ {—(EI—EF)}]
“d2n\ 2 R

=1

b (k) g (e B (|2
423\ 2 PU Kyt kT

where erfc(x) is the complementary error function, and x = h?k?/2m*kgT. Using the

2.21)

relation erfx(x) = fxooe_tz dt , a reasonable approximation for /AEp/kgT > 1

results in erfc(\/AEg/kgT) ~ exp(—AEg/kgT)/(NT\/AEg /kgT).

With the help of above assumption, 7, can be written as
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Furthermore, if (E; — Ep)/kgT > 1 which implies that exp{— (E; — Ep)/kgT} < 1,

(2.22)

we can express the total current density n,, as

N
L) i)
w ¥ a2\ 2 PU kpT

1 <2m*kBT)3/2 kT {—(EC_D—EF)}
anz\ ne AE; &~ kgT

(2.23)

The escape time, 7,5 due to thermionic emission, modified by Eq. (2.18), becomes:

N

B
|11 pemr _(E, — Ep)
Tese = d Eﬁ( n2 )Zln[1+ex”{ T }]

=1

L1 <2m*kBT)3/2 kT {—(EC_W—EF)}
anz\ B2 AE; P U kpT

* * _2
o 4n21(2m kBT) exp {—(Ec,w ~ Ep)}
kT

(2.24)

If (E; — Ep)/kgT > 1, the escape time simplifies to:

N
2rm* 2mkgT\~ ' (Ech—Er) A ZEcED  mrd 2m*AEg
e kpT e kgT +
h? h e

-1/2

~
~

Tesc h
=1

-1/2
(2.25)

-1 Nb
2mrm* <2m*kBT) Z (Eckwi‘TEl) N m*d (Zm*AEB>
= B
h h? ¢ h h?

=1
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We can also write as

+ 2?1:171 e ksT (2.26)

where \/ h?2/(2m*AEg) represents the length scale determined by AEk.

Finally, to account for interactions between carriers and longitudinal optical (LO)
phonons, we incorporate an additional term. This term acknowledges that LO phonons

enhance the likehood of carrier escape from the QW by increasing escape rate. Thus, the

modified escape time 7,5, becomes

~
~

1kpT
1 T h 1 1
1 kgT d Np T Ty eMwro/ksT — 1
E (AEB _, € B (227)

Tesc

) X

where hwpg is the LO phonon energy and t;, is the escape time due to phonon

interactions.

Figure 2.14 presents the one-dimensional electron band diagram of the QW, clarifying
the energy levels and carrier distribution across the confined and unconfined states. This
modified thermionic emission model allows us to better understand carrier dynamics in
QWs and offers insights into temperature-dependent behavior, essential for designing

high-performance SQW-HBTs in thermal sensing applications.
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Fig. 2.14: Electron sub-band energy levels in a 1D Quantum-Well structure.
2.8 Validation of Experimental Results Using Modified Charge-
Control Model for SQW-HBTs

The modified charge-control model for the SQW-HBTs has been validated through
a comprehensive study of thermally enhanced current gain, comparing both experimental
and simulation results. The device’s performance was carefully measured over a
temperature range from 25°C to 85°C. The experimental I-V characteristics, shown in Fig.
2.10, and the observed current gain enhancement, illustrated in Fig. 2.12, confirm the
model's predictions.
Simulation results further validate the unique temperature-dependent enhancement of
current gain. Figure 2.15 presents the experimental and simulation validation,

demonstrating a strong agreement between the temperature-dependent current gain trends
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observed in both experiment and simulation. At a base current Ig of 0.2 mA, the simulated

current gain trends match the experimental results closely across various temperatures.

Table 2.2 provides the parameter values used in the simulation at a base current Ig of 0.2

mA and a temperature, T =300 K.

4.5

Current gain vs. Temperature

-
=

Ip=1 mA

P
n

Ip=0.2 mA

Current gain,
ol
n =

AIB=0.2 mA

2.0
SQW-HBT

1.5 2 » » 2 2 »
290 300 310 320 330 340 350 360
Temperature (K)

Fig. 2.15: Experimental measured current gain (stars) and simulated current gain (solid
line) for the InGaP/GaAs SQW-HBT as a function of substrate temperature, T, measured

at various base current, Ig ranging from 0. 2 mA to 1 mA.

Additionally, to further validate the model, we compared the simulation results with
experimental data across various base currents, not limited to Ig of 0.2 mA, by linearly

adjusting parameters dependent on temperature and base current. At higher temperatures,
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the internal heat generated by the device required more precise experimental calibration

to accurately match experimental results with theoretical predictions. Despite this, the

simulation results remain in good agreement with the experimental results, and the

validation of the modified charge-control model is deemed successful. Finally, the

agreement between experimental and simulation results demonstrates the reliability of the

modified charge-control model for SQW-HBTs in predicting thermally enhanced current

gain.

Table 2.2: Analysis of current gain at temperature, T=300 K with the following

parameters

Parameter Ws Weow drotal Wowc
Value (A) 980 590 160 390
Parameter Tt.EC Tt,EQW Tp Tt.owe
Value (ps) 3.16 1.14 75.31 0.50

QW
Parameter AEg E.p — E; E., —E, E.p, — E3
Value (eV) 0.2876 0.2588 0.1859 0.0881
Parameter Teap Tow Tesc
Value (ps) 0.65 108.9 278.68
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2.9 Carrier Dynamics and Charge Analysis in QW and Base
Regions

To investigate the temperature-dependent characteristics of current gain,
understanding the carrier dynamics is very important, especially the capture, escape, and
recombination times in the QW. Among these carrier times, thermionic emission plays a
crucial role in distinguishing the unique temperature behavior of this device. The effect
of thermionic emission on the escape time is highly sensitive to temperature, which is a

key feature of this study.
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Fig. 2.16: Escape time, 7,5, in the QW as a function of temperature, T at various base
current, [g ranging from 0.2 mA to 1 mA.
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Fig. 2.17: Capture time, T.qp inthe QW as a function of temperature, T at various base

current, [g ranging from 0.2 mA to 1 mA.

As discussed in Subchapter 2.7, the modified thermionic emission model provides a more
accurate framework for understanding the escape time characteristics within the QWs,
highlighting the role of phonon interactions. This model enables better predictions of the
thermal sensing behavior in SQW-HBTs at elevated temperatures. In this study, we
employ Eq. (2.27), which incorporates Boltzmann statistics, to reformulate the analytical
expression for the thermionic emission lifetime and estimate the escape time, 7,5, as a

function of temperature at different base currents, Is. The results are illustrated in Fig.
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2.16. As the electron temperature in the device increases, the band-filling effect causes

the tail of the carrier distribution over the QW, leading to an exponential decrease in the

escape time with both temperature and base current, Ig.
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Fig. 2.18: Recombination lifetime, 7gy, in the QW as a function of temperature, T at

various base current, Ig ranging from 0.2 mA to 1 mA.

To further analyze this behavior, we fit the experimental current gain to the theoretical
current gain from Eq. (2.15), in order to extract the capture, 7.4, and recombination,
Tow times as a function of temperature at different base current, Ig, as shown in Figs.

2.17 and 2.18, respectively. As both temperature and base current increase, carriers that
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transition from the bulk states to the quantum well states become increasingly blocked at
accessible states, thereby increasing the time required to capture them. The capture time
is also influenced by the operating current and voltage, as the Fermi wave vector increases
with the base current, Ig, leading to a decreased scattering rate and, consequently, an
increase capture time. Compared to the other timescales, the QW recombination and

capture times are less sensitive to temperature than the escape time in the QW [68].
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Fig. 2.19: Base transit time, 7;5c and bulk recombination time, 7, as a function of
temperature, T of SQW-HBT.

Figure 2.19 (solid black line) presents the variation of the base transit time, T,gc as a

function of temperature, T across the heavily p-doped (~3X 10" cm?3 ) GaAs base. The
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base transit time is estimated using Einstein’s relation (D,,E ,u;kB T/ q), considering that
the mobility of minority carriers has a weak dependence on higher temperatures [69],
[70] . As shown in Fig. 2.19, as the temperature increases from 290 K to 360 K, the base
transit time decreases by approximately 17.95%, indicating that the minority carrier

mobility is less sensitive to temperature variations at higher temperatures.

Additionally, in Fig. 2.19 (solid red line), we show the variation of the bulk recombination
time, 7, with temperature, T in heavily doped (p-type) bulk GaAs. The bulk
recombination time is modeled using Shockley-Read-Hall (SRH) recombination,
radiative recombination, and Auger recombination, as described by the following
equation as
Ty = (Tt + Trda + Thdger) | = (Ag + BoP + CoP?)™? (2.28)

where Ao is the SRH coefficient, Bo is the spontaneous emission coefficient, Co is the
Auger recombination coefficient, and P is the doping concentration in the GaAs base. The
recombination times Tgry, Trqq, aNd Tayger represent the SRH, radiative, and Auger
recombination times, respectively. In our temperature-dependent charge control model,
we assume that the SRH recombination time, Tgpy remains constant due to its typically
longer value compared to the other recombination times. The radiative recombination

lifetime, 7,54 depends on the spontaneous emission coefficient, Bo, which is
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proportional to T~! in the QW and T73/2 in the bulk GaAs base [71], [72]. Auger
recombination becomes dominant in heavily doped semiconductors due to both high
impurity concentration and carrier density. The impact ionization is inversely related to
this process. In non-degenerate semiconductors, the threshold kinetic energy, Ew for
energetic holes is strongly temperature-dependent during the band-to-band Auger
recombination process. As the bandgap, Eg narrows at higher temperatures, the threshold
energy, Em is lowered, which increases the Auger recombination coefficient, Co [73].
Figure 2.19 (solid red line) illustrates that the total recombination in the heavily doped
base, characterized by the recombination lifetime, 7; changes by approximately 32.66%
as the temperature, T increases from 290 K to 360 K. This indicates that Auger
recombination becomes dominant over the bulk recombination time at higher
temperatures.

To understanding the charge analysis in the QW, it is important to understand the role of
the QW in the fabricated SQW-HBT device. The incorporated QW in the base region of
the transistor functions as a reservoir for capturing electrons transmitted from the emitter
to the collector. The escape time of electrons from the QW is strongly influenced by
temperature. As the temperature increases, the escape time decreases exponentially with
(KzT)™1, enabling electrons in the QW to acquire sufficient energy and escape more

rapidly to rejoin the base region of the transistor. At elevated temperatures, this process
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becomes even more pronounced, with additional electrons contributing to the base charge,
Qo region which are subsequently swept to the collector through the reverse base-to-
collector (B-C) process. This increase in electron flow enhances the collector current,
Ic = AQy/7¢ gc, and the current gain, f = I/I. As a result, both the collector current
and the current gain of the SQW-HBT exhibit significant sensitivity to temperature

variations.
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Fig. 2.20: Theoretical calculation from Eq. (2.14) showing the temperature-dependent

ratio between Qqw and Qo at different base currents, Ig ranging from 0.2 mA to 1 mA.

The theoretical framework presented in Eq. (2.14) for calculating the temperature-
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dependent charge ratio tends to underestimate the charge analysis in the QW relative to

the base region without the QW. The theoretical results derived from this equation

indicate that the ratio between Qqw (charge in the QW) and Qo (charge in the base)

decreases with increasing temperature, T and base current, I, as shown in Fig. 2.20. This

analysis employs the same parameter values as those used in Fig. 2.15. This unique

temperature-dependent enhancement of current gain presents a promising candidate for

the development of the front-end designs of advanced smart temperature sensors.

Furthermore, it facilitates the potential integration of these devices into OEICs, paving

the way for innovative applications in next-generation thermal sensing technologies.

2.10 Conclusion

This chapter successfully introduced LETs incorporating staircase SQWs in the base

region and investigated their temperature-dependent current gain behavior under varying

substrate temperatures. Experimental measurement demonstrated a significant increase in

collector current by approximately 73.23%, at a base current of Iz of 0.2 mA and a

collector-to-emitter voltage, Vcg of 2 'V, as the substrate temperature increased from 25°C

to 85°C. This trend, opposite to the behavior observed in conventional HBTs, is attributed

to the repaid escape of electrons from the InGaAs QW at elevated temperatures.

To understand this unique behavior, a modified charge-control model incorporating QW
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thermionic emission theory was proposed to account for temperature-dependent carrier

dynamics. The experimental data closely aligned with simulation results, validating the

accuracy of the proposed model. This study highlights the distinct thermal behavior of

SQW-HBTs compared to traditional HBTs, wherein the current gain increases with

temperature in the 25 °C to 85 °C range due to the reduced electron escape time in the

QW.

This distinctive characteristic sets SQW-HBTs apart from conventional HBTs and

positions them as promising candidates for the designing novel smart front-end thermal

sensors. The modified charge-control model aids in designing efficient layer structures

for staircase SQW-HBTs, enabling optimization of QW position, shape, size, and width

within the transistor base. These advancements pave the way for future innovation in

thermal sensor technology, offering new opportunities for high-precision smart thermal

sensing applications.
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Chapter 3

From Analytical Modeling of MQW-HBTSs to Design
and Fabrication of TQW-HBTs for Thermal Sensing

Applications

3.1 Introduction

The incorporation of MQWSs within the base of HBTs has revolutionized the

development of highly thermally sensitive LETS, offering a unique platform for thermal

sensing applications.

This chapter delves into the analytical modeling, design, fabrication, and experimental

validation of triple-quantum-well heterojunction bipolar transistors (TQW-HBTS),

focusing on their enhanced thermal sensitivity and current gain characteristics. The

primary objective is to enhance the understanding of MQW-HBTs and develop a

thermally sensitive TQW-HBT device by leveraging advanced modified charge-control

models and innovative fabrication processes. The chapter begins by establishing the

motivation behind analytical modeling for MQW-HBTSs and the development of highly

thermal-sensitive TQW-HBTs (Subchapter 3.2). It then provides a comprehensive

account of the development of charge-control models in MQW-based LETs and TLs
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(Subchapter 3.3), culminating in the necessity for a modified charge-control model

tailored to MQW-HBTSs (Subchapter 3.4). The analysis extends to the impact of MQWs

on current gain, with a detailed examination of the effect of QW position and number on

charge dynamics and gain performance (Subchapter 3.5). The insights gained from this

study guide the design and fabrication of the TQW-HBT device, with specific emphasis

on optimizing the device layer structure and fabrication processes (Subchapter 3.6).

Subsequent sections highlight the characterization of the fabricated TQW-HBT at varying

substrate temperatures (Subchapter 3.7), validating the proposed modified charge-control

model (Subchapter 3.8) and thermionic emission model for TQW-HBT including with

parameter extraction related to carrier dynamics such as carrier recombination and transit

times (Subchapter 3.9). It also discussed the charge dynamics within the TQWSs and the

base region, followed by a comparison of simulated and experimental results to validate

the current gain in TQW-HBTs (Subchapter 3.10). Finally, the chapter concludes by

summarizing the key findings and their implications for advancing the design of thermal-

sensitive devices (Subchapter 3.11). The outcomes of this research, including the

development of modified charge-control models and their experimental validation,

underscore the importance of TQW-HBTs in next-generation thermal sensing

technologies. Notably, the findings have been published in two high-impact journals

IEEE Transactions on Electron Devices in the following papers:
75

doi:10.6342/NTU202500212



1) Mukul Kumar et al., “Analytical modeling of current gain in multiple-quantum-well
heterojunction bipolar light-emitting transistors,” IEEE Trans. Electron Devices, vol.
71, no. 1, pp. 343-349, Jan. 2024, doi:10.1109/TED.2023.3289930.

2) Mukul Kumar et al., “Current gain enhancement at high-temperature operation of
triple-quantum-well heterojunction bipolar light-emitting transistor for smart thermal
sensor application,” IEEE Trans. Electron Devices, vol. 71, no. 1, pp. 896-903, Jan.

2024, doi:10.1109/TED.2023.3339084.

This chapter lays the groundwork for understanding the thermal and electrical properties
of TQW-HBTSs, demonstrating their potential in OEICs and high-resolution smart thermal

sensing applications.

3.2 Motivation Behind Analytical Modeling for MQW-HBTs

and Development of Highly Thermal Sensitive TQW-HBTs

Chapter 2 examined the thermal behavior of SQW-HBTs for thermal sensing
applications, emphasizing the significant role of thermionic emission properties in QWs.
Achieving high sensitivity and accuracy is critical to advancing the field of smart thermal
sensing technologies. To enhance thermal sensitivity, optimizing QW design is essential

to developing an efficient epi-layer structure for LETs. LETs, with their dual electrical
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and optical outputs, exhibit great potential for high-amplification and high-frequency

operation. Incorporating QWs into the transistor base facilitates radiative output, while

integrating multiple QWs further enhances radiative performance, culminating in the

development of multiple-quantum-well heterojunction bipolar transistors (MQW-HBTs),

novel class of high-speed, three-port light-emitting devices.

Initial research into MQW-HBTs revealed challenges, particularly a reduction in current

gain. This reduction is attributed to high spontaneous recombination due to the

incorporation of MQWs in the transistor base and modifications in charge carrier

distribution within the base region. These factors negatively impacted the device’s I-V

characteristics and current gain, resulting in a performance hierarchy: Suyow-usr < Bsow-

upr < fusr. Such limitations hindered the practical application of MQW-HBT due to their

lower current gain compared to SQW-HBTs and conventional HBTs.

Recent studies have addressed these limitations, revitalizing interest in MQW-HBTs by

demonstrating an improved trade-off between differential optical gain and collector

current gain. These developments position MQW-HBTs as a promising candidate for

high-optical-bandwidth applications. While optical characterization in MQW-based TLs

has been extensively studied, the electrical current gain of MQW-HBTs has not been

thoroughly investigated, presenting an opportunity for further investigation. Subchapter
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3.3 provides a detailed examination of existing analytical models of these devices.

The current gain modeling of MQW-based devices differs significantly between TLs and

LETs due to their distinct operational principles. In TLs, the current gain equation

incorporates factors such as carrier injection, recombination, and optical gain, reflecting

their dual purpose of signal amplification and coherent light generation. Parameters such

as population inversion and stimulated emission dominate in TL modeling. Conversely,

for MQW-HBTs, the current gain equation primarily focuses on carrier injection and

recombination, as these devices are optimized for light emission rather than signal

amplification. Analytical modeling of current gain for MQW-HBTs focuses on

parameters such as radiative recombination, light extraction, and carrier transport within

MQWs, which distinguishes them from MQW-based TLs. To date, limited research has

been reported on the electrical current gain of MQW-HBTs, with most studies focusing

on optical characterization in MQW-based TLs, such as optical modulation. This gap

highlights the need for a comprehensive analytical model that addresses both electrical

and thermal performance parameters for MQW-HBTs.

This chapter presents an analytical model to calculate the current gain (Bvow-usr) of

MQW-HBTs, employing one-dimensional diffusion equations and a modified charge-

control model. The proposed model incorporates thermionic emission and optimized
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MQW positioning to maximize current gain and thermal sensitivity. This approach
provides a systematic method for evaluating the effects of QW position and number on
current gain. Additionally, the model forms the basis for designing high-sensitivity TQW-
HBTs. Analytical modeling of MQW-HBTSs offers insights into thermal characteristics
and carrier transport dynamics under high-temperature operations. The motivation behind
this work is to guide the development of LETs with thermally enhanced current gain and
collector current, contributing to next-generation smart thermal sensor technology. By
addressing existing knowledge gaps, this study contributes to the development of next-

generation high-precision, smart thermal sensing devices.

3.3 Development of Charge-Control Models in MQW-Based

LETs and TLs

The development of charge-control models for MQW-based LETs and TLs has
evolved significantly over the years, reflecting the continuous advancements in
theoretical frameworks, experimental techniques, and material innovations. This section
systematically outlines the progress made in MQW-based device modeling.

In 1995, McDonald and O’Dowd laid the groundwork for advanced carrier dynamics
modeling by introducing a three-level rate equation framework for QW-based lasers [74].
This model incorporated gateway or virtual states, bridging the gap between bulk carrier
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regions and QWs, and accounted for processes such as carrier capture, escape, and

diffusion. This framework provided a fundamental understanding of how quantum

confinement and localized states influence charge transport and optical responses. By

treating carriers in QWs, barriers, and gateway states as distinct carrier populations,

McDonald and O’Dowd established a basis for comprehending complex charge-control

mechanisms in MQW devices.

Recent research highlights the potential of MQWs integrated into transistor base for high-

optical bandwidth modulation. MQWs improves the trade-off between differential optical

gain and collector current gain, making them attractive for advanced modulation

applications. Several models have been proposed to explain phenomena such as fast

carrier recombination in these devices.

In 2007, M. Feng et al. [57] and H. W. et al. [56] developed the basic charge-control

models for TLs and LETs, respectively. Feng et al. modified these models using a two-

level rate equation framework for QW-based TLs. They addressed the shortcomings of

earlier models by emphasizing the differences between bulk and QW carriers in their

carrier rate equations. Their work demonstrated that spontaneous recombination and

carrier trapping significantly affect the current gain and modulation response of QW-TLs,

laying the groundwork for small-signal and large-signal modulation analysis.

Subsequent advancements introduced more complex models, incorporating diffusion
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effects, QW capture and escape lifetimes, virtual states localized within QWs, and laser

rate equations. These models enabled the development of small-signal modulation

bandwidth frameworks [58], [75], [76]. Detailed studies on SQW-based LETs and TLs,

including modulation characteristics, are discussed in Subchapter 2.5.

Research into MQWs has explored their impact on optical bandwidth [60], [77], [78],

[79]; resonance-free modulation [80]; threshold-base current [81], [82]; imbalanced

carrier and photon density distribution [83]; distortion characteristics [84]; modal gain

[85]; and nonlinear gain models [86] in TLs. Additionally, the role of tunnel injection

layers in MQW-TLs has been examined [87], [38].

S. Piramasubramanian et al. [88] studied the effect of QW position on distortion and

modulation bandwidth. However, these studies primarily focused on TLs and their current

gain characteristics. TLs and LETs differ in device structures, operational principles, and

performance requirements, leading to distinct current gain equations for each.

To date, no research has comprehensively reported the electrical current gain of MQW-

HBTs, as most studies emphasize the optical characterization of MQW-TLs, such as

optical modulation. This knowledge gap underscores the need for a charge-control model

that integrates MQWs into base of transistor. Such a model would support the design of
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optimized epitaxial layer structures for LETs, enhancing their applicability in thermal

sensor technologies and other QW-based applications.

3.4 Modified Charge-Control Model and Current Gain
Analysis for MQW-HBTs

To investigate thermally enhanced current gain in MQW-HBTs-based structure, it is
essential to develop a modified charge-control model based on the thermionic emission
of charge carriers in MQWs. The unique structural difference between QW-based devices
with SCH and MQW-HBTSs lies in the charge profile of the minority carrier distribution
within the transistor's active base region. In MQW-HBTS, the incorporation of MQWSs in
the base leads to a triangular minority carrier charge distribution, with a steep incline near
the collector end of the base. This is in contrast to the stored-charge distribution in SCH-
based structures, which arises as a result of transistor operation. When an MQW-HBT
operates in active forward mode, the high electric field at the base-collector (B-C)
junction rapidly sweeps minority charge carriers from the active base region into the

collector, resulting in an approximately zero minority carrier density at this B-C interface.

The basic charge-control models for LETs and TLs were initially reported by Then et al.
[56] and Feng et al. [57] in 2007. Building on this work, subsequently in 2019, our

research team reported a modified charge-control model for square SQW-HBTSs [53].
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This dissertation also discusses the modified charge-control model of staircase SQW-
HBTSs [89] in Subchapter 2.6 which was reported in 2023. These models analyzed the
thermal characteristics of the current gain () and the behavior of minority carriers
surrounding the SQW. Detailed derivations and discussions of this modified staircase
SQW-HBT charge-control model is presented in Subchapter 2.6. Building on this
foundation, this study focuses on understanding the effect of MQWs in the transistor base

on the current gain ().

Emitter QWN| [QWn_4| |QWy | QW; QW Collector
P |Qowy| [Qawy 4| (YW, |w,|  |Qw,[
*dy~> —dy_ ¥ <*d,”> < d,=» < d¥> .
o > < >
Wi W

y 3
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Fig. 3.1: Schematic representation of the minority carrier distribution (p) in the base
region of an MQW-HBT.
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In this chapter, we propose a modified charge-control model for calculating the current
gain (5) of MQW-HBTSs. Figure 3.1 illustrates the modified charge-control model for an
N-number of QWs integrated into the transistor base, showing the volume charge density
of the minority carrier distribution (p) in the base region of MQW-HBT. Additionally,
Fig. 3.2 presents an example of a real band diagram for MQW-HBTS, specifically for an

InGaP/GaAs MQW-HBT structure.

The total charge of minority carriers in the transistor base is divided into three distinct

sections:

I.  Without QWs in the base: When no QWSs are present, minority carriers diffuse
directly from the emitter to the collector through the active base region. This
diffusion contributes to the collector current, Ic, and is represented as Q,. The
distribution of Q,, diminishes to zero at the B-C junction.

I1.  With N-number of QWs in the base: When N-number of QWs are incorporated into
the base, portions of the minority charge carriers are captured by these QWs. The
carriers diffusing from the emitter to successive QWs are represented by Q,,
Q,, -+oiers Qnoy, Qy» corresponding to carriers captured at QW,, QW,, ...... ,

QW

N QW respectively. Here, QW is the first QW closest to the collector, and
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QW is n™ QW nearest to the emitter. The minority charge carrier distribution (Qi:
1: 1 to N) becomes zero at each QW location.

I1l. Charge stored in the N-number of QWs: A portion of the minority carriers is stored

within the N-number of QWs. These stored charges are denoted as QQW ,
1
, QQWN_l’ QQWN.For instance, Qlerepresents carriers stored in QW ,

represents carriers stored in QW,, and so on. Similarly, accounts for

QQW2 QQWN

the carriers stored in QQW .
N

This modified charge-control model incorporates the presence of MQWs in the transistor
base, provides a comprehensive framework for understanding the interaction of minority
charge carriers with MQWs in the base region, and influences the current gain by
designing QWs such as position, shape, width, and barrier height, offering a foundation
for designing efficient, optimized epitaxial structures for MQW-HBTs for thermal sensing

applications.

To study the current gain analysis in the presence of MQW in the base region of HBTs,
this modified charge-control model is useful for developing the analytical derivation of
the current gain for MQW-HBTs. The analytical framework developed herein is validated

against previously reported experimental data by Chang et al. [53] and Yang et al. [90],
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obtained from two different epi-layer wafers. Furthermore, we investigate the influence

of QW positioning on both the current gain and QW charge distribution.

Emitter’, Base /" Collector
n-InGaP %,  p-GaAs n-GaAs

e InGaAs-MQW

EC eeee
T vl |
EFN, vQWNl thWN-l thW1 EFN

_J—!";":'.'a.".-::'..-- 4
Ey ” T

EFP

Fig. 3.2: Energy band diagram of the InGaP/GaAs MQW-HBT. The inset illustrates the
calculation of the virtual state density (n, ,) of the QW, in the base region of the MQW-

HBT.
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The rate equation governing the charge, Q,, within a specific emitter to QW region is
derived by integrating the one-dimension diffusion equation for minority carrier electrons

injected from emitter to the QW, region. The resulting expression is as follows:

0Q, Q, Qp

<t _ gt <t .

ot ¢ Ty Tege (3.12)
Wi,

Tepe = E, (3.1b)
where F, represents the electron flux injected from the emitter to the base and associated
with Q,; 7, and 1.k, are the recombination lifetime of minority carriers in bulk GaAs
and transit time of electrons across the emitter-to- QW, region of width Wg,,
respectively. Wg, represents the width between the emitter-to-QW,. Here, D, denotes
the diffusion constant of electrons, which is assumed to remain constant within bulk GaAs.
Equation (3.1a) describes the dynamic behavior of Q,, while Eq. (3.1b) provides an
approximation of the electron transit time under the assumption that the minority carrier
diffusion length (LHEM ) exceeds both the base width (Wg) and the emitter-to-QW
separation.

The rate equation of the charge within QW is described as

P QQW/

Qow,  Qqw, L e (3.22)

2
ot Tow,e TtEe
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Qe _deqnye  Qaw,

= , (3.2b)
Tt ES Tcap,f Tesc,t

In these Egs. (3.2a) and (3.2b), tqw,, represents the recombination lifetime of minority
carriers within the QW, and d, denotes the thickness of QW ,. The term g refers to the
electronic charge, while 7, , indicates the minority carrier density of virtual conduction
states in QW, . Additionally, t.,, denotes the capture time of minority carriers
transitioning from virtual conduction states (7, ,) to bound states within QW, and tey ¢
denotes the escape time of minority carriers leaving the intrinsic QW, into the doped
base. The net injection rate of minority carriers into the QW, is determined by the
difference between the rates of minority carrier capture and escape. Equation (3.2b)
quantifies the net injection rate of the electrons into the QW ,, derived from the rate of
electrons transitioning from the emitter region to QW,. Both Eqgs. (3.2a) and (3.2b)
demonstrate that the role of Q, to facilitate the injection of minority carriers into the
reservoir of QW,.

At steady-state (0/0t — 0), the Egs. (3.1a) and (3.2b) simplify, leading to the expression

for Q, as

0, = Fpo Tt e
t7 1 1~ Qw, TQW,E' (3.3)

Tp  TtEe

At steady-state condition with Eq. (3.2b), the surface charge density within the QW, is

further related to the volume density of QW, (n, ) as

88

doi:10.6342/NTU202500212



1

Tcapt
QQWg = %dtﬂqnw" (3.4)

TQW,[ Tesc,t

Using geometric considerations and the similarity of charge distributions within the QWs,
the carrier density

In Fig. 3.2, the term n,, can be expressed as
nye= » ni,, where £ =123, N (3.5)

Here, nf,: ¢ represents the contribution of charge distribution of Q, to n,,, as depicted
by the shaded red triangle (dotted) in the inset of Fig. 3.2. This contribution can be
compared to that of Q, using geometric considerations and the similarity of charge
distributions within the QWs. Since the two triangles are similar, their areas satisfy the

following relation

1 7!
2 X A X Wer (Ww')z (3.6)
Qe Weel ’

where W,,r = Wgy — Wgy represents the distance between QW, and QW,,. Using

Egs. (3.5) and (3.6), gn,, can be expressed as a function of Q,/ as follows:

-1

Wop\> O
qny, = Z 2< 41 > Qe , where £ = 1,2,,,N. (3.7)
= W/ Wy

Using Egs. (3.4) and (3.7), Q, can be expressed in terms of Q,/ as
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1
0, = Z Tt Ee Tcap{’ (WM )2 de o,
2 3.8)

| Tewe ——
TQW £ Tesc,f

where £ =1,2,3,+

Substituting Q, from Eq. (3.3) in the function of F, into Eq. (3.8), the DC flux F, can

be expressed in terms of F,r as

IR R
Z Tt EL Tcap ¢ w. 20 2d, T TtEL F
)
= Tow,e =~ b 1 WE[I Wopr 1 1 L
TQW ¢ Tesct Tp Tt,Ei” (3 '9)

where ¢ =1,2,3,~,N.

The current gains B, and B, can be defined in terms of fictitious HBTs with base

widths Wg, and Wg,r, and (W,pr/Wg,r)?, as follows:

b (WM’>2 _ Teee! (3.10)
Wi Tree

Using Eq. (3.10), the expression for F, from Eqg. (3.9) can be rewritten as

1

= 2 Tt,ge Tcap ¢ Teeer dp 14 B
T = [Fawe — 1 Tege (WH’) 1+ B
=0 TQW £ Tesc,{’ 2

-1 1 1 (3.11)

Z Tp Tcap,e 1+ % 1 dy F
D

TQW.f 1 + 1 1+ 1 ,BH" WHJI
Towys Tesct ,BEE’ ( 2 )

F{)I

R

£'=0
where ¢ =1,2,3,~N.

The term U, is additionally defined as
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1 1

Tp Teap,t 1+ E 1 d{)
Ugpr = 1 1 I T (3.12)
Tow,e + 14 ﬁt’{” ( 1%”)
Tow,e Tesct BEt” 2
Using Eq. (3.12), the flux F, can be expressed in terms of U,, as
-1
Fy = Z UppFy, where £ = 1,23 N (3.13)
£'=0

In Fig. 3.1, the total direct current (DC) flux at the emitter terminal Fg and the collector

terminal Fc is defines as follows:

Fy = z F,. where £ = 1,2,3,+N. (3.14a)

Q _ Q

Ttec  TtEo

S
I

(3.14b)
Using Eq. (3.14a), the emitter current Ie is given by Iz=AFg, where A represents the

cross-section area of the device. Expanding Fe, the emitter current becomes

N
1 +zw
=1

Here, V, is defined as the ratio F,/F,.

N
I = AFy = AZ F,=A F,, where ¢ = 1,2,3,+, N. (3.15)

£=0

Similarly, from Eq. (3.14b), the collector current I-=AF. can be related to F, as

Qo PEc
I. = AF, = A—2 =4 F,, 3.16
¢ ¢ Tt,E0 14 Bec ° ( )
where
F, -
I U B
Q=7"—"7" Bec = ——, (3.16b)
—+ TtEC
Tp  TtE0
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Using Egs. (3.15) and (3.16a), the base current Ig is derived as Iz = Iz — I, can be

derived as follows:
N

Bec
1 ZV—
* ¢ 1+ Bec

£=1

I; =4 Fy, Where ¢ =1,2,3,,N. (3.17)

The current gain, denoted as B = Al-/Alg = I/Ig, is evaluated by utilizing Egs. (3.16a)
and (3.17) after canceling the common factor A and F,. This results in the following

expression for the current gain:

_ Bec
1+ QA+ Be) Xi Ve’

B where ¢ =1,2,3, N- (3.18)
To determine the current gain behavior of the MQW-HBT, the expression for the current
gain (p) from Eq. (3.18) is employed. When compared to the current gain of a
conventional HBT (fec), the current gain of MQW-HBT is primarily reduced by a factor
>N | V,, which represents a mathematical relationship between recombination rates of
electron charge densities in each QW and the QW-to-collector region.

For the case where N =1, the current gain of a Single QW in the base region of the

transistor (S1ow-neT) IS determined using Eq. (3.18), resulting in the following expression:

Biow—nsr ~ [i + (1 + i) Vl]_1 (3.19)

Here, V, isequivalentto U, as obtained from Eq. (3.12). It is assumed that 1w =
QW Teap,l = Teapr ANA Tege 1 = Teoe - Additionally, B, = BEQW, Bro = Brcr Bio =
Bch’ and W;, = W,¢, which is equal to the width of the QW-to-collector (Wqwc). The
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expression of Biow-weT IS further refined as

1 A (EESH

_ = |—+(1+
ﬁlQW HBLET Bec Bec Tow L + L BQWC (WQWC> 1+ L
TQW Tesc 2 ﬁEC
1 -1
~ 1 n Tp Teap 1 d (320)
BEc Tow L + i ﬁQWC (WQWC>
Tow  Tesc 2

In this Eq. (3.20), the term 1/ BEQW, which is typically smaller than one, has been omitted
for simplification. The expression for the current gain (8;ow-usr) for a single QW (SQW)
in the HBT case, as derived from Eq. (3.18), is identical to the Eq. (12) presented by
Chang et al. [53]. This analytical modeling of the current gain using a modified charge-
control model provides insights for enhancing thermally dependent current gain by
optimizing the design of MQWs and the positioning of QWs. Consequently, this
analytical model for MQW-based HBT can be employed to optimize transistor current
gain and enhancing the capture-escape process.
3.5 Effect of QW Position and Number on Current Gain and
Charge Analysis in MQW-HBTs

The expression for current gain from Eq. (3.18) of the MQW-HBT is utilized to
investigate the impact of number of QWs and their positioning on the current gain. This
study considers two types of epi-layer designs: a single quantum-well heterojunction

bipolar transistor (single QW-based HBT or LQW-HBT) as reported by Change et al. [53],
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and a double quantum-well heterojunction bipolar transistor (double QW-based HBT or
2QW-HBT), as reported by Yang et al. [90]. Previous studies [53], [90] have provided an
in-depth detailed of the fabrication process for n-p-n QW-HBTs incorporation 1QW and
2QW in the base region of transistor. Additionally, a comprehensive description of the
fabrication and structure of both 1QW-HBT and 2QW-HBT has also been provided in

[53], [90], [91], [92], [93].

Distance from QW, to Collector, W,  (nm) Distance from QW, to Collector, W, - (nm)

. 53 48 43 38 33 28 " 66 56 46 36 26 16
S IQW-HBT (N-D'yyp = 98 nm (a) i PP e >
1.4} o Ref. [53] d=12nm_ © w6l o Ref. [90]
Q120 ZQW-Hg (N=2) o < WEg = 135.8 nm /
i % SOWHRTOC S 151 4—1120m o
c i [
) L o S 14} v
Nt 0.8 B =0 N
= o~ = 13} o
) [ @ 7
= 0.6 -
= = 12} &
= — -0 = #
O 0.4} g o — o " O 1 o
= #=2 -
Ve O == O = O = o 10F o
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Distance from Emitter to QW,, Wy, (nm) Distance from Emitter to QW,, W, (nm)

Fig. 3.3: (a) The current gain f as a function of the quantum well (QW) position within a
98 nm GaAs base width for a 1QW-HBT, based on the specified epitaxial layer structure
[53]. The analysis includes impact of increasing the number of QWs within the same base
is also analyzed. (b) The current gain as a function of the QW position within a 135.8 nm
GaAs base width for a double QW HBT (2QW-HBT), incorporating the epitaxial layer
structure [90].

The 1QW-HBT structure is considered to investigate the impact of QW position and the
number of QWs on the current gain of the transistor. It is observed that the current gain
increases by approximately 83.65% when the distance from QW-to-collector (qu]c)
is reduced from 53 nm to 28 nm as, illustrated in Fig. (3.3a). This unusual trend can be
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explained by the reduced capture of electrons by the QW when it is positioned farther
from the emitter and closer to the collector in transistor’s base. Conversely, the transit
time of escaped electrons from the QW-to-collector decreases when the QW is placed
nearer to the collector. The simulation results for the current gain (represented by red
hollow circles) align well with the experimental current gain (depicted as green solid
circles) when the QW is inserted at 60 nm from the emitter (WEQWI) in the 98 nm GaAs
base of the transistor [53]. Table 3.1 lists the simulation parameters for the current gain
of 1QW-HBT Siow-usr, at a base current, Iz of 1 mA and a collector-to-emitter voltage,

Vce of 2 V at a temperature of T = 300 K.

Table 3.1: Model parameters used for evaluation of f;ow-uar at T=300 K [53]

Parameter Symbol Value
Distance from emitter to QW Weow 60 nm
Width of QW d 12 nm
Width of base Ws 98 nm
Transit time of electron across base width TLEC 3 ps
Transit time of electron across QW to collector TL.QWC 0.45 ps
Base recombination time Ty 93 ps
Capture time Teap 0.25 ps
QW recombination time TQw 20 ps
Escape time Teosc 93.45 ps

When the number of QWs is increased in the base of transistor, the current gain decreases
significantly due to the increased electron capture via the MQW. For instance, when the

number of QWs with the same equal widths increased from 1 to 3 in the same 98 nm

GaAs base width of the transistor, the current gain of the 2QW-HBT BZQW—HBT and
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3QW-HBT (triple-quantum-well heterojunction bipolar transistor) B3QW_HBT decreases
by 63.6% and 83.22%, respectively, when the QW is inserted 60 nm from the emitter
(Wgqw, = 60 nm) in the same 98 nm base width. The separation between two
consecutive QWs in the 2QW-HBT and 3QW-HBT is 40 nm. For simplicity, we assume
that the value of 7,,, Tes, and Tqw are the same for each QW with equal width in the
case of 2QW-HBT and 3QW-HBT due to limited experimental data available on MQW-
HBT. The current gain for the 2QW-HBT and 3QW-HBT increases by approximately
69.70% and 62%, respectively, when the distance from QW-to-collector (WQWIC) is
reduced from 53 nm to 28 nm, as shown in Fig. 3.3(a).

We also aim to validate our charge-control model for the experimental 2QW-HBT
structure. The simulation results for the current gain of 2QW-HBT (f20w-187, magenta
solid circle) align well with the experimental results (B2qw-usT, wine dot pentagon) when
the transistor has a GaAs base width of 135.8 nm, with double QW widths of a 11.2 nm
(separation by 56 nm) inserted at Waow,c = 44.2nm. Additionally, the current gain of
the 2QW-HBT increases by approximately 72.48% as the distance from the emitter-to-
QW (WEQW,) increases from 70 nm to 120 nm in the 135.8 nm GaAs base width, as
shown in Fig. (3.3b). Table 3.2 lists the simulation parameters for the current gain of
2QW-HBT at Ig of 3 mA and Vcg of 2.5 V for the 135.8 nm base width at temperature of

T = 28°C.
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Table 3.2: Model parameters used for evaluation of f;ow-mpr at T= 28 °C

Parameter Symbol Value Source Ref.

Distance from emitter to QWi Weaw, 91.6nm  [90], [91], [92], [93]
Width of QW d 11.2nm  [90],[91], [92], [93]
Width of base Ws 135.8 nm  [90], [91], [92], [93]
Transit time of electron across base TLEC 3.55ps [90]

Base recombination time Ty 93 ps [53]
Capture time Teap 6.27 ps [90]

QW recombination time TQw 89 ps [94], [95]
Escape time Tese 149 ps [90]

Distance from QW, to Collector, Wy, (nm)

Distance from QW  to Collector, W,y (nm)
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Fig. 3.4: (a) The ratio of QQWI/QO’ (b) QQWZ/QO, and (c) QQW3/QO as a function of

the position of QW in 1QW-HBT, 2QW-HBT, and 3QW-HBT, respectively. (d) The total
charge captured by the QWs as a function of the position of the QW.
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Now, for the study the charge distribution of the base minority carrier density in MQW-

HBTs and demonstrate the application of the continuity condition to the population of

minority carriers in the active region of the MQW into the base of transistor, the

expression of Q, is defined with using Egs. (3.3) and (3.4) as:

1

Tt,E¢ Tcap,¢
Q= T deqny . (3.21)

TQW,t’ — 4+

TQW,# Tesc,t
Using Eq. (3.3), the ratio of QQW[ to Q, isexpressed as follows:

Qow, _ & Tow,¢
Qo Qo Tege

(3.22)

The recursive relationship of Q,/Q, is defined using the Eqgs. (3.8) and (3.12) as follow:

-1
1+ Bep Qp
&Nyl e where € = 1,2, N- (3.23)
Qo — 1+ Bee Qo

However, the theoretical calculation of the charge ratio using Egs. (3.22) and (3.23) tends
to underestimate the charge analysis in QW ,/Q,. The electrons injected from the emitter

diffuse through the base and are more readily absorbed by the QW when it is positioned

closer to the emitter. Thus, Q. /Q, depends on the position of the QW, which
Qw,/ <o

ultimately affects the current gain of MQW-HBT. The current gain of 1QW-HBLT, 2QW-

HBT, and 3QW-HBT can be alternatively be expressed in terms of QQW{} /Q, as

_ Bec
Biow-npT = -
1+t (
Tow,1

> QQW1 ’ (3243)

1
1+——
Qo

Be1
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BEC

14" (1+ )QQW1 + T (1 4 )QQWZ (3.24b)
QWl :BE'l O TQWZ lBEZ 0

B2ow-uBT =

ﬁ3QW—HBT = Pec

)QQW1+ Tp

14— (1 +
( Be1/ Qo Tow,1 BE1
1

T
n b (1 )QQW3l ’
Tow,3 BE3

X |1+ )QQW1

Tow,1

(3.24¢)

where B, B,,, and B, are evaluated through Eq. (3.10). The values of QQW1 /Qy>
QQW2 /Q,, and QQW3 /Q, are calculated using Eqs. (3.22) and (3.23), as shown in Figs.
(3.4a), (3.4b), and (3.4c¢), respectively. These calculations are based on the function of
WEQWland Waow,c for a 98 nm GaAs base of the transistor. Since the position of QW,
is closer to the emitter than QW, and QW,, QW, captures more electrons compared
to the other QWs (QW, and QW,). When the number QWs increases from 1 to 3 in the
same 98 nm GaAs base, the total number of electrons captured by the 2QW and 3QW in
2QW-HBT and 3QW-HBT, respectively, is affected by the position of QWs (WQWIC or

Weqw, ) in the same 98 nm GaAs base of the transistor are shown in Fig. (3.4d). When
the width of Waow,c decreases from 53 nm to 28 nm, or when Weqw, increases from
45 nm to 70 nm, the total charge captured by 1QW, 2QW, and 3QW in 1QW-HBT, 2QW-

HBT, and 3QW-HBT decreases by 47.17%, 41.90%, and 38.80%, respectively. This
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decrease in charge capture results in an increase in current gain of 83.65%, 69.70%, and
62% for the respective configurations. The current gain can also be enhanced through
thermionic emission techniques [53], [90].
Our modified charge-control method can improve current gain by optimizing MQW
design and QW positioning. This analytical model of MQW-HBTs serves as a foundation
for enhancing transistor current gain and refining the capture-escape process.
Furthermore, this modified charge-control model aids in designing efficient epi-layers for
MQW-based HBTs for smart thermal sensing applications. We utilized this modified
charge-control model to TQW-HBT. The detailed study for high-temperature applications
is discussed in the subsequent subchapter.
3.6 Device Layer Structure Design and Fabrication Process for
TQW-HBTs

The chapter 2 discussed how SQW-HBTs exhibit high sensitivity to temperature
variations due to leveraging the thermionic emission properties of QWs. The sensitivity
of QW-HBTs to ambient temperature can be significantly enhanced by employing
specific layer structure designs that induce strong thermionic emission within the QWs
or MQWs in the base region of HBTs. While previous studies have predominantly
focused on the optical properties of MQW-based devices, such as optical modulation and

laser thermal characteristics, limited attention has been paid to their electrical
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characteristics, as discussed in detail in Subchapter 3.3. The modified charge-control
model for MQW-HBTSs provides a valuable framework for designing efficient epitaxial
layers for thermal sensing applications by enhancing thermal sensitivity through the
introduction of additional QWs.

This section introduces a novel TQW-HBT, also referred to as a triple-quantum-well
heterojunction bipolar light-emitting transistor (TQW-HBLET or TQW-LET). This
device is designed to investigate the temperature-dependent current-voltage (I-V)
characteristics of InGaP/GaAs TQW-HBTSs. The epitaxial structures of n-p-n TQW-
HBTs were fabricated on a semi-insulating (S.l.) GaAs substrate using the MOCVD
process. The epitaxial layer stack consisted of several layers, starting with a heavily doped
n-type GaAs buffer layer with a thickness of 5000 A. This was followed by bottom
cladding layers comprising a 634 A thick n-type Alo40GaoeoAs layer, a 5000 A thick
oxidizable Alo.osGaoosAs layer, and a 150 A thick oxide buffer layer of Alg40Gao.eoAs.
The sequence continued with a 200 A thin sub-collector layer of heavily doped n-type
GaAs, followed by a 120 A etching stop layer of Ing.49Gao.s1P, and a 600 A collector layer
of undoped GaAs. The active layer design included a 1120 A thick GaAs base layer with
an average p-type doping concentration of 3 X 10'%cm™. Three undoped InGaAs QWs,
each 70 A thick and tailored for a wavelength (A) of approximately 980 nm, were

positioned side by side with a separation of 35A. The emitter layer consisted of a 250 A
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wide-bandgap n-type Ino.40Gao.s1P layer. The upper cladding structure comprised multiple
layers: a 150 A Alo35GagesAs oxide buffer layer, a 150 A AlysGao2As oxidizable layer, a
4000 A thick AlxGaixAs layer (where x varies from 0.95 to 0.99) serving as an oxide
buffer layer, a 300 A AlpsGao2As oxidizable layer, and a 500 A Al35GaoesAs confining
layer. Finally, the epitaxial structure of TQW-HBTs was capped with a 1000 A thick
heavily doped n-type GaAs contact layer. The complete epitaxial layer structure of the
TQW-HBTs is illustrated in Fig. 3.5, which also includes an inset showing the top views
of the fabricated device. Detailed specifications and compositions for each layer of the

TQW-HBT are provided in Table 3.3.

L /
o n-(;aAs Cap
Vi n-AlGaAs Cladding
B
) 2
p-GaAs Base
e
Vi
p-GaAs Base
C

n-GaAs SubCollector
n-AlGaAs Claddin

GaAs Substrate (S.L.)

Fig. 3.5: Schematic of the epitaxial structure of the triple-quantum-well heterojunction
bipolar transistor (TQW-HBT). The inset shows the top-view layout of the TQW-HBT
device, with an emitter cross-section area of 40 um x 40 pm.
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Table 3.3: The epitaxial layer structure design of n-p-n TQW-HBT.

Contact GaAs 1000 N* 3el8 Si
Confining AlxGaixAs 0.35 500 N 2el8 Si
Oxidizable AlxGaj xAs 0.8 300 N 1.5¢18 Si

, 0.95~0.9 ,

Oxide Buffer AlxGaixAs 5 4000 N 1.5¢l18 Si

Oxidizable AlxGajxAs 0.8 150 N 8el7 Si

Oxide Buffer AlxGaixAs 0.35 150 N S5el7 Si
Base GaAs 100 P 4e19 C
Base GaAs 100 P 2¢el19 C
Base GaAs 300 P 1lel9 C
Buffer GaAs 20 i UID
Barrier GaAs 35 1 UID
Barrier GaAs 35 i UID
Buffer GaAs 20 i UID
Base GaAs 200 P 1el9 C
Base AlxGajxAs 0.05 100 P 3el9 C

Sub-Collector GaAs 200 N 3el8 Si
Oxide Buffer  AlxGajxAs 0.4 150 N 2¢el8 Si

Oxidizable AlxGajxAs 0.95 5000 N 1.50e18 Si
Oxide Buffer AlxGajxAs 0.4 634 N 2¢el8 Si

Substrate 4" GaAs S.1.
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The fabrication process of TQW-HBTs follows a similar methodology to that of SQW-
HBTs, as outlined in subchapter 2.3. Initially, the emitter and base mesas were defined
using wet etching, followed by isolation etching down to the semi-insulating GaAs
substrate. Following that, standard lithographic techniques and metallization processes
were employed to deposit the emitter (E), base (B), and collector (C) contacts. The
process completed with planarization, via hole etching, and pad metallization. The
advanced epitaxial design and fabrication process enable TQW-HBTs to achieve
enhanced thermal sensitivity, making them highly suitable candidate based on III-V
compound semiconductor device for next-generation temperature sensing applications.

3.7 Device Characterization at Different Substrate

Temperatures

Following the successful fabrication of TQW-HBT devices, their current-voltage (I-
V) behavior was studied across a temperature range of 25°C to 85°C to evaluate high-
temperature operation. For characterization, the devices were placed on a Peltier
temperature-controlled stage. Thermal equilibrium was achieved within two minutes, but
for precise measurements, an additional twenty minutes were allowed to ensure the Peltier
stage reached a steady-state temperature before measurement result data collection.
Electrical DC bias and current were supplied using an Agilent E5S270B source. During the

device characterization process, the base current, Is was varied systematically from 0.2
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mA to 1 mA in increments of 0.2 mA, while the collector-to-emitter voltage, Vce was

increased from 0 to 2 volts. The collector current, Ic versus collector-to-emitter voltage,

VcE characteristics were measured at substrate temperature, Text of 25°C and 85°C for

different base current, as shown in Fig. 3.6. The insertion of three QWs into the base of

the transistor resulted in enhanced electron capture, causing a reduction in the collector

current and current gain.

S
=
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I=0.2 mA ~ 1.0 mA, AIB=0.2 mA
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Fig. 3.6: Experimental characteristics: collector current Ic vs. collector-to-voltage Vg of
n-p-n TQW-HBT at varied base currents Ig from 0.2 mA to 1 mA, characterized at Texc=25
°C (solid line) and Tex=85°C (dashed line).

This phenomenon can be explained using the energy band diagram of TQW-HBTs,
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depicted in Fig. 3.7, which illustrates a device configuration with n-type Ing49Gao.siP/p -
type GaAs/ n-type GaAs configuration. Under forward-active region operation with Ig of
1 mA and Vcg of 2 V, the collector current, Ic increased from 0.210 mA at Tex=25°C to
0.631 mA at Tex=85°C. This temperature-dependent collector current is a critical
parameter for designing smart thermal sensor based on the Ic(T) characteristics.
Additionally, at the same bias conditions (Ig and VcE), the collector-to-emitter offset
voltage decreased from 0.64 V at Tex=25°C to 0.56 V at Tex=85°C, indicating the

presence of intrinsic carrier surges with increasing temperature.
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Emitter Base Collector
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Fig. 3.7: A energy band diagram of n-p-n InGaP/GaAs TQW-HBT.

Figure 3.8 illustrates the thermally enhanced current gain, frow of the TQW-HBT,
demonstrating its variation with controlled temperature, Tex: for different base currents,
Iz ranging from 25°C to 85°C. The current gain increased with both higher substrate
temperature, Texe and base current, Ig. The conduction band offset of the QW played a

pivotal role in confining electrons within the QW of the base region, effectively localizing
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them around the QWs. As the temperature increased, thermal energy enabled electrons
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Fig. 3.8: Experimental analysis of current gain, frow of TQW-HBT as a function of

externally controlled substrate temperature, Tex; for different base currents.

within the QW reservoir to overcome the quantum-well-barrier (QWB), allowing them to

rejoin the diffusion flow toward the collector. This reduced the electron capture effect of

the TQW at elevated temperatures, resulting in an enhanced current gain under reverse

bias as more electrons reached the base-collector (B-C) junction. Furthermore, the higher

current gain, frow observed at increased base current, Iz may be attributed to thermal

effects caused by the injection of current, which could elevate the device’s internal

temperature. These experimental results highlight the modulation of current gain with
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ambient temperature variations, demonstrating the potential of TQW-HBTs for

temperature-sensitive applications.

In addition to experimental characterization, to further investigate device physics at
higher temperatures, theoretical analysis using a modified charge-control model is
presented in the next subsection. These findings highlight the potential of TQW-HBTs for
developing highly sensitive, temperature-dependent I-V characteristics, making them

promising candidates for next-generation smart thermal sensor front-end components.

3.8 Modified Charge-Control Model for TQW-HBTs

TQW-based HBTs demonstrate unique characteristics compared to SCH structures
due to the tilting of the minority carrier distribution during forward-active operation.
Applying a reverse bias to the B-C junction induces a high electric field that drives
electrons into the collector, resulting in a near-zero electron density at the collector
boundary. The basic charge-control model for LET and TL was initially introduced by
Then et al. [56] and Feng et al. [57] in 2007. Subsequently, our research team modified
the charge-control model framework for LETs and investigated its thermal characteristics
in 2019 for square SQW-HBTs [53]. Furthermore, we expanded on this by reporting the
modified charge-control model for staircase SQW-HBTs in 2023 [89]. Detailed analyses

of SQW- and MQW-based modeling for LETs and TLs are presented in Subchapter 2.6
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and 3.3 of this dissertation.

Ryg 1

R

2 \: N \A, A \' . \2 2 v & "2 o 2 >X
— GQ'W‘LW”A‘?‘ZFWZIAVW‘L 210, Collector
QW5  Qow,  Qow, :

=dm @adm @adm

3

Emitter

T
F 3

»
>

W EC

Fig. 3.9: Schematic representation of minority charge distribution (p) in the base region
of the TQW-HBT.

This section focuses on investigating the electron distribution around the TQWs and the
temperature-dependent behavior of current gain in TQW-HBTs. The research prioritizes
analytical formulations that explicitly incorporate time-dependent parameters to enhance
understanding of device behavior. Figure 3.9 illustrates the modified charge-control
model, depicting the distribution of minority charges (p) within the base region of TQW-
HBTs. The base charge distribution in TQW-HBTs can be represented as a combination
of four triangular charge populations, designated as Qy, Q;, Q,, and Q. The total

volume charge density of minority carriers in the base consists of seven components: Q,
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Q1, Q2, Q3, Qqw,> Qqw,, and Qqw,. Here, Q;, Q, and Q3 represents electrons
diffusing from the emitter to QW;, QW,, and QW5 respectively, contributing to
spontaneous or stimulated recombination. Q, governs the diffusion of electrons towards

the B-C junction, contributing to the collector current, Ic. Qqw,, Qqw,, and Qqw, are

associated with minority carrier capture by QW;, QW,, and QWs, respectively.

Expanding upon the previously derived current gain expression for MQW-HBTs, this
study investigates the temperature impact on the current gain of TQW-HBTSs, represented
as Prow-usr, using Eq. (3.18). In this analysis, quantum-well coupling and quantum-
tunneling currents are omitted due to their relatively minor influence compared to the
dominant thermionic emission process. The current gain of TQW-HBTs, Srow is derived

using Eq. (3.18), with N = 3 as follows:

B~ Prc
O 1+(14B,. ) (Vi V2 +V3)

(3.25)

where Bgc = 7,/T¢pc denotes the current gain of an HBT with base width Wg, Ty, is
the bulk recombination lifetime of electrons in the base, and T, gc represents the electron
transit time through the GaAs base region of the transistor. Increasing the number of QWs
in the base region reduces the current gain due to enhanced carrier recombination in the
TQWs. Conversely, in the absence of TQWs (V; + V, + V5 = 0), the current gain equals

Pgc of the HBT with the same base width Wg. The terms Vi, Va2, and V3 are defined
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using V,= F,/F, from Eq. (3.15) as F,/F,, F,/Fy, and F3/F,, respectively, with
F, derived from Eq. (3.13). Figure 3.9 highlights the charge flux of minority carriers
corresponding to Qy, Q4,Q,, and Qj, represented by F,, F;,F,, and F;, respectively.

With Eq. (3.13), the terms F;, F,, and F5 can be represented as

F, = U,cF, (3.26a)
F, = UycFy + Uy Fy (3.26b)
F3 = U3CF0 + U31F1 + U32F2 (3260)

Using Eq. (3.12), the terms U;c, Uy, Uz, Uyq, Uszq, and Uz, are defined as

1
T Teap,1 1+ Per | 1 dy
U1C = 1 1 1 - W (173)
TQwi = 4 1+ — | Pic (_1C)
TQW,1 Tesc,1 ﬁEC 2
1
14—
T 1
Uye = —2 7 cap.2 7 552 — Vﬁz (3.27b)
TQw,2 + 1+ — | Bac ( ZC)
TQW,Z Tesc,2 ﬁEC 2
1 1
1+-5—
T 1
Use = —2 s Bf3 — \53 (3.27¢)
TQW,S — 4 14— BSC (_3C)
TQW,3 Tesc,3 BEC 2
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1+ ,—
T T 1 d
Upy = ————22 ﬁfz — (3.27d)
TQwz -~ 4 1+ — | B2 (ﬁ)
TQW,2 Tesc,z .BEl 2
1 1
14—
T T 1 d
Ug = —— 2 '853 — (3.27¢)
Tows —— 4 14— P31 (A)
Tow,3  Tesc3 PE1 2
1 1
14—
Us, = Tp Tcap,3 BE3 i ds (3.27f)
Tows 1 + 1 1+ 1 B3 (&)
Toqw,3  Tesc3 P2 2

Here, the recombination lifetime of electrons in each QW is represented by Tqw 1, Tqwz,
and tqws for QW;, QW,, and QWs, respectively. The densities of minority carrier in
the virtual conduction states of the QWs are nygq, nys,, and nygs for QW;, QW,,
and QWs;, respectively. The capture times of minority carriers transitioning to bound
states from their respective virtual states in the QW;, QW,, and QW5 are Tcap1, Tcapzs
and Tc,p 3, respectively. The escape times of electrons from QW;, QW,, and QW5 into
the doped base region are Tegc1, Tescz, and Tese3. The QW widths in the fabricated
TQW-HBTs device are uniform, with d; = d, = d; = d. Other terms, including s,
Bs2, Be1i> B3z> B3i> PBacs P2c, Pic, and P51, are calculated using the formulation
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detailed in Eq. (3.10).

3.9 Modified Thermionic Emission Model, Carrier Dynamics

and Charge Analysis in TQW Structures

The escape time of electrons from QWs was analyzed using the classical thermionic
emission model developed by Schneider and Klitzing [65] and Nagarajan [66]. This
model assumes that the carrier distribution in the QW follows a Boltzmann-like statistics,
where the escape currents are directly related associated with the carrier distribution tail
at the top of the energy barrier. However, this approach is effective only for QW widths
on the order of several hundred Angstroms, limiting its application for narrow QWs. In
the fabricated TQW-HBTs, each QW has a width of 70 A. To address this limitation, a
modified expression for the thermionic emission lifetime proposed by Nelson et al. was
employed. This method accounts for thermionic emission, thermally assisted tunneling,
and direct tunneling within the QW [67].

The estimation of electron escape time began with calculating the injection current
density J.. This was achieved by integrating the product of the carrier concentration in
the QW, the transmission probability, and the carrier escape velocity across the energy
range. Subsequently, the carrier population in confined sub-band states and unconfined

states above the QW was integrated. The thermionic emission lifetime was then evaluated
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using the equation:

o= (3.28)
In this calculation, the classical Maxwell-Boltzmann distribution was utilized for
simplicity, making it suitable for analyzing macroscopic systems at elevated temperatures.
While its accuracy diminishes as quantum effects become significant, the model provides
an effective approximation. Alternatively, the Boltzmann distribution, instead of the
Fermi-Dirac distribution, was employed to reformulate the thermionic emission lifetime,

leading to the following analytical expression:

N
2mtm* (Zm*kBT)‘1 Zb: (Ecb=Ed) g <2m*AEB)‘1/2
e

e = (T2 5 T
-
’ (3.29)
Nb * 1/2
mh (Ec,b — Ei> N mhd (Zm AEB)
~ keT 1eXp kgT 2mAEg \  hZ
i=

Here, the effective barrier height Ep is the energy difference between the conduction
band edge in the GaAs barrier (Ecp) and the first sub-band of the InGaAs QW (E1). The
QW width is denoted by d, and m* represents the electron effective mass. kg is the
Boltzmann constant, T is the temperature in kelvins, and [A?/2m*AEg]*/? determines
the characteristic length scale associated with AEg. The term Ny indicates the number
of bound sub-bands, and E; denotes the energy of the 4 ™ bound sub-band. A detailed
derivation of this equation is presented in chapter 2, subchapter 2.7.

This modified thermionic emission model also incorporates the effects of carrier LO
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phonon interaction, which play a significant role in the escape rate due to polar scattering.
At elevated temperatures, electrons can absorb LO phonons and escape from the QW. To
account for this, a temperature-dependent term [exp(fiwo/kgT) — 1]72, derived from
the Bose-Einstein distribution function, was included in the escape rate [96], [97].

Consequently, the escape time due to thermionic emission can be expressed as
-1
1 1 1

F— (3.30)
e o o (B280) 1
B

~
Tesc =

Here, 11 represents the electron escape time from the bound states to unconfined states

due to the absorption of LO phonons, and hw;, is the LO phonon energy.
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Fig. 3.10: Temperature-dependent escape times for different base currents in the QW of
TQW-HBT. (a) Escape time from QW3 (Tesc3), (b) escape time from QW (Tesc2), and (¢)
escape time from QW1 (Tesc,1). The insets illustrate the sub-band energy level positions in
the TQW.

We extracted the capture time (zcqp), €scape time (zesc), and recombination time (zpw) as

functions of temperature at different base currents Ig by fitting the experimental current

gain to the theoretical current gain (Srow) derived in Eq. (3.25) for TQW-HBTs. These

results are illustrated in Fig. 3.10, Fig. 3.11, and Fig. 3.12, respectively. With increasing
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electron temperature, the extensive carrier distribution within the QW is significantly
influenced by the band filling effect. Consequently, the escape time decreases
exponentially with increasing temperature and base current, as depicted in Fig. 3.10. The
escape times for QW;, QW,, and QWj;, shown in Fig. 3.10 (a), (b), (c), respectively,
differ due to variations in their first sub-band energy levels in the QWs, which are

determined by the unique layer structure of the TQW-HBT.

0.5

Tcap,3 = Teap,2 = Teap,1

=
a

=
¥

=
o

Ig = 0.2 mA

Capture Time, Tcap (ps)

TQW-HBT
1 a i . i i . 1 .
300 320 340 360 380 400
Temperature (K)

=

Fig. 3.11: Capture time 7., as a function of temperature T for various base currents
ranging from 0.2 mA to 1 mA. Assume nearly equal captures times Tcap,3 = Tcap,2 = Teap,1 1N
all the QWs.

We also incorporated self-heating effects in our analysis, which demonstrate that the
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junction temperature in our TQW-HBTs is lower than that in conventional HBT.

However, as the base current and temperature increase, the capture time increase

significantly. This phenomenon occurs because carriers transitioning from bulk states to

the QW states face restrictions at available states, leading to prolonged captures times.

Additionally, the capture time is also influenced by the device’s operating current-voltage

conditions. With increasing base current, the scattering rate decreases, resulting in

increased capture time due to the increased Fermi wavevector, as shown in Fig. 3.11.

TQW,3=TQW,2 = TQW,1
TQW-HBT

sk
=
o

sk
N
o

IB =0.2 mA
' AIB = 0.2 mA

v
Ip=1mA

0
=

QW Lifetime, TQW (ps)
S

60
300 320 340 360 380 400
Temperature (K)

Fig. 3.12: Recombination lifetime 7o as a function of temperature T for different base
currents ranging from 0.2 mA to 1 mA. Note: Assume nearly equal recombination times

TQW3 =~ TQw,2 =~ TQw,1 in all the QWs.
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The QW recombination time (zpw) was also extracted as a function of temperature and

base currents, as shown in Fig. 3.12. Among these three timescales, the QW

recombination time and capture time exhibit less sensitivity to temperature variations

compared to the escape time in the QW. Furthermore, 7esc shows a more pronounced

variation with temperature than a bulk recombination time 7, and transit time 7, zc.
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Fig. 3.13: Base transit time 7;£c (solid black line) and bulk recombination lifetime 7,

(solid red line) as a function of temperature T.

Carrier recombination and transit time are critical factors influencing the performance of

TQW-HBTs. The base region of TQW-HBTs is heavily doped with a p-type dopant

concentration of approximately 3 x 10'° cm™. This high doping level primarily impacts
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the minority carrier mobility pb through ionized impurity scattering, although its
influence diminishes at elevated temperatures due to phonon scattering. Phonon
scattering, proportional to temperature, reduces minority carrier mobility with increasing
temperatures, albeit with a lesser impact at higher temperatures [69], [ 70]. The base transit
time 7, zc was analyzed as a function of temperature using Einstein’s relationship, D, =
ubkgT/q, considering the temperature dependency of minority carrier mobility pb. As
shown in Fig. 3.13 (solid black line), the transit time decreases by approximately 23.25%
when the temperature rises from 300 to 400 K, suggesting a moderate dependency of
minority carrier mobility p on temperatures.

Next, we examined the bulk recombination time in the heavily p-doped base as a function
of temperature T, as illustrated in Fig. 3.13 (solid red line). The bulk lifetime was modeled
using the Shockley-Read-Hall (SRH) recombination, radiative recombination, and Auger

recombination mechanisms same as Eq. (2.28):

1 1 1\ s

Trec = + + = (AO + BOP + COP ) (3.31)
TsSRH  Trad TAuger

Here, P represents the doping concentration in the base region; and Ay, By, and C,

corresponds to the SRH, radiative, and Auger recombination coefficients, respectively.

This SRH, radiative, and Auger recombination times are denoted as Tsry, Traq, and

Tauger » respectively. In heavily doped GaAs semiconductors, Auger recombination

becomes dominant due to the high impurity and carrier densities. At higher temperatures,
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the energy bandgap E, shrinks, reducing the threshold kinetic energy E, for high-
energy electrons and potentially increasing the Auger recombination coefficient Co [73].
Conversely, at room temperature, the recombination process is predominantly governed
by band-to-band radiative recombination in the direct band gap GaAs. The radiative
recombination lifetime 7,44 is related to the spontaneous emission coefficient Bo, which

3/2 for the bulk materials with parabolic bands and T~ for quantum

varies with T™
wells with separated bands [71], [72]. In our temperature-dependent charge-control model,
the SRH recombination time zsgy is substantially longer than the radiative and Auger
recombination times. As By is treated as constant in this model, the bulk lifetime 7
decreases by approximately 41.55% as the temperature T increases from 300 to 400 K, as
shown in Fig. 3.13 (solid red line). These findings indicate that Auger recombination
dominates the bulk recombination process at higher temperatures.

This comprehensive analysis highlights the intricate dependencies of recombination and
transit times on temperatures and doping concentration, emphasizing their critical role in
determining the performance of TQW-HBTs under varying operating conditions. The
modified thermionic emission model provides a robust framework, particularly in the
context of narrow QWs, enabling enhanced understanding and optimization of TQW-

HBT devices.

To understand the charge distribution in the TQW and base regions at high temperatures,
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the theoretical framework for temperature-dependent charge analysis, as expressed in Eqgs.
(3.22) and (3.23), underestimates the charge distribution within the TQWs and base

region. The ratio of total charge stored in the TQWs to the base charge Q, is represented

as

Quws+qw,+qwy)  Qows  Qqowz  Qqwi
= 3.32
Q ® Q@ T Q £=9
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Fig. 3.14: Theoretical simulation of the temperature-dependent ratios based on Egs. (3.22)
and (3.23). (a) Ratio of Qqw, t0 Qg, (b) ratio of Qqw, t0 Qo, (c) ratio of Qqw,t0 Qq
and (d) ratio of Qqw,+qw,+qw,) 10 Qo. The total electrons stored in the TQWs are

denoted by Qqw,+qw,+qw,)-

In the fabricated TQW-HBT, it is observed that QW; captures a higher number of
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electrons compared to QW, and QW;,, mainly because of its closer to the emitter. As the
temperature increases, electrons gain sufficient thermal energy to escape more readily
from the QW. These escaping electrons contribute to the base charge Qo, altering the
charge distribution. The results of our theoretical simulations, using the same parameters
as those in Fig. 3.15, are illustrated in Fig. 3.14(a)-(d). These simulations demonstrate a
decreasing trend in the ratios Qqw,/Qo ,» Qqw,/Qo » Qqw,/Qo , and
Qqws+qw,+qw,)/Qo Wwith increasing temperature and base current. At elevated
temperatures, a larger proportion of carriers escape from the QWs and migrate towards
the collector. This increased carrier escape rate contributes to a notable amplification in
the current gain. The enhanced current gain is directly linked to the redistribution of
charges and the increase in Qo cause by the elevated electron escape rate, emphasizing

the significant thermal dependence of charge dynamics in TQW-HBTs.

3.10 Experimental Validation of Simulated Current Gain in
TQW-HBT: Results and Discussion

In the fabricated TQW-HBT device, the three QWs act as electron capture regions,
analogous to buckets, that trap electrons traveling from the emitter to the collector. As the
temperatures rises, the electron escape time, Tesc decreases exponentially with 1/KgT,

allowing electrons stored in the TQWs to acquire sufficient energy to escape. At elevated
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temperatures, these escaping electrons contribute to the base charge Q. Under the
influence of base-collector (B-C) reverse bias, the escaped electrons are swept into the
collector, thereby increasing both the collector current I¢ = AQq /T gc and the current
gain frow . This leads to significant temperature-dependent variations in both the

collector current Ic and the current gain.
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Fig. 3.15: Temperature dependence of current gain frow in TQW-HBT for varied base

'] =
currents (0.2 mA to 1 mA): experimental results (solid stars) and simulation results (solid
line).

Figure 3.15 illustrates the experimentally measured current gain as a function of

temperature T under different base currents, represented by family curves at Vg = 0.
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These experimental results are compared with the simulated current gain trends at varying

base currents. The simulation results, particularly at a base current of Ig 0f 0.2 mA, closely

align with the experimental data. The parameters used for the simulation at a temperature

of 300 K are summarized in Table 3.4.

Table 3.4: Analysis of current gain frow at 300 K using the following parameters

Parameter Wpg Wic Wye Wic W34 W3,
Value (A) 1120 565 460 355 210 105
Parameter Wy Wg1 W, W3 d TEC

Value 105 A 765 A 660 A 555 A 70 A 6.26 ps
Parameter Ty Tcap Tow Tesc3 Tesc2 Tesc1
Value (ps) 92.63 0.16 76.50 373.34 54783  353.73

Qw3 Qw, Qw,
Parameter
AEg E.,—E; AEg E.,—E; AEg E.,—E4

ValuemeV) | 3067 23417 31945 25698 30738  231.66

Efforts were made to fit the experimental measurements data across various base currents,

beyond 0.2 mA, by adjusting parameters that linearly depends on both base current and

temperature. However, at higher base currents, internal heating within the device required

more precise experimental calibration to achieve a theoretical fit with the measured

current gain. Despite these challenges, the simulation results were largely consistent with

the experimental results, which was satisfactory. Notably, as thermionic emission causes
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electrons to escape from the QWs, the collector current at Iz of 1 mA increases by

approximately 200% when the temperature rises from 25°C to 85°C. This indicates that

at higher temperature T, a larger number of carriers escape from the QWs and are

collected at the collector, resulting in a higher current gain.

The sensitivity of the TQW-HBTs is defined as the change in the collector current with

respect to temperature (Al-/AT), which distinguishes it from the sensitivity (change in

voltage with respect to temperature, AV /AT) commonly defined in conventional BJT or

PIN diode-based thermal sensors. The average current-to-temperature signal of the TQW-

HBT is 7 pA/°C, demonstrating significant promise for high-resolution temperature

sensing.

In future work, more complex circuit designs incorporating passive components will be

explored, allowing for sensitivity to be redefined as AV /AT. This will facilitate more

meaningful comparisons with existing technologies. The substantial current-to-

temperature signal of the TQW-HBT highlights its potential for integration into OEICs,

paving the way for advanced smart temperature-sensing applications.

3.11 Conclusion

This chapter presents the development of a modified charge-control model for

MQW-HBTSs, which accurately predicts the current gain of transistors using continuity
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equations tailored for LETs incorporating MQWSs within their base. The proposed model

provides valuable insights into the operational behavior of the MQW-HBTSs and guides

the design of efficient epi-layer structures by optimizing the width, position, and spacing

of each QW in the base. Our findings reveal a trade-off between the collector current gain

and optical modulation gain, as the addition of more QWs in the transistor base reduces

the current gain. Analytical results demonstrate that the position of the MQWSs within the

base significantly influences the current gain, with the highest gain achieved when the

MQWs are placed closer to the collector. This study also highlights the role of QW

positioning and the number of QWSs in capturing charges, which in turn impacts the

transistor’s overall current gain. To validate the modified charge-control model, we

utilized experimental data from prior work on 1QW-HBTs and 2QW-HBTSs. The model

demonstrates its potential for designing efficient epitaxial layers in MQW-HBTSs,

specifically for the front-end components of smart thermal sensors and OEICs.

Using this modified model, the TQW-HBT epi-layer was designed and successfully

fabricated specifically for thermal sensor applications. Experimental and simulation

results demonstrate that the current gain of TQW-HBTS increases significantly with rising

substrate temperatures. The model integrates thermionic emission theory, highlighting

that minority carriers in the TQWSs gain sufficient energy at elevated temperatures to
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escape more readily due to reduced escape times. This phenomenon, contrary to

conventional HBT behavior, leads to a significant enhancement in current gain. Notably,

the collector current increased by approximately 200% as the operating temperature rose

from 25°C to 85°C, with experimental findings closely aligning with simulation results.

The modified charge-control model successfully explains the thermo-electric

enhancement of current gain in TQW-HBTSs, validating its effectiveness in designing

efficient epitaxial layers. The theoretical predictions align closely with experimental

trends, further confirming the model's accuracy.

The TQW-HBT demonstrated a current sensitivity of 7 uA/°C under the bias conditions

Is of 1 mA and Vce of 2V, showcasing its potential as a high-resolution temperature

sensor. This high current-to-temperature signal establishes the TQW-HBT as a strong and

promising candidate for front-end components in advanced smart thermal sensing

technologies.

In conclusion, this work highlights the potential of TQW-HBTSs as thermally enhanced

devices with significant applications in next-generation temperature sensing technologies

and OEICs. The insights gained and methodologies developed pave the way for further

advancements in this promising field.
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Chapter 4

Design and Fabrication of Novel Darlington Transistor

Using LET for Smart Thermal Sensor Technology

4.1 Introduction

This chapter introduces a groundbreaking invention in thermal sensing technology,

highlighting the unique thermally induced current gain enhancement achieved through a

first-of-its-kind Darlington pair circuit based on a cascaded three-port high-speed LET.

The integration of LETs with Darlington transistor configurations represents a significant

advancement in the development of smart thermal sensor technologies, offering

unprecedented improvements in thermal sensitivity and current gain. This chapter

explores the motivation, design, fabrication, and characterization of a novel Darlington

transistor employing LETS, aiming to address the limitations of conventional thermal

sensors and establish a new benchmark in thermal sensing applications.

The chapter begins by discussing the “Motivation Behind the Novel Darlington Transistor

Design by Cascading of SQW-HBTSs” (Subchapter 4.2). This section highlights the need

for innovative designs to improve the temperature sensitivity of LETs and the rationale

behind adopting a cascading configuration of SQW-HBTs. By leveraging thermionic

emission and quantum well effects, this design achieves significant improvements in
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current amplification and thermal responsiveness.

The insights gained from Subchapter 4.2 lead to the detailed “Device Design and Layer

Structure of the Darlington Transistor” (Subchapter 4.3). Here, the epi-layer structural

framework and functional aspects of the Darlington transistor are presented, focusing on

the incorporation of quantum wells to facilitate thermionic emission and enhance thermal

sensing performance. This section also explains how the choice of materials and device

structure ensures superior linearity and sensitivity across a range of temperatures.

Building on the design principles established in Subchapter 4.3, the “Device Fabrication

Process for the Darlington Transistor” is elaborated in Subchapter 4.4. This section

outlines the step-by-step fabrication methodology, including material deposition, etching,

and integration processes, while addressing the challenges encountered during fabrication.

Special attention is given to optimizing the quantum well properties and ensuring

consistency in device performance.

The fabricated device is then characterized at varying substrate temperatures in

Subchapter 4.5, “Device Characterization at Different Substrate Temperatures.” This

section presents experimental data validating the temperature-dependent performance of

the Darlington transistor, including its current gain, collector current, and thermal
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sensitivity. The characterization underscores the device's capability as a robust thermal

sensor under practical operating conditions.

To enable meaningful comparisons with existing thermal sensor technologies, Subchapter

4.6 focuses on the “ADS Modeling of the Darlington Transistor: Converting Current

Sensitivity to Voltage Sensitivity for Comparison with Existing Technologies.”

Advanced Design System (ADS) modeling tools are employed to convert current-to-

temperature signals into voltage-to-temperature signals, highlighting the superior

performance of the Darlington transistor over traditional thermal sensors in terms of

sensitivity and linearity.

Notably, the findings of this study have been published in the reputed high-impact journal

IEEE Electron Device Letters: Mukul Kumar et al., “Design and fabrication of novel

Darlington transistor using light-emitting transistors for smart thermal sensor technology,”

IEEE Electron Device Letters, vol. 45, no. 7, pp. 1365-1368, July 2024,

doi:10.1109/LED.2024.3401084.

Finally, this chapter provides a comprehensive overview of the design and development

process for the novel Darlington transistor. It not only demonstrates the potential of LET-

based Darlington configurations in advancing thermal sensor technology but also lays a
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strong foundation for future research in OEICs and high-precision smart thermal sensing

technology application.

4.2 Motivation Behind Novel Darlington Transistor Design by
Cascading of SQW-HBTs

The unique properties of QWSs, particularly their thermionic emission dominance,
make QW-based HBTs promising candidates for thermal sensor applications. As
demonstrated in Chapters 2 and 3, single-QW (SQW)-HBTs and triple-QW (TQW)-
HBTSs exhibit high thermal sensitivity, making them suitable candidates for temperature
sensing. However, the incorporation of QWs in the base region of HBTSs significantly
reduces the current gain compared to conventional HBTs. Despite this drawback, the
temperature-dependent sensitivity of these devices makes them valuable for thermal
sensing purposes.
For the design of a smart thermal sensor, achieving both high sensitivity and accuracy is
of paramount importance. This chapter introduces a novel approach to enhance thermal
sensitivity by increasing both the temperature-induced current and the current gain of the
device. This proposed design involves a Darlington transistor pair configuration, utilizing
cascaded n-p-n LETs. The temperature-sensitive characteristics of this configuration are
analyzed under varying substrate temperatures.
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The proposed novel Darlington transistor demonstrates ultra-high thermal sensitivity,
surpassing that of existing thermal sensors used in sensing devices. This enhanced
sensitivity is attributed to thermionic emission phenomena within the QWs, which enable
the Darlington transistor to operate effectively as a smart thermal sensor for both electrical
and optical sensing. With LETs offering dual outputs, the design holds potential for
multifunctional sensing applications.

This study highlights the distinctive thermal properties of I11-V-based transistors and
underscores their potential to advance next-generation sensor technologies. By leveraging
the strengths of QW-based HBTs and the Darlington transistor configuration, this work
paves the way for the development of high-performance, smart thermal sensor
technologies.

4.3 Device Design and Layer Structure of Darlington

Transistor

The epitaxial structure of the n-p-n LETS, designed to study current-voltage (I-V)
characteristics for high-temperature applications, is depicted in Fig. 4.1. These devices
are fabricated using MOCVD on (100)-oriented semi-insulating (S.l.) GaAs substrates.
Silicon (Si) and carbon (C) are utilized as n-type and p-type dopants, respectively, to
achieve precise doping levels across the device structure.

The epitaxial growth begins with a heavily n-type doped GaAs buffer layer, 8500 A thick,
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deposited on the S.I. GaAs substrate to mitigate lattice mismatch issues. Following this,
the n-type bottom confinement layer, acting as a distributed Bragg reflector (DBR) to
enhance vertical recombination radiation escape, consists of a sequence of layers: 634 A
of Alo4GagsAs, 500 A of AlogsGaoosAs, and 150 A of Alo4GaosAs. Above the DBR, the
structure incorporates a heavily n-type doped GaAs subcollector layer (200 A ), an n-type
Ino.49Gao51As etching stop layer (120 A ), and an n-type AloosGao.ssAs collector layer (800
A). The active region includes a heavily graded p-type doped GaAs base layer (890 A),
with a doping concentration ranging from 1x 10" c¢m™ to 4 x 10" cm™. Incorporated
within this base layer is an undoped 70-A Ino.GaosAs quantum well, designed for
A~ 980 nm, sandwiched by undoped 10-A-thin GaAs buffer layers and a 100-A
Aloo2sGao.e7sAs layer positioned just above the collector layer. The structure is completed
with a 250-A n-type Ino.49Gaos:P wide-bandgap emitter layer, followed by a 4300-A n-
type AlossGaoesAs confinement layer. Finally, a heavily n-type doped 1000-A GaAs
emitter cap layer is added to ensure low-resistance ohmic contact for the emitter.

The fabrication process begins with wet etching to form the emitter and collector mesas,
followed by isolation etching down to the S.1. GaAs substrate. Standard photolithography
techniques are employed to define contact regions, and metallization is carried out to
deposit the contacts for the emitter (E), base (B), and collector (C). The process is

finalized with planarization, via hole etching, and pad metallization to ensure the precise
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electrical connectivity. This meticulous fabrication approach ensures the realization of

both the n-p-n LET and the Darlington transistor structure with high precision and

functionality. A detailed fabrication process flow is presented in the subsequent

Subchapter of chapter 4. Table 4.1 summarizes the composition and specifications of

each layer in the epitaxial structure. The described design and fabrication process enable

the realization of high-performance Darlington transistors with enhanced functionality

for smart thermal sensor technology.

VBE
n-AlGaAs Confinin voT
BC
p-GaAs Base
p-GaAs Base

n-AlGaAs Confining Layer
n-GaAs Buffer Layer

Fig. 4.1: Schematic of the epitaxial layer structure of the n-p-n QW-HBT (LET).
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Table 4.1: The epitaxial layer structure design of n-p-n LET

Contact GaAs 1000 N* 5el8 Si
Confining AliGajxAs 0.35 4000 N 3el8 Si
Oxidizable AlxGaixAs 0.35 150 N 8el7 Si
Oxide Buffer  AliGajxAs 0.35 150 N Sel7 Si
_ Emiter  InGaP 049 250 N sel7 S
Base GaAs 100 P 4el9 C
Base GaAs 100 P 2el9 C
Base GaAs 200 P lel9 C
Buffer GaAs 10 i UID
Q¥ WmGaAs 02 0§ UD
Buffer GaAs 10 i UID
Base GaAs 300 P lel9 C
Base AlxGaixAs 0.025 100 P 3el9 C
Collector AlxGaixAs 0.05 800 i 2el6 UID

Oxide Buffer  AlxGaixAs 0.4 150 N 3el8 Si

Oxidizable AlxGaixAs 0.95 500 N 3el8 Si
Oxide Buffer  AlxGaixAs 0.4 634 N 3el8 Si
Buffer Layer GaAs 8500 N S5el8

Substrate 4" GaAs S.1.

4.4 Device Fabrication Process for Darlington Transistor

This Subchapter provides a comprehensive description of the fabrication process for

the devices this chapter, including SQW-HBT and Darlington transistor, which consists
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of two cascaded SQW-HBTs. The fabrication was carried out using a range of standard
semiconductor processing techniques. The fabrication methods and equipment employed
include photolithography, wet etching, metal lift-off, thermal annealing, RIE, electron-
beam evaporation, thermal evaporation, PECVD. The detailed step-by-step explanation

of the device fabrication process are given below:

1) Sample Cleaning
Before starting each fabrication step, the substrate is cleaned to remove any contaminants
and prepare it for spin-coating the photoresist. The cleaning process includes soaking the
substrate in acetone at 95°C for 5 minutes, followed by soaking it in methanol at 95°C for
another 5 minutes. Afterward, the substrate is rinsed with IPA and dried with a nitrogen
gun. Finally, it is baked at 110°C for 5 minutes to remove any remaining organic

substances. Figure 4.2 shows the substrate's epitaxial cross-section after cleaning.

Emitter

Base

Base

Substrate

Fig. 4.2: Epitaxial cross-sectional view after cleaning
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2) Emitting Mesa Etching

The emitter mesa etching process begins by spin-coating the substrate with S1813
photoresist at 1000 rpm for 10 seconds, followed by 4000 rpm for 60 seconds to achieve
a uniform coating. The substrate is then soft-baked at 110°C for 1 minute to stabilize the
photoresist. After soft baking, the photoresist around the edges of the substrate is removed
to ensure a flat photoresist layer. Next, a light-field photomask is used with an MA6 mask
aligner to define the emitter pattern. The photoresist is developed by immersing the
substrate in MF319 developer with gentle agitation, followed by rinsing with deionized

water and drying with a nitrogen gun.

Emitter

Base

Base

Substrate

Fig. 4.3: Epitaxial cross-sectional view after emitter mesa etching

To harden the photoresist for wet etching, the substrate is hard-baked at 115°C for 5

minutes. A diluted sulfuric acid solution (H2SO4: H202: H20 in a ratio of 1:8:120) is then
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prepared, and the substrate is immersed to selectively etch the emitter platform. After
etching, the substrate is sequentially cleaned by immersing it in acetone and methanol,
rinsing with IPA, and drying with a nitrogen gun to ensure the complete removal of the
S1813 photoresist. Figure 4.3 shows the epitaxial cross-section after emitter platform

etching.

3) Base Mesa Etching
The steps for cleaning, photoresist spin-coating, exposure, development, and oxide
removal in the base mesa etching process are the same as those used for the emitter
platform etching. However, before immersing the substrate in the diluted sulfuric acid

solution, it is first dipped in HCI for 3 seconds to remove the InGaP etch stop layer.

Emitter

Base

Base

Substrate

Fig. 4.4: Epitaxial cross-sectional view after base mesa etching.

After the InGaP layer is removed, the substrate is immersed in the diluted sulfuric acid

solution for the selective etching of the base platform. Following this, the substrate is
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cleaned by sequentially immersing it in acetone and methanol, rinsing with IPA, and

drying with a nitrogen gun to ensure the complete removal of the S1813 photoresist.

Figure 4.4 shows the epitaxial cross-section after base platform etching.

4)  Emitter and Collector Metal Deposition

After cleaning the substrate, PMGI photoresist is spin-coated onto the wafer at 1000 RPM

for 10 seconds, then at 4000 RPM for 60 seconds, and baked at 270°C for 5 minutes. Next,

S1813 photoresist is spin-coated onto the wafer at 1000 RPM for 10 seconds, followed

by 4000 RPM for 60 seconds, and baked at 110°C for 1 minute. After soft baking, the

photoresist around the edge of the wafer is removed to ensure a flat photoresist layer. The

substrate is then exposed using the MA6 exposure system with a dark-field mask to define

the areas for emitter/collector metal deposition. The photoresist is developed by

immersing the substrate in MF319 developer with gentle agitation, followed by rinsing

with deionized water and drying.

Next, the substrate is exposed to DUV light for 150 seconds and immersed in 101A

developer for 50 seconds, followed by rinsing with deionized water to develop the PMGI

photoresist. These DUV exposure and 101 A development steps are repeated several times

to create an undercut photoresist structure. To remove the oxide layer, the substrate is

immersed in BOE, followed by rinsing with DI water. The wafer is then placed into an
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electron beam evaporator to deposit the metal layers in the following sequence: 500 A of
Au, 250 A of Ge, 150 A of Ni, and 1500 A of Au. After deposition, the substrate is
immersed in acetone at 25°C for 5 minutes, followed by immersion in acetone at 95°C for
5 minutes to lift off the S1813 photoresist. To remove the PMGI photoresist, the substrate
is heated in 90°C NMP for 10 minutes, then rinsed sequentially with IPA and DI water,
and dried with a nitrogen gun. Figure 4.5 shows the epitaxial cross-section after

emitter/collector metal deposition.

Emitter

Base

Base

Substrate

Fig. 4.5: Epitaxial cross-sectional view after E/C metal deposition

5) Thermal Annealing Process
The wafer is subjected to rapid thermal processing (RTP) in a nitrogen environment at
360°C for 1 minute. This treatment enhances the contact quality of the N-type metal,

facilitates atomic rearrangement, and relieves internal stress, ensuring a good ohmic
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contact for the N-type metal. The emitter and collector initially show Schottky contact,
but after annealing, they exhibit ohmic contact. This behavior can be observed through
their current-voltage (I-V) characteristics.

6)  Base Metal Deposition
The steps for cleaning the wafer, spin-coating the photoresist, exposure, development,
oxide removal, and metal deposition for the base metal deposition process is same as the
emitter/collector deposition process. Next, the base contact layer is deposited sequentially

with 200 A of Ti, 200 A of Pt, and 1500 A of Au.

E
- Emitter -

Base

Base

Substrate

Fig. 4.6: Epitaxial cross-sectional view after base metal deposition

After deposition, the wafer is immersed in acetone at 25°C for 5 minutes, followed by
immersion in acetone at 95°C for 5 minutes to remove the S1813 photoresist, completing
the metal lift-off process. To remove the PMGI photoresist, the wafer is boiled in NMP

at 90°C for 10 minutes, then rinsed with IPA and DI water, and finally dried with nitrogen
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gas. Figure 4.6 shows the epitaxial cross-section after the base metal deposition.
7) Device Isolation

At this stage, the LETs are interconnected. To prevent interference between devices and
leakage currents, isolation of the devices is required. The steps for cleaning the wafer,
spin-coating the photoresist, exposure, development, oxide removal, and emitter platform
etching are the same as described above. The only difference is that before immersing the
wafer in diluted sulfuric acid, the wafer needs to be immersed in HCL for 3 seconds to
remove the InGaP etching stop layer. After removing the InGaP etching stop layer, the

wafer is immersed in a selective etchant to etch down to the undoped GaAs substrate.

E
- Emitter -

Base

Base

Substrate

Fig. 4.7: Epitaxial cross-sectional view after isolation device process

Finally, the wafer is sequentially immersed in acetone and methanol, rinsed with IPA, and
dried with a nitrogen gun to ensure complete removal of the S1813 photoresist. Figure

4.7 shows the epitaxial cross-sectional view after the isolation island process.
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8) Silicon Nitride Surface Passivation Process and Contact Hole Etching Process

After cleaning the wafer, a silicon nitride layer is deposited as a passivation layer to
protect the device and ensure surface planarization. A 3000 A thick silicon nitride film is
deposited using PECVD. The steps for wafer cleaning, spin-coating the photoresist,
exposure, development, oxide removal, and emitter platform etching are the same for the

contact hole etching process.

E
- Emitter -

Base

Base

Substrate

Fig. 4.8: Epitaxial cross-sectional view after silicon nitride surface passivation and
contact hole etching processes.

RIE is then used to etch the contact holes. After etching, the wafer is sequentially

immersed in acetone and methanol, rinsed with IPA, and dried with a nitrogen gun to
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ensure the S1813 photoresist is completely removed. Figure 4.8 shows the epitaxial
cross-sectional view after the silicon nitride surface passivation and contact hole etching
processes.
9) Metal Pad and Interconnection (Metal 1)

The process steps for wafer cleaning, spin-coating the photoresist, exposure, development,
oxide removal, and emitter/collector metal deposition remain the same. Afterward, a
sequential deposition of 500 A of titanium (Ti) and 15000 A of gold (Au) is performed to
form the metal pad and interconnections between the two LETs. To complete the metal
lift-oft process, the wafer is immersed in acetone at 25°C for 5 minutes, followed by

acetone at 95°C for another 5 minutes, to remove the S1813 photoresist.

Metal

E
- Emitter -

Base

Base

Substrate

Fig. 4.9: Epitaxial cross-sectional view after interconnection metal and metal pad.
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The PMGI photoresist is then removed by boiling the wafer in NMP at 90°C for 10

minutes. The wafer is subsequently rinsed with IPA and DI water and dried using a

nitrogen gun. Figure 4.9 presents the epitaxial cross-sectional view after completing the

interconnection metal and metal pad processes. The final top view images of the LET and

Darlington transistor are shown in Fig. 4.10 (a) and (b), respectively.

Darlington
Transistor

Second LET

Fig. 4.10: The top view of fabricated device (a) LET, (b) Darlington transistor. The

emitter area is 80 pm x 80 um.

4.5 Device Characterization at Different Substrate

Temperature

Following the successful fabrication of both devices, a high-temperature
performance evaluation was conducted. Each LET and Darlington transistor were placed

on a Peltier temperature-controlled stage for 20 minutes to allow the temperature control
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stage to stabilize. However, the circuit itself reached equilibrium within 2 minutes.

Electrical biasing and current were supplied using an Agilent E5270B instrument, with

the base current varied from 0.25 mA to 1 mA and the collector-to-emitter voltage

increased from O V to 4 V. The collector current versus collector-to-emitter voltage

characteristics for both the LET and Darlington transistor were carefully measured at

substrate temperatures ranging from 25°C to 85°C, as shown in Fig. 4.11 and Fig. 4.12,

respectively.

Family Curve of LET

Dash Line: 85 °C

Solid Line: 25 °C
AIB,1 = 0.25 mA

1.0F IB,1 =0.25 mA ~ 1.0 mA

‘————_———

OS5 oo — = = == == == = =

!Er_—_L - |
—— —— o L_ d

0.0 L -
0.0 05 1.0 1.5 2.0 25 3.0 35 4.0
Collector-to-Emitter Voltage, VC{E{ (V)

Collector Current, IC ; (mA)

Fig. 4.11: Experimental collector current, Ic,1 versus collector-to-emitter voltage, V¢, g,
at different base currents, Ig; ranging from 0.25 mA to 1 mA, measured at various
substrate temperatures. The inset shows the LET device contacts and applied bias

configuration used for the measurements.
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Notably, under a base current of 1 mA and a collector-to-emitter voltage of 4 V, the

collector current of the LET increased from 0.335 mA to 0.847 mA, while the collector

current of the Darlington transistor surged from 0.75 mA to 2.32 mA when the

temperature increased from 25°C to 85°C.
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n

Fig. 4.12: Experimental collector current, Ic versus collector-to-emitter voltage, Vg, at
different base currents, Ig;1 ranging from 0.25 mA to 1 mA, measured at various substrate
temperatures. The inset shows the Darlington transistor device contacts and applied bias
configuration used for the measurements. A 500 Q resistance (R) is used as an external

resistance to connect C, (collector of second LET) to Vpp.

Additionally, the collector-to-emitter offset voltage decreased from 0.15 V to 0.14 V for
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the LET and from 1.85 V to 1.65 V for the Darlington transistor as the substrate
temperature increased from 25°C to 85°C. These changes indicate the occurrence of
intrinsic carrier surges as the temperature rises. The offset voltage of the Darlington
transistor is larger due to the series configuration of two LETS, which results in potentially

higher power consumption.

A significant enhancement in current gain, which can be attributed to the increase in both
temperature and base current, was observed. The current gain (Bpariington) Of the Darlington

transistor as a function of temperature can be expressed as follows:

Boariington(T) = Brer,(T) + Brer,(T) + Brer, (T) * Brer,(T) 4.1)

Here, Bier, (T) and Brer, (T) represent the current gain of the first and second LETs,
respectively, as a function of temperature. As temperature increase, electrons gain
sufficient energy to overcome the QW energy barrier, and may escape form the QW,
increasing the collector current, Ic and current gain, defined as p=Ic/ls with base-to

collector voltage Vg . = 0V. Fig. 4.13 (solid star symbol) shows the variation of

experimental current gains, S, as a function of different substrate temperature Tex: from
25°C to 85°C for LET and Fig. 4.13 (solid sphere symbol) shows the variation of
experimental current gains, Sparingion, as a function of different substrate temperature Tex
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from 25°C to 85°C for Darlington transistor. The unique enhancement in current gain is

attributed to the increasing temperature Tex: and base current Ig. However, it is possible

that the current gain increased at a higher base current Iz due to the thermal effect, as the

injection of current into the base could heat the device internally.

o
n

./’)Darlington vs. T: Darlington Cil‘Cl{‘it;: §
E 20 PLET vs. T: LET o 20 %0
~ Q
S S
< 1.5VC1E1 =VCE2 1.5 @
S AIB,1 = 025 .Eh
= Lof 1.0 §
: [EZ =
S 05p — 0.5 =
- 3
0.0 0.0

Temperature, T (°C)

Fig. 4.13: Current gain of the LET (solid star symbols) and Darlington transistor (solid
sphere symbols) as a function of substrate temperature, with base current, Ig;; ranging
from 0.25 mA to 1 mA.

In the tradition HBT, the variation of the base-to-emitter voltage, Ve with the
temperature is crucial parameter for designing BJT-based thermal sensors. Typically, as

temperature increases, Vg decreases, leading to a decrease in collector current, Ic with
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temperature [98]. However, notably observed that in the novel high-speed three-port LET

and Darlington transistors based on LETs,

Vg, g, decreased with temperature, yet the

collector current increased with the temperature. This unique temperature-dependent

behavior is attributed to thermionic emission dominance with increasing temperature

compared to change in collector current due to variations in Vg g .

Temperature, T (°C)
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Fig. 4.14: Varication of collector current, Ic,1 and base-to-emitter voltage, V, ; with

substrate temperature for the LET, measured at constant base current, Ig;; and constant

collector current, Ic 1, respectively.

Figures 4.14 and 4.15 depict the linear response of Vg p & Vp g, 1o substrate
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temperature as a function of Ic,1 & Ic for LETs and Darlington transistors, respectively.

Moreover, these figures illustrate the variation in Ic with substrate temperature (25°C to

85°C) for both devices. The collector current exhibits an ultra-high sensitivity to

temperature, with the sensitivity parameter (defined as the ratio of change in collector

current, Alc to the change in temperature, AT) provided in Table 4.2. These values are

tabulated for varying base currents (Ig) across the temperature range for LETs and

Darlington transistors.

Table 4.2: Current sensitivity (Alc/AT, pA/°C) for LET and Darlington transistor for

different base current Ig

Base Current (Ig) Transistor Type  Current Sensitivity (Alc/AT) Unit

LET 1.49 nA/°C

0.25 mA :
Darlington 4.04 nA/°C
LET 3.45 nA/°C

0.50 mA :
Darlington 9.96 nA/°C
LET 5.81 nA/°C

0.75 mA -
Darlington 17.45 nA/°C
LET 8.53 nA/°C

I mA

Darlington 26.2 nA/°C

At collector-to-emitter voltage of 4 V and base current of 1 mA, the collector current-to-

temperature sensitivity was measured to be 8.53 pA/°C for LETs and significantly higher

at 26.2 pA/°C for the Darlington transistor. This ultra-high temperature dependence of Ic

underscores its potential for the development of next generation of smart thermal sensors

based current sensitivity characteristics.
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Fig. 4.15: Varication of collector current, Ic and base-to-emitter voltage, V, ;, with
substrate temperature for the Darlington transistor, measured at constant base current, g |

and constant collector current, Ic, respectively.

4.6 ADS Modeling of Darlington Transistor: Converting
Current Sensitivity to Voltage Sensitivity for Comparison with
Existing Technologies

This section outlines the design of a Darlington pair circuit utilizing two LETs. The
innovative Darlington transistor is simulated using ADS software, incorporating
experimental results from individual LET components. In the ADS model, the emitter of

the first LET (LET:), denoted as E1, is connected to the base of the second LET (LET>),
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denoted as B». The collector of LET; (C,) is directly connected to the supply voltage Vpp,
while the collector of LET> (C») is connected to Vpp through a 500 Q external resistance.

The ADS model of Darlington transistor is illustrated in Fig. 4.16.

Vo

Fig. 4.16: Darlington pair circuit design utilizing two n-p-n LETs (LET; and LET>). B
and E; represent the base and emitter nodes of Darlington transistor, respectively.

Experimental collector current, Ic of Darlington transistor closely aligns with the
simulated collector current obtained from the ADS model, as illustrated in Fig. 4.17. The

simulation is conducted for varying base current, Ig1 ranging from 0.25 mA to 1 mA, with
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a step-size 0of 0.25 mA, across different substrate temperatures ranging from 25°C to 85°C.
Fig. 4.18 shows the collector current of LET (Ic,1) and LET> (Ic,2) for different Ig 1 values
and substrate temperatures. The overall collector current of Darlington transistor (Ic) is

the sum of Ic,; and Ic.
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Fig. 4.17: Temperature-dependent collector current, Ic of the Darlington transistor for
different base currents, Ig,1 ranging from 0.25 mA to 1 mA.

In contrast to conventional BJT or PIN diode-based thermal sensors, where the sensitivity
is defined as the change in the voltage with respect to change in temperature (voltage-to-

temperature signal, AV/AT), our approach involves converting the current-to-temperature
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signal into a voltage-to-temperature signal using passive components like resistors.

1.00 TCvs. T 2.0
Darlington Pair Circuit of LET
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Fig. 4.18: Collector current of individual LETs in the Darlington pair circuit for different
base currents at various substate temperatures. (Ic=Ic,1+Ic ).

In this circuit design, a 500 Q resistor aims to convert the current-to-temperature signal
into a voltage-to-temperature signal and this allows for a more meaningful comparison
with existing conventional technology [99], [100], [101], [102]. This resistor value was
chosen to ensure a measurable output voltage, given the low collector current (Ic2) of the
second LET. It reflects considerations based on the Darlington transistor and epi-layer
design, aligning with desired output voltage requirements for effective comparison. The

experimental collector current of the Darlington transistor (Ic) is measured over a
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temperature range of 25 °C to 85 °C, considering a fixed external resistance (R=500 Q).
Under these conditions, the output voltage of the Darlington circuit, V4, =Vpp-Ic,*R 1s
calculated for Ig values ranging from 0.25 mA to 1 mA at different substrate temperature,
as depicted in Fig. 4.19 (black sphere symbol). Vo decreases with increasing the base
current of Darlington transistor, Ig=Ig; and substate temperature due to the rise in

collector current of LET>, Ic» with increasing g1 and temperature.

W

20

Vout of Darlington Pair Circuit
Vpp=4Y IB,1 =0.25 mA

2
§4E§ §§Ex5§_ 16 9
> b - = >
g 3[AIg1=025mA IB1=1mA = Hip E
= Ig,1= lmé/ | =
S 2k > - & = — 18 g
S _ e Y-aay
- \&/— —* I3 =025mA
e = T T =025mA |

N
wn

35 45 55 65 75 85
Temperature, T (°C)

Fig. 4.19: Output voltage of Darlington transistor, Vou and derivative of output voltage

with respect to temperature as a function of temperature at different base currents.

The absolute value of the derivative of Vou With respect to temperature, |dvou/dt|, is a
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function of substrate temperature and is illustrated in Fig. 4.19 (red star symbol). This

indicates that the output voltage of the Darlington transistor is highly temperature-

dependent, with a term expected to be linear for thermal sensor design, although a slight

deviation may occur due to non-linear electron escape from the quantum well within this

temperature range or necessitate more precise measurements at higher temperature.

Table 4.3: Thermal sensitivity of Darlington transistor comparison with other technology

Thermal Sensor Technology

Temperate Range

Thermal Sensitivity  Ref.

Thermistor -40 to 85 °C 1.04 mV/°C [99]
Diode 16 to 60 °C 2.1 mV/K [100]

BIT -55t0 125 °C 3mV/°C [101]

BJT -40 to 125 °C 230 pv/°C [102]

BJT -40 to 85 °C 180 pv/°C [99]

MOS -20 to 80 °C 120 pv/°C [103]
LET-Based Darlington This
Transistor 2510 85 °C 9.12mV/°C work

The voltage-to-temperature signal (voltage sensitivity, defined as AVouw/AT) of the

Darlington transistor is calculated as 1.46, 3.65, 6.30, and 9.12 mV/°C for Ig values 0.25,

0.50,0.75, and 1 mA, respectively, as the temperature increases from 25 °C to 85°C. Table

4.2 presents the thermal sensitivity of this fabricated device with reported conventional

technologies, showing the significantly higher signal output of the Darlington transistor.
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Although direct comparison with traditional sensors is challenging due to different

operational principles, the superior signal characteristics of the Darlington transistor

underscore its potential for enhanced temperature-sensing performance. The ultra-high

thermal sensitivity of this novel device demonstrates that LET-based Darlington

transistors show strong promise as front-end components for high-resolution, smart

thermal sensors.

4.7 Conclusion

This chapter presented the design and development of a novel Darlington transistor

employing LETs for advanced smart high-temperature sensing applications. The study

introduced the groundbreaking concept of leveraging thermionic emission within QWs to

enhance temperature sensing capabilities, marking a significant innovation in this domain.

At elevated temperatures, the increased thermionic emission within the QW led to notable

enhancements in both collector current and current gain. Under bias conditions of

collector-to emitter voltage of 4 V and base current of 1 mA, the LET demonstrated a

153% increase in collector current as the operating temperature increased from 25°C to

85°C. The Darlington transistor, leveraging its unique configuration, achieved an even

more pronounced improvement, with a 210% increase in collector current under same

bias and temperature conditions.

To further enhance thermal sensitivity, a Darlington pair configuration was designed by
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interconnecting two LETs. Under bias conditions of collector-to-emitter voltage of 4 V

and base current of 1 mA, the individual LETs exhibited a collector current-to-

temperature signal ratio of 8.53 uA/°C. Remarkably, this ratio escalated to 26.2 uA/°C in

the Darlington configuration, demonstrating a significant improvement in thermal

sensitivity. Moreover, the voltage-to-temperature signal of the output voltage reached

9.12 mV/°C at Is of 1 mA and Vpp of 4 V, surpassing conventional thermal sensors.

Despite these achievements, achieving a highly linear voltage-to-temperature response

remains a challenge. Further optimization of the quantum well structure is essential to

improve linearity, thermal sensitivity, and temperature-dependent current gain. This

includes refining parameters such as barrier height, well thickness, and the number and

geometry of the QWs to reduce the thermionic emission lifetime within the QW.

The observed positive relationship between temperature and current gain underscores the

potential of the Darlington transistor as a excellent candidate for designing front-end

smart temperature sensors. These findings not only demonstrate the remarkable thermal

performance of the Darlington transistor but also highlight its advantages over

conventional bipolar-based temperature sensors.
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In summary, this work establishes the Darlington transistor, leveraging LETSs, as a
promising candidate for next-generation thermal sensing applications. It provides a
groundwork foundation for future advancements in OEICs and smart thermal sensor

technologies, setting a new benchmark for performance and innovation in this field.
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Chapter 5

Thermal Sensitivity and Linearity Analysis of Quantum

Well HBTs

5.1 Introduction

This chapter presents an in-depth study of the thermal sensitivity and linearity of

QW-based HBTs, a critical area for advancing next-generation thermal sensing

technologies. The investigation emphasizes the influence of QW parameters such as QW

width and temperature variations on the electrical performance of QW-HBTSs, laying the

groundwork for their application in high-precision smart temperature sensors for OEICs.

By systematically analyzing the thermal behavior of QW-HBTS, this chapter contributes

to the development of devices with optimized sensitivity, linearity, and temperature-

dependent performance.

The chapter begins with Subchapter 5.2, “Motivation Behind Thermal Sensitivity and

Linearity Study for QW-Based HBTSs,” which highlights the significance of achieving an

optimal balance between thermal sensitivity and linearity. This Subchapter explores the

need for advanced device designs to overcome the limitations of existing temperature

sensing technologies based on QW-based HBT, particularly in terms of thermal

sensitivity in varying temperature application range.
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Building upon this motivation, Subchapter 5.3, “Device Design, Fabrication, and

Characterization at Different Substrate Temperatures” provides a detailed overview of

the design and fabrication processes for QW-HBTSs. This section elaborates on the

material selection, layer structures, and experimental characterization performed under

varying substrate temperatures, enabling a comprehensive understanding of their thermal

behavior.

To enhance the theoretical understanding of QW-HBT performance, Subchapter 5.4,

“Thermionic Modified Charge-Control Model” introduces a temperature-dependent

charge-control model. This model elucidates the impact of thermionic emission on carrier

transport, charge storage, and current gain, offering a robust framework for interpreting

temperature-induced changes in QW-HBTS.

Subsequently, Subchapter 5.5, “Effect of QW Width on Escape Time, Charge Storage,

and Temperature-Dependent Current Characteristics” investigates the role of QW width

in shaping the thermal sensitivity and linearity of QW-HBTSs. By analyzing the interplay

between QW dimensions, carrier dynamics, and temperature effects, this section

identifies the design parameters necessary to achieve high-performance thermal sensors.

Finally, the chapter conclude with Subchapter 5.6, “Conclusion,” summarizing the

findings of the study and identifying the optimal QW-HBT design parameters. The
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conclusion emphasizes the critical balance thermal sensitivity and linearity and
underscores the importance of these findings for developing advanced smart thermal

sensors integrated into OEICs.

The findings of this research have been published in the prestigious journal IEEE
Transactions on Electron Devices as:

Mukul Kumar et al., “Investigation of thermal sensitivity and linearity of quantum well-
based heterojunction bipolar transistor,” IEEE Transactions on Electron Devices, vol. 72,

no.1, pp. 111-118, Jan. 2025, doi: 10.1109/TED.2024.3492153.

This chapter provides a comprehensive exploration of QW-HBTS’ electrical thermal
properties, offering critical insights into their design and development for advanced
temperature sensing applications in OEICs. These findings establish a strong foundation

for future research in high-precision smart thermal sensing technology.

5.2 Motivation Behind Thermal Sensitivity and Linearity
Study for QW-Based HBTs

In the preceding chapters, significant advancements in the development of
thermally sensitive QW-HBTs have been demonstrated. Chapter 3 highlighted that the

current gain of TQW-HBTSs exhibits a temperature-dependent increase, predominantly
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driven by thermionic electron emission from the QWs. This phenomenon enhances the

collector current's sensitivity to temperature, achieving a current sensitivity (Alc/AT) of

7 uA/°C in TQW-HBTSs. Building upon this foundation, Chapter 4 introduced a novel

Darlington transistor design by cascading two QW-HBTSs, further elevating current

sensitivity to 26.2 pA/°C. This design also reported a voltage-to-temperature sensitivity

(AVou/AT) 0f 9.12 mV/°C, outperforming conventional technologies such as thermistors

[99], diodes [100], BJTs [99], [101], [102], MOS devices [103], and FET [104]-based

temperature sensors.

Despite these advancements, direct comparisons with traditional sensors remain

challenging due to differing operational principles and design parameters. The non-linear

electron escape from QWs, which influences the temperature-to-voltage signal's linearity

and thermal sensitivity, is a critical parameter for designing effective thermal sensors.

Therefore, it becomes imperative to optimize QW parameters, including the number,

barrier height, thickness, shape, and size, to improve the thermal sensitivity and linearity

of QW-HBT devices. The size of the QW plays a dual role in maximizing optical and

carrier confinement and optimizing carrier transport times, which directly impact device

performance.

Previous studies by Li and Leburton [62] and Wu et al. [105] have highlighted the

dependency of quantum well width on carrier capture and recombination times,
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emphasizing the need for a charge-control model that incorporates temperature-

dependent time parameters. While the initial charge-control model for QW-HBTs was

introduced by UIUC in 2007 [56], subsequent developments have modified this model by

integrating diffusion, QW capture and escape lifetimes, and two-level rate equations.

These models also incorporate QW dynamics, virtual states, and laser rate equations,

paving the way for small-signal modulation bandwidth frameworks. Additionally, studies

have explored the impact of MQWs [60], [77], [78] on optical bandwidth and nonlinear

gain [86] in TLs. However, the current gain equations for QW-HBTs and TLs differ

significantly due to their distinct structures and functional requirements, as detailed in

Subchapters 2.5 and 3.3.

Building on these insights, this dissertation proposes a modified temperature-dependent

charge-control model for single, multiple, and triple QW-HBTSs, discussed in Chapters

2.6, 3.4, and 3.8. This model has been validated through experimental results reported in

prior works. The current study extends this approach, modifying the charge-control model

to predict the observed trends in temperature-dependent current gain. As temperature

increases, carriers within the QWs gain sufficient energy to escape, diffusing to the

collector and enhancing current gain. The unique and nearly linear characteristics of the

QW-HBT's temperature-dependent current gain form the basis for optimizing the device's

layer structure using the modified charge-control model. This chapter investigates the
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effects of varying QW sizes on thermal sensitivity and linearity, aiming to enhance the
collector current and current gain's temperature responsiveness. Detailed discussions on
epi-layer design, optimization, fabrication, characterization at different temperatures, and
experimental validations using the modified charge-control model are presented in the
following Subchapters.

This work significantly contributes to the advancement of QW-HBTs for temperature
sensing applications, particularly in developing high-performance sensors for OEICs. It
highlights the potential of QW-HBTSs in next-generation thermal sensor technologies,
offering a comprehensive framework for their optimization and application.

5.3 Device Design, Fabrication, and Characterization at

Different Substrate Temperatures

The epitaxial structure of the QW-HBT used in this study is depicted in Fig. 5.1. The
epitaxial layers were grown using MOCVD on a semi-insulating (S.1.) GaAs substrate,
following a meticulously engineered sequence to optimize device performance. The
structure begins with an n-type doped GaAs buffer layer to minimize lattice mismatch
with the substrate. This is followed by a bottom cladding layer, comprising a 634-A thick
AlpsGaopsAs layer, a 5000-A thick AlogoGao.10As layer, and a 150-A thick AlosGaosAs
layer. This cladding layer functions as a DBR, aiding the vertical escape of recombination

radiation. Next, a heavily doped n-type GaAs sub-collector layer, 200-A thick, is
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incorporated to enable collector ohmic contact, followed by a 120-A thick Ine 49Gaos1P

layer serving as an etch stop. The collector region is finalized with a 600-A thick intrinsic

GaAs layer.

Hrrrrrrer

®
NMEetz2l (ENT) /
1’4

n-GaAs Cap

n-AlGaAs Cladding

n-InGaP Emitter

p-GaAs Base

p-GaAs Base
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n-InGaP Etching Stop

Collecto!‘ // 7
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n-AlGaAs Cladding

n-GaAs Buffer

Substrate GaAs (S.1.)

Fig. 5.1: Schematic representation of the epitaxial structure of the n-p-n QW-HBT. The
emitter area is 40 um x 40 um. The inset provides the top view of the QW-HBT device.

The base region incorporates a meticulously designed structure, starting with a 100-A

thick, heavily p-doped AloosGao.ssAs layer, followed by an 880-A thick, heavily p-doped

(~10'° cm?®) GaAs base. Embedded within this base is an undoped 120-A thick

Ino.2Gao sAs quantum well, sandwiched by 10-A thin, undoped GaAs buffer layers.
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The emitter region features a 250-A thick n-type Ino.49Gaos:P layer with a wide bandgap,
followed by a sequence of layers: a 150-A thick n-type Alo.3sGaoesAs layer, a 150-A thick
n-type AlosGao2As layer, a 4000-A thick n-type AloosGaoo2As layer, a 300-A thick n-
type AlosGao.As layer, and a 500-A thick Alg3sGaoesAs layer. The structure is capped
with a 1000-A thick, heavily doped n-type GaAs layer to provide emitter ohmic contact.
The fabrication process begins with wet etching to form the emitter and base mesas.
Isolation etching is performed until the semi-insulating (S.1.) GaAs substrate is reached.
Contacts for the emitter (E), base (B), and collector (C) are deposited using standard
lithography and metallization techniques. The process concludes with planarization, via
hole etching, and pad metallization. The detailed fabrication steps are consistent with
those outlined in Subchapter 2.3. The final fabricated device, including its top view, is
shown in the inset of Fig. 5.1.

For characterization, the QW-HBT was placed on a Peltier temperature-controlled stage.
Approximately 20 minutes were required for the stage to reach a stable temperature,
ensuring accurate and reliable measurements. Electrical DC bias and current were applied
using an Agilent E5270B instrument. The current gain, defined as p=Ic/lg, was measured
under a collector-to-emitter voltage, Vce of 2 V at various temperatures. The base current,
Is was varied from 1 mA to 5 mA in increments of 0.4 mA, and the results are shown in

Fig. 5.2.
168

doi:10.6342/NTU202500212



*
=

Current Gain vs. Temp
= -z
5 5j4=120 A . Z
2 z Z
s 82 =
o AR ¥ A
< 2.0} Z 28~ -
O ~E Z 2= =
- [IB=SmAz2 Z¢& = B2 =
= Z Z8 = 2
- — Z e -
= = Z e -
5 ZE = =
C1EIZE -
-
0.5 » » » al
28 35 435 55 635
Temperature (°C)

Fig. 5.2: Experimental current gain, f of QW-HBT as a function of substrate temperature,

T for various base current, Ig ranging from 1 mA to 5 mA. The quantum-well width, d in
the fabricated device is 120 A.

The unique enhancement of the current gain in the QW-HBT at elevated temperatures

can be understood through the energy band diagram of the fabricated device, as shown in
Fig. 5.3. During electron transport from the emitter to the collector, a portion of the
electrons is captured by the QW incorporated in the transistor's base region. At higher
temperatures, the energy trapped within the QW increases. When electrons gain sufficient
energy to overcome the QW barrier, they escape the QW and reach the collector terminal.

Due to the high electric field at the B-C junction, these electrons are swept into the
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collector, contributing to the collector current. This phenomenon results in an increase in
the current gain, g of the device, making it suitable for high-temperature applications.
5.4 Thermionic Modified Charge-Control Model

In this section, the temperature-dependent current gain f(7) of the QW-HBT is
analyzed using an analytical framework that incorporates various time constant governing
carrier dynamics. The modified charge-control model for electron concentration
distribution in the base region of the QW-HBT is illustrated in Fig. 5.3. The total base
minority carrier concentration comprises three components: Q1, Q2, and Qqw.
Component Q1: Represents electrons in region (1) that diffuse through the base, interact
with the QW. These carriers may be captured by the QW or escape back into the base.
Component Q: Denotes electrons in region (I1) that directly diffuse towards the collector,
contributing with the collector current.
Component Qow: Corresponds to the bound electrons stored within the QW, which can
recombine with holes present in the QW.
For region 1, the rate of change of carrier concentration is described by the following
coupled rate equation in the frequency domain:

Q Q

—iwQy = Fo (1) — =2 -
Ql n,1( ) Tb Tt,EQW

(5.1)

where Fn 1(I) represents the carrier flux injected from emitter into region I, 1 is the

minority carrier recombination lifetime in the base bulk, and teqw is the transit time from
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emitter to the QW.
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Fig. 5.3: Schematic energy band diagram and the electron distribution concentration of
the QW-HBT.

For region (II), the coupled rate equation is expressed as

Q,

Tt,EC

s Q
—i0Qz = Fo (I — 2= -

(5.2)

where Fy,1(II) denotes the electron flux injected from the emitter to region II, and trc is

the transit time from emitter to collector.

171

doi:10.6342/NTU202500212



Within the QW region, the coupled rate equation is:

_ fi,d Q Q
_insz v QW_ Qw

(5.3)
Tcap TQW Tesc

where tow denotes the recombination lifetime in the QW, tcap represents capture time

from the virtual state to the QW, tesc represents escape time from the QW to the base, d

represents width of the QW, and n, represent the current density (cm™) in the virtual state.

To balance carrier conservation principles, a dynamic equilibrium is established between

region (I) and the QW. This equilibrium facilitates the derivation of a relationship the

carrier density in the QW, expressed as ngy = Qow/d, and the carrier density in the

virtual state, n, as presented in Eq. (5.3). This relationship can be represented as follows:

1
~ Tcap ~
—iw + —+
TQW Tesc

The total carrier flow Fn2(I), representing the carriers leaving region (I) and being
captured by the QW, is balanced with Fyne(QW), which denotes the total carrier flow
captured by the QW and subsequently escaping it. To drive this relationship, ngy is
substituted with n,, establishing a relationship between Fy1(I) and Fn2(I), Here, Weow
represents the distance between the emitter to the QW. The carrier equilibrium between

region (I) and the QW can be expressed as:
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—tw + 1L
F F i, 7 dn T
Fn'z (D= Fn,net(QW) = d( v o_ QW> = v QW

Tcap  Tesc

—tw + L + L i
TQW Tesc

Tcap

The carrier flow Fp,(I) = F,; (I) sech(Wgqw/L,) can be expressed in an alternate

form. Using Eq. (5.5), the injected flux Fy 1(I) can be rewritten as

—iw + 1
- d Tqw Weqw ) .
Foi(D) = T 1 cosh < T fl, (5.6)
€ap \ —tw +—+ n
TQW Tesc

The carrier flow Fno(II) represents the carriers leaving region II, which correspond to

those diffusing directly to the collector. This outflow of carriers Fy2(II) from region (II)

can be expressed as

WQWC
_ D 1 _ 1 L Wawe _
Fpo (D = E—“ Wor v = 1 Wor W (5.7)
" sinh ( % > LQWCE sinh ( 2 )
n n

Using Eq. (5.7) and the relationship F,, (1) = F, ;(II) sech(WEC / f.n), the expression

of F,1(II) can be formulated as

Wawce
- W, L W,
Fp.(1D) = cosh( ~EC) Vr\ll Qwe i, (5.8)
n sinh( 9WC> 2 * Teqwc

n

Using Egs. (5.6) and (5.8), the total flux injected by the emitter, F, ;, which is the sum

of the fluxes in region (i) and (ii), can be expressed as

lin,l = li‘n,l(l) + lEn,l(H) (59)
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—iw + 1
d T W,
QW cosh ( EQW) ,

Teap \ —jy + —1 + 1 n
TQW Tesc
Wawe
Y 1 L W,
+ cosh < ~EC> 1 Qwe i,
n

Tt,QWC sinh (W9WC> 2
L

n

Under DC operation conditions (w = 0), the current gain (f), definedas B = I /I, can

be expressed as

Fpo (I

P (5.10)

Fn,l - Fn,Z (H)
By substituting the relevant term in Eq. (5.10), this can be expanded to
WQWC |' 1
L W, d — W
p = Vr\ll QwC . QW — | cosh (ﬂ)
sinh <ﬂ) 2t qwe | Teap | 1 + N
Ln Tqw  Tesc
1 (5.11)
Wawc -

W, L W,
+ {cosh( ,.EC) — 1} VI\II Qwe
o) o () Zeane
L

n

If the diffusion length of electrons Lx significantly exceeds the dimensions of Ws=Wekc,

Weqw, and Wowc, the current gain (f) can be approximated as

Wawce
2T qwe
B = 1
— 5.12
d Tow + Wawce (WEC>2 (5.12)
Tcap L'FL 4'Tt,QWC Ln
TQW Tesc

To represent £ in Eq. (5.12) in terms of more conventional parameters, we define S and

Powc, representing the current gains for the EC region without QW and QWC region,

174

doi:10.6342/NTU202500212



respectively:

Tp Th
= 5 B owe =
THEC Tt,Qwc

(5.13)
Using Eq. (5.4), the ratio of current density (noy /n,, in cm™) in the QW and virtual state

can be expressed as

1
nQW _ Tcap
n, 1 1

Tow  Tesc

(5.14)

With Eq. (5.14) and Qqwc = n,Wqwc/2, the surface density ratio between the QW

region and the QW-to-collector base bulk region is given as

1
T 2d
QQW — : cap - (5.15)
QQWC —_ 4 — WQWC
TQW Tesc

Finally, substituting Eqgs. (5.13), (5.14), and (5.15), the current gain (f) is simplified as

1

= Qqw
1, 1 [tow (5.16)
Bg * Bowce Qqwce /

Tb

This expression for current gain f is critical for analyzing the temperature-dependence
characteristics of the QW-HBT. By employing the modified charge-control model, the
temperature-dependent carrier concentration in the base segment of each transistor region
is independently assessed. Figure 5.4 illustrated simulated carrier concentrations in the

QW:’s base region, specifically for a width of 120 A, over a temperature range of 300 K
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Fig. 5.4: Schematic representation of minority carrier distribution in a QW-HBT with a
120 A QW width at temperatures of 300 K, 340 K, and 380 K. Regions below the solid

line include Q; and Q>, while regions below the dotted line refer to Q>.

to 380 K. In this figure, regions below the dotted line correspond to Q2, while regions
below the solid line represent Q; and Q> collectively. As temperature increases, reduced
escape time enables electrons in the QW to gain sufficient energy to escape. Consequently,
Q1, representing bound-state carrier density, decreases while Q> increases due to carrier
escape. This shift results in a decreasing Qi to Q> ratio and an eventual overlap of solid

and dotted lines at higher temperatures.
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5.5 Effect of QW Width on Escape Time, Charge Storage, and
Temperature-Dependent Current Characteristics

To achieve a high-sensitivity of QW-HBT for temperature sensor applications, we
systematically optimized the layer structure of QWs with varying widths. QW-based HBT
exhibit high temperature sensitivity due to the dominance of thermionic emission in the
QW region. However, the nonlinear escape of electrons from the QW presents challenges
in comprehending device physics and improving sensitivity while maintaining acceptable
linearity across different temperature ranges.

This study explores the impact of QW width on escape time, employing a modified
thermionic theory. Detailed derivations of escape time are presented in Subchapter 2.7,
and Eq. (2.27) is utilized for calculating escape time across various QW widths, with a
minimum width of 50 A considered for analysis. Figure 5.5 depicts the variation of
electron escape time with temperature for QW widths of 50 A, 60 A, 70 A, 90 A, and 120
A . As temperature increases, carrier density in the base region rises due to the band-filling
effect, extending the tail of the carrier distribution beyond the QW. This leads to an
exponential decrease in escape time. For example, when the temperature increases from
300 K to 400 K, the escape time decreases by 83.24% for a QW width of 120 A and 74%
for a QW width of 50 A . This observation suggests that narrower QWSs require less energy

for carrier escape, reducing sensitivity to temperature-dependent current gain. This
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phenomenon arises because escape time exhibits greater temperature dependence

compared to other recombination and capture times.
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Fig. 5.5: Calculated electron escape time as a function of temperature for varying QW-
widths (50 A, 60 A, 70 A, 90 A, and 120 A) and the electron capture-to-escape time ratio
at 300 K as a function of QW-widths.

The inset of Fig. 5.5 presents the electron capture-to-escape time ratio at 300 K for
different QW widths, revealing that narrower QWs increase this ratio, indicating a higher
likelihood of carrier escape rather than to be captured. If the escape time is significantly
shorter than the capture time, carriers may escape more easily due to temperature
fluctuations, which can impact the device’s thermal sensitivity. Additionally, it is

observed that when the QW width decreases below 90 A, this ratio increases sharply,
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meaning the escape time becomes less sensitive to temperature. As a result, the device’s

thermal sensitivity decreases, limiting its performance across a broader temperature range.
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Fig. 5.6: Extracted current density ratio, Qqu/Qowc as a function of temperature for
varying QW widths (50 A, 60 A, 70 A, 90 A, 120 A).

The TCAD software is initially used to simulate various QW structures, allowing for the
determination of bound-state carrier density values. These values are then integrated into
the charge-control model to calculate the virtual state for different QW widths at various
temperatures. By substituting the virtual state into Egs. (5.6) and (5.8), the fluxes Fy,1(I)
and Fn 1(IT) are obtained, respectively. The diffusion equations governing the base region

of the QW-HBT are solved, and the rate equation for the QW is applied to derive Eq.
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(5.12) for current gain. This equation includes the impact of various carrier lifetimes, with
escape time playing a dominant role over capture time and QW recombination time. As
the escape time decreases exponentially with rising temperature, the current gain becomes

primarily governed by escape time in relation to temperature.

Equation (5.12) expresses the relationship between carrier lifetime and current gain, and
is reformulated in a more conventional format for clarity. Specifically, the term
Qqw/Qqwc is highly sensitive to temperature. This ratio represents the carrier density
between the QW region and the QW-to-collector bulk region. Figure 5.6 shows this
carrier density ratio as a function of temperature for various QW widths. As the
temperature increases, the ratio decreases, primarily due to the thermionic effects. With
higher temperatures, the escape time decreases exponentially with 1/KgT, allowing
electrons within the QW to rapidly gain energy and escape, returning to the transistor base.
At elevated temperatures, electrons gain even more energy, resulting in faster escapes.
These additional electrons contribute to the accumulation of charge in the base, Qo and
QWC regions, which is then directed toward the collector through the B-C reverse process.
Additionally, larger QW widths exhibit a more significant decrease in Qqw/Qqwc

compared to smaller QW widths.
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Fig. 5.7: Simulated collector current as a function of temperature for epitaxial designs
with varying QW widths (50 A, 60 A, 70 A, 90 A, 120 A).

Figures 5.7 and 5.8 shows the collector current and current gain of the QW-HBT as
functions of temperature for various QW widths. Notably, the experimental current gain
for a QW width, d, of 120 A aligns well with the simulation results for the same width.
Conceptually, the QW can be considered an “electron reservoir” that provides electrons
for thermionic emission as the temperature increases. As the QW width increases, the
number of electrons captured in the QW reservoir also increases, which leads to a
decrease in both the collector current and current gain with larger QW widths. Electrons

in narrower QWs require less time to escape, resulting in lower rates of change in the
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sensitivity of current gain and collector current to temperature changes at higher
temperatures. For a QW width of 50 A, the current gain initially increases with
temperature but eventually saturates at higher temperatures. In contrast, narrower QWSs

deplete quickly due to their smaller electron reservoir capacity.
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Fig. 5.8: Simulated current gain as a function of temperature for epitaxial designs with
varying QW-widths (50 A, 60 A, 70 A, 90 A, and 120 A). The gray solid star symbol
represents the experimental observed current gain for a QW-width, d, of 120 A at a base

current, I of 5 mA and collector-to-emitter voltage, Vceof 2 V.

To predict high thermal sensitivity and good linearity, we systematically varied the QW

width within the same base width for simulation purposes. Sensitivity and linearity are
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crucial factors for the design of smart thermal sensors, as they determine the temperature
range of application and are heavily influenced by design specifications, especially the
QW width. The nonlinearity in collector current with respect to temperature results from
the nonlinear electron escape from the QW. For the analysis of thermal sensitivity and
linearity over the temperature range from 25°C to 100°C, we plotted &1, versus

temperature T. These curves were then fitted using the Allometricl Equation as follows:

5I; =AXTE (5.17)

Here, A is the thermal sensitivity fitting parameter, which needs a larger value for higher
sensitivity, and B is the linearity fitting parameter, which ideally should be closer to 1 for
good linearity. Figure 5.9 shows the derivative of collector current (51, defined as
thermal sensitivity in mA/°C) versus temperature for different QW widths. Using Eqg.
(5.17), the fitting parameters A and B were calculated for each QW width, as shown in

Table5.1.

Table 5.1: Parameter setting A and B for different QW-widths

. Thermal Sensitivity Linearity Fitting
QW-Width (d)
Fitting Parameter (A) Parameter (B)
120 A 0.00253 1.22999
90 A 0.0538 0.67748
70 A 1.24943 0.01116
60 A 7.42333 -0.40507
50 A 38.76601 -0.8237
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Fig. 5.9: Collector current derivation as a function of temperature for varying QW-widths
(50 A, 60 A,70 A, 90 A, and 120 A).

For this specific epi-layer design of QW-HBT, the 50 A QW width exhibits high
sensitivity to temperature primarily within the near-room temperature range. However,
the 90 A QW width demonstrates optimal performance in terms of both thermal
sensitivity and linearity within the 25°C to 100°C temperature range. At 100°C, the
thermal sensitivity of the QW-HBT with a QW width of 90 A is 1.34 mA/°C, with the
fitting linearity parameter B equal to 0.67748. This outstanding result indicates that the

QW-HBT is a promising device suitable for applications in smart thermal sensor
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technology.
5.6 Conclusion

This chapter presents a comprehensive analysis of the effects of temperature and
QW width variations on the electrical performance of QW-HBTs. Through a combination
of simulations and experimental investigations, the intricate relationships among
temperature, QW width, current gain, thermal sensitivity, and linearity have been
systematically explored. Utilizing a modified temperature-dependent charge-control
model, the study reveals a significant increase in the current gain of QW-HBTSs with rising
temperatures, primarily due to enhanced thermionic emission from the QW. As
temperature rises, carriers stored in the QW acquire sufficient energy to escape, resulting
in a decrease in escape time and the carrier ratio Q1/Q2, which, in turn, leads to an increase
in current gain.
However, narrower QWs exhibit limitations at elevated temperatures, as they cannot
supply sufficient carriers, leading to saturation in current gain. Additionally, the study
underscores the critical role of QW width in determining the thermal sensitivity and
linearity of QW-HBTSs with respect to temperature variations. Narrower QWs exhibit
higher thermal sensitivity due to shorter carrier escape times, while wider QWSs ensure
improved linearity over a broader temperature range.

The findings indicate that a QW width of 90 A achieves an optimal balance between
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thermal sensitivity and linearity, particularly within the temperature range of 25°C to
100°C. At 100°C, a QW width of 90 A demonstrates a thermal sensitivity of 1.34 mA/°C
and a linearity fitting parameter B of 0.67748. These results identify a best design
approach for high-performance temperature sensors, facilitating their integration into
OEICs. This study provides valuable insights for advancing temperature sensing
technologies, paving the way for next-generation applications in smart thermal sensor

systems.
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Chapter 6

Conclusion

6.1 Summary and Key Contributions of the Thesis

This thesis presents a comprehensive study on the design, development, and
optimization of LETs for advanced smart thermal sensing technology. The research
explores the evolution of semiconductor devices, from traditional transistors to 1l1-V
compound semiconductor based LETS, highlighting their significant potential in high-
performance thermal sensing applications. The key findings and innovations from each

chapter are summarized below.

The first chapter sets the foundation by outing the evolution of transistors, from the advent
of the BJT to the modern LET structure. It discusses the unique features of LETS, which
integrate both electrical and optical functions into a single device. These attributes make
LETs particularly suited for applications in high-speed optical communication and OEICs.
Furthermore, the chapter introduces the motivation behind employing LETs for thermal
sensing, showcasing their potential to revolutionize temperature sensor technology by

offering both high sensitivity and efficient thermal response.
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The second chapter focuses on the development of QW-HBTs for thermal sensing

applications. The study introduces the novel concept of incorporating staircase SQWSs in

the base region of HBTs. Experimental results show a significant increase in collector

current by approximately 73.23% as the substrate temperature increases from 25°C to

85°C. This increase in current gain with temperature is distinct from conventional HBTs

and is attributed to enhanced electron escape dynamics within the QWSs. The modified

charge-control model that incorporates thermionic emission theory effectively explains

this behavior, supporting the design of optimized QW-HBT structures for smart thermal

sensing devices.

Building upon the insights from Chapter 2, Chapter 3 extends the design to MQW and

TQW HBTSs. A modified charge-control model was developed for MQW-HBTS, which

demonstrates the impact of QW positioning and number on the current gain. The model

successfully predicts the behavior of TQW-HBTS, with experimental results showing an

impressive 200% increase in collector current as the substrate temperature rises from

25°C to 85°C. The TQW-HBTs demonstrated a current sensitivity of 7 pA/°C under

operating conditions of Is of 1 mA and Vce of 2 V. This significant thermal response

positions TQW-HBTs as highly promising candidates for advanced thermal sensing

applications in OEICs.
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In the chapter 4, a novel Darlington transistor configuration using LETSs is introduced,
leveraging their thermionic emission properties for enhanced thermal sensing
performance. The LET device showed a 153% increase in collector current as the
temperature increased from 25°C to 85°C, while the Darlington configuration achieved a
remarkable 210% increase under the same bias conditions. Thermal sensitivity analysis
revealed a collector current-to-temperature ratio of 26.2 pA/°C in the Darlington
configuration, significantly higher than conventional thermal sensors. Despite these
promising results, the chapter highlights challenges related to achieving a highly linear
voltage-to-temperature response. Further optimizations are necessary to improve the

guantum well structure to enhance linearity, thermal sensitivity, and current gain.

The chapter 5 provides a detailed analysis of the thermal sensitivity and linearity of QW-
HBTSs, focusing on the effect of QW width on thermal performance. Both experimental
and simulation results demonstrate that narrower QWSs exhibit higher thermal sensitivity
but suffer from limitations in current gain at elevated temperatures. Conversely, wider
QWs ensure better linearity but with reduced thermal sensitivity. The study identifies a
QW width of 90 A as optimal, achieving a thermal sensitivity of 1.34 mA/°C and a

linearity fitting parameter B of 0.67748 at 100°C, balancing thermal sensitivity and
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linearity. These findings provide essential insights for the design of next-generation

temperature sensors in OEICs.

In conclusion, this thesis demonstrates the significant potential of LET-based devices,

including SQW-HBTs, MQW-HBTSs, and TQW-HBTS, in the development of advanced

thermal sensors for smart sensing applications. By incorporating novel design approaches

such as the Darlington transistor configuration, this work highlights a new direction for

I11-V based thermal sensor design for next generation for thermal sensing and OEICs with

enhanced temperature sensitivity and performance. The result presented, including

increases in collector current ranging from 73.23% to 210% as a function of temperature,

underpins the viability of these devices as high-performance thermal sensing components.

Furthermore, the thesis emphasizes the critical role of quantum well structures, design

optimizations, and charge-control models in achieving efficient and accurate thermal

sensing, laying the groundwork for the next generation of smart sensor technologies in

the field of optoelectronics.

6.2 Recommendations and Future Research Directions

This thesis has demonstrated the outstanding performance of I1I-V compound

semiconductor QW-based HBTSs for thermal sensing applications. As a relatively new

research topic, there remains significant potential for exploring the device physics of these
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transistors at elevated temperatures. This exploration could enable the design of highly

efficient epitaxial layer structures with ultra-high thermal sensitivity and improved

linearity for next-generation thermal sensing technologies. Below are some recommended

directions for future research:

1) Advanced Charge-Control Model for QW-HBTSs

The thesis introduced a modified charge-control model to predict the thermally

enhanced current gain in QW-based HBTs. However, for MQW and TQW-based

HBTSs, effects such as tunneling current or quantum well coupling—neglected in this

study due to the dominance of thermionic emission at high temperatures—need to

be addressed. At lower temperatures or with narrower barriers between quantum

wells, tunneling effects may become significant. Future work should focus on further

modifying the charge-control model to account for such phenomena, enabling more

accurate predictions of thermal behavior across a wider temperature range.

2) Optimization for Linearity and Sensitivity

Despite achieving ultra-high thermal sensitivity, nonlinearity persists due to non-

linear electron escape from the quantum wells. Further optimization of the epitaxial

layer design—>by adjusting quantum well width, material composition, barrier height,
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3)

4)

5)

and the number of quantum wells—is essential to enhance both thermal sensitivity

and linearity.

Integration with Thermal Circuits

The ultra-high thermal sensitivity of LETs presents opportunities for designing

thermal circuits, such as Darlington transistors, current mirrors, and ring oscillators,

to serve as front-end components in smart thermal sensor applications. These circuits,

combined with ADC designs, could be evaluated based on parameters such as

resolution, error rate, accuracy, temperature sensitivity, and stability, compared to

existing thermal sensing technologies.

Optical Sensing at Elevated Temperatures

The dual electrical and optical outputs of LETs can be leveraged for optical sensing

applications at high temperatures. This dual functionality provides a versatile

platform for exploring advanced sensing applications where traditional electrical-

only sensors may face limitations.

Heterogeneous Integration with Si

By Combing the strength of Si and compound semiconductor, heterogenous

integration techniques such as wafer bonding techniques, Epitaxial Lift-Off (ELO),

3D integration and Packing using TSVs and microbumps opens new possibilities for

advanced, compact and cost-efficient technologies for mass production.
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By addressing these areas, researchers can further advance the performance, applicability,

and commercialization of QW-HBT-based thermal sensing devices, paving the way for

their adoption in next-generation smart thermal sensor technologies.
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APPENDIX B

Abbreviation

1QW-HBT

2QW-HBT

ADC

ADS

B-C junction

BJT

BOE

CAGR

CCD

CISCO

CMOS

CTAT

DBR

DC

Dl

List of Abbreviations

Detail

Single Quantum-Well Heterojunction Bipolar Transistor

Double Quantum-Well Heterojunction Bipolar Transistor

Analog-to-Digital Converter

Advanced Design System

Base-to-Collector Junction

Bipolar Junction Transistor

Buffered Oxide Etchant

Compound Annual Growth Rate

Charge-Coupled Device

Cisco Systems, Inc.

Complementary Metal-Oxide Semiconductor

Complementary to Absolute Temperature

Distributed Bragg Reflector

Direct Current

Deionized
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DL

DUV

EQW

ETF

E-to-O

F-K

GHz

HBLET

HBT

ICPAT

IOED Lab

loT

IPA

-V

LET

LO Photons

MBE

MOCVD

Diode Laser

Deep Ultraviolet

Emitter to the QW Region

FElectrothermal Filter

Electrical-to-Optical

Franz-Keldysh

Gigahertz

Heterojunction Bipolar Light-Emitting Transistor

Heterojunction Bipolar Transistor

Intra-Cavity Photon-Assisted Tunneling

Integrated Optoelectronic Device Lab

Internet of Things

Isopropyl Alcohol

Current-Voltage

Light-Emitting Transistor

Longitudinal Optical Photons

Molecular Beam Epitaxy

Metal Organic Chemical Vapor Deposition
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MOSFET

MQW

MQW-HBT

MQW-TL

NiCr

NMP

OEIC

Ol

O-to-E

PECVD

PTAT

QW

QWB

QW-HBLET

QW-HBT

RIE

RTP

S.1.

Metal-Oxide-Semiconductor Field-Effect Transistor

Multiple-Quantum-Well

Multiple-Quantum-Well Heterojunction Bipolar Transistor

Multiple-Quantum-Well Transistor Laser

Nickel-Chromium

N-Methyl-2-Pyrrolidone

Optoelectronic Integrated Circuit

Optical Interconnect

Optical-to-Electrical

Plasma-Enhanced Chemical Vapor Deposition

Proportional to Absolute Temperature

Quantum Well

Quantum-Well-Barrier

Quantum-Well Heterojunction Bipolar Light-Emitting Transistor

Quantum-Well Heterojunction Bipolar Transistors

Reactive Ion Etching

Rapid Thermal Processing

Semi-Insulating
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SCH

SDC

SiNx

SQW-HBT

SRH

TDC

TJTL

TL

TQW

TQW-HBLET

TQW-HBT

TQW-LET

TSOP

uluC

VCTL

VLSI

Separate Confinement Heterojunction

Signal-to-Digital Converter

Silicon Nitride

Single Quantum Well-Based HBT

Shockley-Read-Hall

Time-to-Digital Converter

Tunnel-Junction Transistor Laser

Transistor Laser

Triple-Quantum-Well

Triple-Quantum-Well  Heterojunction  Bipolar

Transistor

Light-Emitting

Triple-Quantum-Well Heterojunction Bipolar Transistor

Triple-Quantum-Well Light-Emitting Transistor

Temperature-Sensitive Optical Parameter

University of Illinois Urbana-Champaign

Vertical Cavity Transistor Laser

Very-Large-Scale Integration
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Qaw,

Qaw,

Qaw,
Q

Q.

List of Symbols

Detail

Thickness of QW,

Energy Difference Between the Conduction Band Edge in the GaAs
Barrier (Ecp) and the First Sub-Band of the InGaAs QW (E1)

Energy of the 4 ™ Bound Sub-Band in the QW

Electron Flux Injected from the Emitter to the Base and Associated With
Q,

Collector Current of Ty (Refer to Fig. 1.7)

Collector Current of T> (Refer to Fig. 1.7)

Number of Bound Sub-Bands in the QW

Virtual State Density of the QW, in the Base Region of the MQW-HBT.
Minority Carrier Density of Virtual Conduction States in QW,

Minority Carrier Capture by QW; (Refer to Fig. 3.9)

Minority Carrier Capture by QW, (Refer to Fig. 3.9)

Minority Carrier Capture by QW5 (Refer to Fig. 3.9)

Electrons Diffusing from the Emitter to QW,; (Refer to Fig. 3.9)
Electrons Diffusing from the Emitter to QW, (Refer to Fig. 3.9)
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Qs
Wee
Wepr

Brow-npT
Bsow-npT

BE{”

BEC

Tcap,l
Tcap,S

Tcap,?

Tcapz
Tesc,1
Tesc,2

Tesc,3

Electrons Diffusing from the Emitter to QW5 (Refer to Fig. 3.9)
Width Between the Emitter-to-QW,

Distance Between QW, and QW

Current Gain of the 2QW-HBT

Current Gain of the 3QW-HBT

Current Gain of Fictitious HBTs with Base Width of W,
Current Gain of an HBT with Base Width Wy

Current Gain of Fictitious HBTs with Base Width of Wg,
Minority Carrier Mobility

Capture Time Minority Carriers in the QW,; (Refer to Fig. 3.9)
Capture Time Minority Carriers in the QW; (Refer to Fig. 3.9)
Capture Time of Minority Carriers Transitioning from Virtual Conduction
States (n,,¢) to Bound States Within QW,

Capture Time Minority Carriers in the QW, (Refer to Fig. 3.9)
Escape Times of Electrons from QW; (Refer to Fig. 3.9)
Escape Times of Electrons from QW, (Refer to Fig. 3.9)

Escape Times of Electrons from QW5 (Refer to Fig. 3.9)
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Tese,l Escape Time of Minority Carriers Leaving the Intrinsic QW, into the
Doped Base

TQw,1 Recombination Lifetime of Electrons in QW,; (Refer to Fig. 3.9)

TQw,2 Recombination Lifetime of Electrons in QW, (Refer to Fig. 3.9)

Qw3 Recombination Lifetime of Electrons in QW5 (Refer to Fig. 3.9)

TQW,¢ Recombination Lifetime of Minority Carriers Within the QW,

Te g Transit Time of Electrons Across the Emitter-to-QW, Region of Width

Wee
D, Electron Diffusion Constant
my Effective Electron Mass
ny Electron Density in the Virtual Continuum Conduction State
Nys,1 Densities of Minority Carrier in the Virtual Conduction States of QW;

(Refer to Fig. 3.9)

nys 2 Densities of Minority Carrier in the Virtual Conduction States of QW,

(Refer to Fig. 3.9)

nys 3 Densities of Minority Carrier in the Virtual Conduction States of QW5

(Refer to Fig. 3.9)

Now Total Carrier Concentration in the QW
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a; Base Transport Factor
BLer,(T)  Current Gain of the First LET (Refer to Fig. 4.12)

BLer,(T)  Current Gain of the Second LET (Refer to Fig. 4.12)

TLo Escape Time due to Phonon Interactions

Tow Recombination Lifetime of Electrons in the QW
Tp Bulk Recombination Lifetime of Minority Carrier

Teap Capture Time

Tesc Escape Time

Tt EC Base Transit Time

Te.EQW Transit Time of Minority Carriers Crossing the EQW Region

AEv Energy Band Discontinuity in Valence Band
A Thermal Sensitivity Fitting Parameter
A Device Cross-Section Area
Ao SRH Coefficient
Ay Area of Ty (Refer to Fig. 1.7)
As Area of T (Refer to Fig. 1.7)
Au Gold
B Base
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Bo

B2

°C

Co

Ci

Ca

dtotal

Eq

E>

Ecw

Er

ErE

Ev,E

linearity fitting parameter (Refer to Eq. 5.17)

Spontaneous Emission Coefficient

Base of the First LET (Refer to Fig. 4.16)

Base of the Second LET (Refer to Fig. 4.16)

Carbon as a Doping

Collector (Refer to Device Figs.)

Degree Celsius

Auger Recombination Coefficient

Collector of the First LET (Refer to Fig. 4.16)

Collector of the Second LET (Refer to Fig. 4.16)

Total Thickness of the Staircase QW

Emitter

Emitter of the First LET (Refer to Fig. 4.16)

Emitter of the Second LET (Refer to Fig. 4.16)

QW’s Lowest Conduction Band

Fermi Energy Level

Fermi Level Energy

Valence Band Energy
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f(E)

Fu1(D)

Fau(ID)

Frnet(QW)

g(E)

Ge

thO

Is

Ic

Ic

Icp

Ie

Is

Je

k or kg

La

Distribution Function

Carrier Flux Injected from Emitter into Region (Refer to Fig. 5.3)

Electron Flux Injected from the Emitter to Region II (Refer to Fig. 5.3)

Total Carrier Flow Captured by the QW and Subsequently Escaping it

Density of States

Germanium.

LO Phonon Energy

Base Current

Collector Current

Collector Current of LET; (Refer to Fig. 4.16)

Collector Current of LET> (Refer to Fig. 4.16)

Emitter Current

Saturation Current

Injection Current Density

Temperature Unit in Kelvin

Boltzmann's Constant

Electron Diffusion Length

First Current Mirror Transistors (Refer to Fig. 1.7)
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mA

n(E)

Ni

Peo

Pt

Qo

Qaw

Si

T(E)

T

T>

Text

Ti

Second Current Mirror Transistors (Refer to Fig. 1.7)

Milli Ampere

Carrier Concentration at Energy E

Nickel

Doping Concentration in the GaAs Base

Equilibrium Hole Density

Platinum

Electron Charge

Charge in the Base (Refer to Fig. 2.1)

Charge in the QW in Fig.

Silicon

Absolute Temperature

Transmission Probability

First BJT (Refer to Fig. 1.7)

Second BJT (Refer to Fig. 1.7)

Exact Temperature

Titanium

Voltage
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v(E)

VBc

VBE

VBE

VcE

A%)))

Vr

Ws or Wi

PEC

Beow

PusT

Lrvow-uaT

Bowc

Bowc

Pow-usr

Lsow-uBT

Prow-usr

Bp

Escape Velocity of the Carriers

Base-to-Collector Voltage

Base-Emitter Voltage

Base-to-Emitter Voltage

Collector-to-Emitter Voltage

Supply Voltage

Thermal Voltage

Width of the Base

Current Gain of HBT with Base Width of Wgc

Current Gain of HBT with Base Width of Wrqw

Current Gain of Typical HBT

Current Gain of Typical MQW-HBT

Current Gain of HBT with Base Width of Wqwc

Current Gain for QWC Region

Current Gain of Typical QW-HBT

Current Gain of Typical SQW-HBT

Current Gain of Typical TQW-HBT

Current Gain for the EC Region Without QW

230

doi:10.6342/NTU202500212



Alp

Alc

AVBE

Tt,EC

Tt,EQW

Sle

Increment in Base Current

Increment in Collector Current

Base-to-Emitter Voltage Difference

Non-Ideality Factor

Base Minority Charge Distribution

Transit Time from Emitter to Collector

Transit Time from Emitter to the QW

Emitter Injection Efficiency

Recombination Factor at the Emitter-Base Junction

Derivative of Collector Current
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APPENDIX C

Summary of Oral Defense Discussion

The oral defense of this dissertation, conducted on January 6, 2025, provided
valuable feedback and insightful recommendations from the esteemed committee
members. In this section, I have included the question raised, along with corresponding

answers and committee suggestions. The discussion is detailed below:

Are any potential difficulties in growing a triple quantum well (TQW) structure
compared to a single quantum well (SQW) structure in the light-emitting transistor

(LET) design.

Response: Growing a TQW structure in the LET design is more challenging than a
SQW structure due to the increased precision required for the narrower and more
complex QW dimensions. Each layer’s thickness and material composition must be
meticulously controlled to achieve the desired optical and electronic properties, as

even minor deviations can significantly affect the LET’s performance.

In this research, the layer structures were designed at the IOED Lab at NTU and
grown with the support of a collaborating industrial partner. The industry

demonstrated high proficiency in achieving precise layer thickness and material
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composition, ensuring high-quality TQW structures. However, if the TQW structure

were grown in-house at NTU, additional effort and expertise would be necessary to

achieve the same level of precision. The facilities and expertise available in the

collaborating industry play a critical role in maintaining the required accuracy for

TQW growth.

Committee Suggestions:

The committee suggested consulting with NTU professors or experts specializing in

QW growth and epitaxial techniques to ensure high-quality TQW structures. Such

collaboration would address potential challenges and improve the efficiency of the

growth process. Incorporating these recommendations could enhance future efforts

to grow TQW structures in-house, leading to further advancements in LET

development for smart thermal sensing technologies.

The nonlinearity in the Darlington transistor arises from which factor?

Response: The electron escape from the QW exhibits a nonlinear behavior with

temperature, and this contributes to the nonlinearity in the Darlington transistor.

Additionally, the nonlinearity may arise from the circuit design or the epitaxial layer

(epi-layer) structure. In the future, efforts should focus on minimizing the
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nonlinearity through optimized epi-layer design, circuit design, or by adjusting QW

parameters, such as the width.

Committee Suggestions: The committee noted that the nonlinearity primarily arises
from the circuit design of the Darlington transistor and not solely from the nonlinear
electron escape from the QW. This is evident in Fig. 4.13, where the current gain of
the LET is linear, while the current gain of the Darlington transistor is nonlinear.
The nonlinearity may be attributed to the B gr, * fLer, term in Eq. 4.1. The
committee recommended further optimization of the Darlington pair circuit and epi-

layer design to address this issue.

Do you have any experimental data that varies the QW position in the base?

Response: In this dissertation, the experimental results are for a fixed position of the
QW in the base of the transistor. For varying the QW position in the base, only
simulation data are discussed in Chapter 3. In the future, experimental studies on the

effect of QW position on the device characteristics will also be conducted.

What happens if the QW is not present in the base of the transistor at high

temperatures?
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Vi.

Response: In this case, the transistor simply becomes a typical HBT structure. For

such a structure, the current gain remains almost constant or slightly decreases with

temperature in the HBT-based layer structure.

Is constant current or increasing current with temperature required for thermal sensor

design?

Response: In traditional BJT-based front-end designs, the current gain is almost

constant with temperature. However, BJT-based bandgap circuits provide a voltage-

to-temperature signal based on changes in the base-to-emitter voltage (AVge). In the

case of LETs, the design is current-sensitive. By using passive elements like resistors,

the current sensitivity can be converted into voltage sensitivity. Therefore, LETs

have the potential to use as a promising front-end design component for future

temperature sensing applications.

How QW recombination time is depends on the base current?

Response: The QW recombination time is influenced by the base current because the

base current determines the injection of carriers into the QW region, which governs

the recombination processes. As the base current increases, more carriers are injected

into the QW, resulting in a higher carrier density. The recombination time, tqw is
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inversely proportional to the carrier density, meaning that a higher base current leads
to a shorter recombination time. Radiative recombination in the QW follows the
relationship Ras=B.n?, where B is the radiative recombination coefficient and # is
the carrier density. Therefore, an increased base current enhances the radiative

recombination rate, reducing tQw.

Vii. Is there any benchmark or figure of merit (FOM) for current thermal sensors, and
why do we use this device for thermal sensing?
Response: The LET was initially developed as a light-emitting device. However,
when measured at different temperatures, it exhibited a unique thermal response in
its current gain, which is opposite to the typical behavior of HBT devices. This
device shows ultra-high current sensitivity. However, traditional front-end
components of thermal sensors are defined based on voltage sensitivity for thermal
sensing applications. To make a comparison, we designed a Darlington transistor
using passive elements, such as resistors, to convert the current sensitivity of the
LET into voltage sensitivity. We then compared this with existing technologies
(Table 4.3). Despite this effort, it is still challenging to make direct comparisons due
to differences in circuit design and operational conditions. The LET is a novel device,
and in the future, it can be integrated with ADC circuits to study key FOM
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parameters, including resolution, error rate, accuracy, temperature sensitivity, and

stability.

viii. For transistor-based thermal sensors, the device is always on, resulting in constant

power consumption. Have you considered the self-heating problem?

Response: Yes, the issue of self-heating and its impact on junction temperature has

been considered. In the context of our ambient temperature measurement setups, we

have focused on the influence of substrate temperature on the device. Since our

measurements are conducted under ambient conditions, the junction temperature is

naturally elevated.

Additionally, in our TCAD simulations, we have incorporated a comprehensive

thermal model to account for the effects of self-heating. By setting various substrate

temperatures and applying different bias conditions, we have been able to calculate

the heat effects that impact the junction temperature and, in turn, influence quantum-

well thermionic emission. Our research is specifically tailored to studying how

substrate temperature changes affect electron behavior in the quantum well and its

impact on thermionic emission.
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Noise in the Darlington transistor is also amplified, and it ultimately affects the

thermal sensor. How can this problem be solved?

Response: The issue of noise amplification in the Darlington transistor is indeed a

challenge, as it can adversely impact the performance of the thermal sensor. One

approach to address this problem is to carefully optimize the circuit design to

minimize noise contribution. For example, choosing appropriate passive

components, such as low-noise resistors, and ensuring proper impedance matching

can reduce noise levels.

Additionally, the use of feedback mechanisms in the bandgap circuit front-end

design can help suppress noise amplification. Implementing low-pass filters or

active filtering techniques can further attenuate high-frequency noise components.

On the device side, reducing thermal noise by carefully engineering the epitaxial

layer structure, such as minimizing defects in the quantum wells or using materials

with lower noise characteristics, can also contribute to noise reduction.

Finally, integrating advanced signal processing techniques, such as digital noise

cancellation or averaging multiple measurements, can enhance the overall signal-to-

noise ratio (SNR) in the thermal sensor system. In the future study, combining these

238

doi:10.6342/NTU202500212



approaches can significantly mitigate the noise amplification issue in the Darlington

transistor and improve the thermal sensor's performance.

Committee Suggestions: Study the noise in LETS, as it is necessary for designing an

efficient thermal sensor.

What is the conversion time? You mentioned that the device takes 2 minutes to give

the response, which is too long for a thermal sensor. You should study the conversion

time.

Response: Regarding the conversion time, our current laboratory setup does not

allow for the precise estimation of conversion or response time for our device.

However, we acknowledge the importance of such measurements and plan to

explore methodologies for assessing response time in future studies. While it

currently takes 2 minutes to complete these measurements, we believe the device

itself has a fast response time due to the thermionic emission mechanism. We are

confident that the conversion time is likely to be fast, but further studies are needed

to confirm this.
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Xi.

Why should your device be measured at 25 °C? If your device heats up, for example,

to 40°C and you suddenly measure it at 0°C, would there be any issues caused by

self-heating?

Response: We selected the temperature range from 25°C to 85°C based on its

relevance to real-world applications where temperature sensing is critical. This range

enables us to evaluate the device's performance under typical operating conditions.

While we acknowledge the importance of exploring performance at lower and higher

temperatures, we appreciate the committee's suggestion to extend the temperature

range in future studies.

If the device heats up to, for example, 40°C and is then suddenly measured at 0°C,

self-heating could present challenges. A rapid temperature shift may cause transient

thermal effects, where the junction temperature does not immediately stabilize,

potentially affecting the accuracy of the measurement.

Self-heating could also affect device, and the thermal dynamics during such a sudden

change could temporarily impact quantum-well thermionic emission and other

temperature-dependent properties. To mitigate these issues, it is essential to account
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for thermal time constants and allow the device sufficient time to stabilize at the new

temperature before conducting measurements.

In future studies, we plan to thoroughly investigate transient thermal behavior and

self-heating effects. This will enable us to better understand how rapid temperature

changes influence device performance and ensure reliable operation under diverse

conditions.

Xil. How many devices have you fabricated? Do you observe consistent results from

the same devices?

Response: For each SQW- and TQW-HBT, we have fabricated 12 devices with

different emitter mesa sizes, including: 80 pm x 80 um, 60 pm x 60 um, 50 um x 50

pm, 40 pm x 40 pm, 30 um x 30 pm, 20 um x 20 um, and 10 pm x 10 pm. Yes, we

have characterized all the devices, and they exhibit almost identical device

characteristics.

Xiii. You need to perform 1-point or 2-point calibration because, for instance, if your

device is fabricated and measured on another day in a different environment,

variations might occur.
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Xiv.

XV.

XVI.

Response: Thank you for the committee's suggestion. We will include such studies

in future research. However, we have measured this device over an extended period

with repeated measurements conducted on different days. The results consistently

show similar characteristics, indicating reliable performance under varying

conditions.

How can you integrate with an ADC circuit that is based on CMOS technology?

Response: We can apply the same QW technique and design a new layer structure

for a Si-Ge substrate. Ultimately, we plan to use the results from this new device as

a component to integrate with the ADC circuit in future work.

What are the bias conditions for voltage sensitivity in the Darlington transistor?

Response: The bias conditions for this thermal sensitivity, as mentioned in this

dissertation, are a Vpp of 4 V and a Ig of 1 mA.

Will your device perform well for a higher temperature range, or only within the

25°C to 85°C range? At higher temperatures, self-heating problems may occur,

affecting the thermal sensor.
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XVii.

XViii.

Response: We have measured the device under ambient temperature conditions, and
it performs well in terms of thermal sensitivity within this temperature range. Thank
you to the committee for suggesting the study of the device's behavior at higher and
lower temperature ranges in the future. While self-heating could be a potential issue
at higher temperatures, we have conducted measurements at ambient conditions, and
we can address the self-heating problem in the front-end design before sending the

signal to the ADC in the future study.

Are the quantum wells (QWSs) in the TQW structure the same width or different?

How do you decide the width of the QW?

Response: The QW widths in the TQW structure are the same. The width size is 70

A . TCAD was used to design the TQW-HBT layer structure.

If your QWs are equal, and you consider the width of the SQW to be the same as the
total width of the TQW, how would this affect the linearity and sensitivity of your

device?

Response: If the SQW is designed with a width equal to the total width of the TQW,
it would be more difficult for electrons to escape quickly due to the larger QW width.

Electrons would accumulate at the bottom of the QW. Additionally, the sub-band
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XiX.

energy levels of each QW in the TQW structure differ due to the unique design of

the TQW-HBT layer. This difference could be influenced by strain in the TQW from

the surrounding layers or barriers, which may affect the current sensitivity of the

device. The sensitivity of the TQW structure is higher compared to a single QW with

the same total width as the TQW. Thank you to the committee for the suggestion to

study linearity and sensitivity further in future research.

Can you provide a final comparison of the sensitivity for all your devices?

Response: The sensitivity of our devices is summarized below:

) . . Current Voltage
Device Temperature Biased Condition o o
Sensitivity Sensitivity
SQW-HBT Vce=2V & 15=0.2
25°C to 85°C A 4.82 nA/°C X
(Chapter-2) m
TQW-HBT
25°C to 85°C | Vce=2V & Ig=1 mA 7 nA/°C X
(Chapter-3)
LET in
Darlington | 5sec 1 85°C | Vee= 4V & le=LmA | 8.53 pA/SC X

(Chapter-4)

Darlington
25°Cto 85°C | Vop=4V & Ig=1 mA | 26.2 uA/°C | 9.12 mV/°C
(Chapter-4)

QW-HBT
(d=90A) 100°C Vee=2V & 1s=5mA | 1.35 mA/°C X
(Chapter-5)
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XX. In Fig. 5.9, why does the sensitivity increase and then decrease?

Response: This behavior is due to the width of the QW. For a particular QW width,
energy is stored at the sub-band energy levels. As the temperature increases, the
electron energy reaches a certain level where it can either saturate or cause electrons
to be depleted more quickly. This results in a decrease in sensitivity at higher

temperatures.

XXI. Escape time, capture time, and QW recombination time — which time is fitted and
which one is calculated? What are the values of Zwio and t.0? In Eqg. 2.27, when

comparing the two terms, which one dominates?

Response: In Eq. 2.27, the first term of RSH is calculated with the help of TCAD,
while the second term of RSH is calculated using the values AmL0=34x1073eV and
10=120x107?s. The capture time and QW recombination time are determined by
fitting the experimental data. When comparing the two terms of RSH in Eq. 2.27 at
T=300K for the Iz = 0.2 mA, the first term is 1.88423 ns, and the second term is

0.32705 ns. This indicates that the thermionic emission term is dominates.

XXil. In Fig. 2.14, can you change the squared QW figure to a staircase-QW?
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Response: As per the committee’s suggestion, Fig. 2.14 has been updated to a

staircase-QW in the final dissertation.

XXIil. What happens if the barrier width is low in the TQW-HBT layer structure? Have you

studied the wave function and QW levels of the TQW structure?

Response: If the QW barrier width is low, there is a possibility that the TQWSs may
couple and behave like a single QW. In future studies, we plan to calculate the wave
function using TCAD simulations. For the sub-band energy levels, this dissertation
utilized TCAD to calculate the sub-band energy for each QW in the TQW layer.
Using these sub-band energy levels, we subsequently calculated the electron escape

time at different base currents and temperatures.

XXIV. Can you clearly define the collector-emitter voltage for the LET and the Darlington

transistor in Fig. 4.11, Fig. 4.12, and Fig. 4.16?

Response: After carefully considering the committee’s suggestion, the collector-
emitter voltage for the LET is defined as V¢, g, , and the collector-emitter voltage for
the Darlington transistor is defined as Vg,. These have been clearly indicated in

Fig. 4.16.

In addition, the following changes were made:
246

doi:10.6342/NTU202500212



o InFig. 4.13, Vce=4 V has been updated to V¢, g, =V¢g,=4 V.
o InFig. 4.14, Vce=4 V has been updated to Vi g =4 V.

o InFig. 4.15, Vce=4 V has been updated to Vg, =4 V.

These changes ensure consistency and clarity in the representation of the collector-emitter

voltage for the LET and Darlington transistor.

I would like to express my heartfelt gratitude to the members of my Ph.D. defense
committee for their invaluable suggestions and insightful feedback. Their guidance has
been instrumental in improving my research and enhancing the quality of my oral defense.

| deeply appreciate their time, effort, and unwavering support throughout this process.
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Mr. Kumar has a strong academic background; he earned a Master of Technology in

Electronics and Communication Engineering from the Indian Institute of Technology

(IIT) Dhanbad, India, in 2019, and a Bachelor of Technology in Electronics and

Communication Engineering from Jaypee University of Engineering & Technology

(JUET), Guna, India, in 2015. Currently, Mr. Kumar is working towards a Ph.D. degree

at the Graduate Institute of Photonics and Optoelectronics, National Taiwan University
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His current research interests include light-emitting transistors (LETS), transistor lasers

(TLs), heterojunction bipolar transistors (HBTSs), high-speed integrated circuits, and

semiconductor device characterization and simulation. Mr. Kumar is developing a

smart thermal sensor circuit using LETSs. His research focuses on the unique properties
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of LETSs, which exhibit increased current gain with temperature—a characteristic that

could revolutionize thermal sensor technology. Recently, Mr. Kumar achieved a

groundbreaking milestone in optoelectronics semiconductor technology: the successful

design and fabrication of the world’s first Darlington transistor using LETs. This

pioneering research was recently published in the esteemed IEEE Electron Device

Letters (IEEE-EDL).

An active member of professional societies such as IEEE, IEEE Electron Device

Society, and OPTICA, Mukul has published extensively in high-impact journals and

presented his research at international conferences such as DRC, CSW, CLEO, and

CLEO-Pacific Rim. Mr. Kumar is the first author of 6 peer-reviewed journals and

author and co-author of 14 conference papers. His work has been recognized with

numerous awards, including the EECS College International Scholarship 2024, NTU

Outstanding International Graduate Student Scholarship 2023-2024, the Best Poster

Award at the 2023 International Electron Devices and Materials Symposium in Taiwan,

the National Taiwan University International Graduate Student Scholarship 2020-

2023, and multiple academic scholarships for his exceptional performance. Mr. Kumar

also actively participates in Taiwan’s National Science and Technology Council

research projects and received grants that facilitated his presentation of research at the
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prestigious international conference “Compound Semiconductor Week (CSW) 2023~

in South Korea and “82nd Device Research Conference (DRC) 2024” in the USA .

Driven by a passion for semiconductor technology and IlI-V compound

semiconductors, Mr. Kumar is committed to contributing to the advancement of smart

civilizations through his research. His dedication to academic excellence and his

relentless pursuit of innovation in semiconductor technology make him a prominent

figure in his field, motivating and inspiring the next generation of engineers and

scientists.
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