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Infrared (IR) technologies have boundless applications spanning from fundamental science, industrial
engineering to bio-medical science, climate and environment science. The technology has been developed
with quantum physics, solid state physics, and semiconductor engineering, with deeper understanding of
interaction between light and matter especially via charged particles (also quasi-particles). Heterogeneous
integration of different semiconductor materials adds more functionalities to optoelectronic devices, where
properties of optical material can be modulated by engineering the nearby materials. In two-dimensional
materials, the effects from perturbation from the near environment can be large enough to change opti-
cal properties of the materials. In addition, the vertical confinement of two-dimensional material exhibits
enhanced light-matter interaction with quantum confinement effect and reduced electron screening, becom-
ing great candidates for optoelectronic devices. Black Phosphorus (bP) is thermodynamically stable two-
dimensional material with direct bandgap spanning broad infrared regime. The main two chapters utilize
bP for IR active material. First, the optical properties, absorption coefficient can be modulated by electric
field and electrostatic doping using Field Effect Transistor (FET) geometry, governed by physical phenom-
ena of Burstein-Moss effect and Quantum Confined Franz Keldysh effect. The modulation of absorption
coefficient of bP and its integrability on Silicon chip enables on-chip optical modulator. Second chapter
where bP is utilized offers additional functionality, non-volatile programmability by engineering dielectric

layer of FET geometry. The non-volatile various values of responsivities of bP IR sensors, when combined



in an array, serve as in-sensor computing processor where simple neural network computation is possible in
sensor using physical/analog computing, to demonstrate edge detection and hand written digit recognition
with 92 % accuracy. Finally, III-V compound semiconductor system is considered and engineered to capture
1-2 pum of broad near-IR photons with exceptional sensitivity and photoelectric gain. Here, heterojunction
phototransistor (HPT) is conceived and optimized to not only detect IR light but also drive an LED to extend
its application to light-weight Night Vision Intensifier, exhibiting unprecedented IR photon to Red photon

upconversion.
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Chapter 1

Introduction

Light’s impact on humanity extends beyond its role as an energy source for daily sustenance. Study of light
has resulted in the evolution from the geomteric-ray theory to the wave theory and finally to the quantum
theory. Its profound influence extends to the very foundation of quantum mechanics and modern physics,
marking the inception of modern civilization actively harnessing electromagnetic force.

Its interaction with matter, or light-matter interaction has led to numerous scientific achievements, gov-
erning many (almost all) of the chemical and physical phenomena observed in daily life and beyond. From
the boundless reaches of the cosmos to the microscopic landscapes of quantum realms, the interaction be-
tween light and matter stands as a cornerstone of scientific exploration and technological innovation.

Through meticulous analysis, experimental insights, and theoretical frameworks, this work aspires to
illuminate the intricate mechanisms and phenomena underpinning light-matter interaction and semiconduc-
tor engineering. It seeks to unravel the complexities of energy/charge transfer, quantum effects, and circuit
analysis, opening avenues for revolutionary advancements in fields such as materials science, telecommuni-

cations, and IR imaging technologies.
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1.1 Motivation

In the vast spectrum of electromagnetic radiation, the realm of the infrared (IR) holds a wealth of potential,
offering a bridge between the visible and microwave regions. The pursuit of harnessing IR radiation has
led to a burgeoning field of photonics and semiconductor physics, unveiling a myriad of possibilities for
groundbreaking technological advancements. Table [I.1| summarizes the brief history of infrared technolo-
gies developed with quantum theory and semiconductor technologies, beginning from its discovery in 1800s
by William Herschel.

At the heart of this exploration lies the remarkable properties of semiconductor materials tailored to
manipulate and harness infrared light. Semiconductor physics forms the bedrock upon which innovative IR
photonics technologies are built. This thesis endeavors to dissect the underlying principles governing the
behavior of elementary particles such as electrons, phonons, and photons within these materials, paving the
way for a deeper understanding and unlocking the potential for novel applications in IR photonic devices.
This work aims to unravel the mysteries of semiconductor-based infrared photonics, pushing the boundaries
of what is conceivable in sensing, communications, computing, medical diagnostics, and beyond. Studying
charged carriers and their dynamic behaviors in materials is crucial for optimizing material utilization and

achieving desired functionalities efficiently.

1.2 Infrared Photodetectors

The foundation of modern infrared (IR) technology traces back to significant discoveries and advancements
spanning over a century. In 1887, Hertz’s pioneering work revealed that ultraviolet irradiation of a conduc-
tor emitted negatively charged particles, marking the inception of photoemission. Subsequent experiments
in the late 19th century demonstrated the use of visible radiation with alkali metal electrodes, expanding
the boundaries of light-matter interaction [4} 5]]. Ferdinand Braun’s 1874 discovery of rectifying properties
at semiconductor-metal contacts, using naturally occurring lead sulphide crystals, laid the groundwork for
semiconductor technology. Further exploration by Jagadis Chandra Bose, around 1901, led to the patent-
ing of a semiconductor rectifier, propelling advancements in radio signal detection [6, [7]. Theodore W.

Case’s 1917 development of the first IR photoconductor using thallium and sulphur (T12S) marked an early
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Year Event

1800 Discovery of the existence of thermal radiation in the invisible beyond the red by W. HERSCHEL

1821 Discovery of the thermoelectric effects using an antimony-copper pair by T.J. SEEBECK

1833 Thermopile consisting of 10 in-line Sb-Bi thermal pairs by L. NOBILI and M. MELLONI

1834 Discovery of the PELTIER effect on a current-fed pair of two different conductors by J.C. PELTIER

1835 Formulation of the hypothesis that light and electromagnetic radiation are of the same nature by
AM. AMPERE

1840 Discovery of the three atmospheric windows by J. HERSCHEL (son of W. HERSCHEL)

1859 Relationship between absorption and emission by G. KIRCHHOFF

1864 Theory of electromagnetic radiation by J.C. MAXWELL

1874 Ferdinand Braun’s discovery of rectifying properties at semiconductor-metal contact

1879 Empirical relationship between radiation intensity and temperature of a blackbody by J. STEFAN

1884 Thermodynamic derivation of the STEFAN law by L. BOLTZMANN

1887 Observation of photoelectric effect in ultraviiolet by H. HERTZ

1894 Derivation of the wavelength relation of blackbody radiation by J.W. RAYEIGH and W. WIEN

1900 Discovery of quantum properties of light by M. PLANCK

1901 J.C. BOSE obtained a patent for PbS point-contact rectifiers

1905 A. EINSTEIN established the theory of photoelectricity

1911 The first television image tube using cathode ray tubes by R. ROSLING

1917 T. Case developed the first IR photoconductor using thallium and sulphur

1923 W. SCHOTTKY established the theory of dry rectifiers

1928 F. Bloch developed the theory of electrons in lattices

1930 IR direction finders based on PbS quantum detectors in the wavelength range 1.5-3.0 pm for military

applications (GUDDEN, GORLICH and KUTSCHER)

EINSTEIN, PODOLSKY, and ROSEN proposed a thought experiment regarding paradoxical quan-

tum entanglement

1939 First IR display unit in the United States (Sniperscope, Snooperscope)

1935

1941 R.S. OHL observed the photovoltaic effect shown by a p-n junction in a silicon
1942 G. EASTMAN (Kodak) offered the first film sensitive to the infrared
1954 First imaging cameras based on thermopiles and on bolomters

1955 Mass production start of IR detectors in the US (PbS and PbTe detectors)

1957 Discovery of HgCdTe ternary alloy as infrared detector material by W.D. LAWSON, S. NELSON,

and A.S. YOUNG

1965 Mass production start of IR cameras for civil applicatrions in Sweden (single-element sensors with
mechanical scanner)

1970 Discovery of charge-couple device (CCD) by W.S. BOYLE and G.E. SMITH

1975 First In-bump hybrid infrared focal plane array

1977 Discovery of the type-II InAs/GaSb superlattices by G.A. SAI-HALASZ, R. TSU, and L. ESAKI

1980 First demonstration of SWIR InGaAsP detector by J.C. CAMPBELL, A.G. DENTAI, T.P. LEE, and
C.A. BURRUS)

1985 Development and mass prouction of cameras fitted with Schottky diode FPAs

1990 Development of quantum well infrared photoconductor (QWIP) hybrid systems

2004 Demonstration of two-dimensional Material by A. GEIM at al.

2014 Two dimensional black phosphorus has regained attention by researchers

Table 1.1: Discovery of Infrared and development of Semiconductor physics and technology (modified with
permission from Ref.[2] and Ref.[3]). Copyright 2002. Elsevier Science
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milestone in IR detection. Despite initial promise, these detectors faced challenges such as instability in
the presence of light, high noise, and lack of reproducibility, leading to discontinued efforts in 1918 [J]].
The concept of the electro-optical converter emerged in 1928, culminating in the creation of a working
tube with a photocathode and a fluorescent screen by Holst et al. in 1934. Japanese scientists Asao and
Suzuki’s 1940 method for enhancing silver’s sensitivity in the S-1 photocathode extended its usefulness into
the near-infrared region [9} [10]. During World War II, the Radio Corporation of America (RCA) devel-
oped the 1P25 image converter, a significant advancement in near-IR (NIR) technology. Post-war, various
photocathodes were developed, enabling detection across different spectral regions [7]. Efforts in the early
1930s by Edgar W. Kutzscher et al. discovered lead sulphide’s photoconductive properties, leading to the
development of sensitive PbS films in Germany. This work, done under secrecy, resulted in the fabrica-
tion of the most sensitive German detectors, deployed in various wartime applications [11} [12} [13]. In the
post-war era, the trajectory of detector technology, initially led by German research, continued in the USA,
Great Britain, and the Soviet Union. This knowledge dissemination post-1945 significantly influenced sub-
sequent advancements globally [[14]. Although initially developed for military use, low-cost IR imagers
now find applications across various nonmilitary domains, including industrial monitoring, night vision, law
enforcement, and rescue operations [[15,116}|17]]. The evolution of IR technology, stemming from a sequence
of pioneering discoveries and advancements, has transformed it from a wartime asset into a versatile and

indispensable tool serving diverse modern applications.

1.2.1 Classification of infrared detectors

Reviewing the evolution of infrared (IR) detector technology post-World War II, numerous materials have
undergone extensive investigation. Following Norton’s proposition [18]], a fundamental observation emerges:
"An array of physical phenomena within the approximate energy range of 0.1 to 1 electron-volt (eV) will be
suggested for application in IR detectors.” Among these effects are: thermoelectric power (thermocouples)[19],
change in electrical conductivity (bolometers)[20} [21]], gas expansion (Golay cell)[22, 23], pyroelectric-
ity (pyroelectric detectors) [24) 25], photon drag, Josephson effect (Josephson junctions, Superconduction
Quantum Interference Detector (SQUID))[26, 27], internal emission (PtSi Schottky barriers)[28], funda-

mental absorption (intrinsic photodetectors)[29, [30} [31]], low dimensional solids (superlattice (SL), quan-
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Photon Detector

Thermal
Detector

Spectral Responsivity

Wavelength

Figure 1.1: Infrared detectors can be categorized mainly in two: Photon detectors and Thermal detectors
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tume well (QW), quantum dot (QD), Van-der-Waals semiconductor detectors), different type of phase tran-
sitions, etc. The World War II era marked the inception of contemporary IR detector technology. The notable
progress in employing infrared technology for addressing remote sensing challenges owes its success to the
effective evolution of high-functioning infrared detectors spanning the past sixty years. The convergence of
photon IR technology, semiconductor material science, photolithography techniques tailored for integrated
circuits, and the urgency of military readiness during the Cold War era have collectively driven remarkable
strides in IR capabilities within a relatively brief span in the last century [32]]. The majority of optical detec-
tors can be classified in two broad categories: photon detectors (also called quantum detectors) and thermal

detectors.

1.2.2 Photon detectors

In photon detectors, Infrared radiation is absorbed within the material by interaction with electrons either
bound to lattice atoms or to impurity atoms, or with free electrons. The alteration in electronic energy
distribution leads to the observed electrical output signal. Photon detectors display a specific wavelength-
dependent response concerning the incident radiation power. They demonstrate excellent signal-to-noise
ratios and rapid responsivities. However, achieving these qualities in infrared photon detectors demands
cryogenic cooling to avert the generation of charge carriers due to thermal excitation. Without cooling,
thermal transitions interfere with optical ones, resulting in heightened noise levels in non-cooled devices.

The spectral current responsivity of photon detectors is equal to

A
R = 2lqg. (1.1)
C

where A is the wavelength, h is the Planck’s constant, c is the velocity of light, q is the electron charge, and
g is the photoelectric current gain. The current that flows through the contacts of the device is noisy due
to the statistical nature of the generation and recombination processes - fluctuation of optical generation,
thermal generation, and radiative and nonradiative recombintation rates. Assuming that the current gain for

the photocurrent and the noise current are the same, the noise current is

I2 = 2¢°¢*(Gop + G + R)AFS, (1.2)
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where G, is the optical generation rate, Gy, is the thermal generation rate, R is the resulting recombination
rate, and Af is the frequency band. Jone [33]] found that for many detectors the noise equivalent power
(NEP) is proportional to the square root of the detector signal that is proportional to the detector area, Ag.

The normalized detectivity, or specific detectivity D* is defined by as:

* (Ad)1/2
D= (1.3)

Detectivity, D*, is the prevalent parameter to characterize normalized signal-to-noise performance of detec-
tors and can be also defined as
_ Ri(AqAf)1/?

D = SRRl 1.4
1. (1.4)

The importance of D* is that this figure of merit permits comparison of detectors of the same type, but
having different areas. Either a spectral or blackbody D* can be defined in terms of corresponding type of
NEP. At equilibrium, the generation and recombination rates are equal. In this case,

= SheGT (1.5)

Background radiation usually is the main source of noise in an IR detector. Assuming no contribution due
to recombination,

12 = 20 Ame g Af, (1.6)

where @ p is the background photon flux density. Therefore, at the background limited performance condi-
tions (BLIP performance),

* A n 1/2
DBLIP:%(QTB) ~ (L.7)

Once background-limited performance is reached, quantum efficiency, 7, is the only detector parameter that
can influence a detector’s performance. Depending on the nature of the interaction, the class of photon
detectors is further sub-divided into different types. The most important are: intrinsic detectors, extrinsic
detectors, photoemissive (Schotky barriers). Different types of detectors can be referred to reference Infrared
Detectors [32]. Figure shows spectral responsivity curves for a number of commercially available IR

detectors.
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1.2.3 Thermal detector

The second class of detectors is composed of thermal detectors. Thermal detectors represent a class of
detectors that operate based on the principle of converting incident radiation into a change in material tem-
perature. These detectors harness the resulting alteration in a physical property to generate an electrical
output. Unlike photon-based detectors, the signal in thermal detectors is independent of the photonic nature
of the incoming radiation. Instead, it hinges on changes in radiation power or the rate of change, making the
signal intensity the pivotal factor rather than the spectral content of the radiation. Typically, a thermal detec-
tor is constructed with the sensor suspended on legs that connect it to a heat sink. This setup ensures efficient
dissipation of heat, preventing thermal drift and maintaining stability in the detector’s response. Due to its
design, the detector’s response is not limited by wavelength; it captures incident radiation indiscriminately
across various wavelengths. This broad spectral response is facilitated by the ability to absorb radiation
using a black surface coating. Among the various types of thermal detectors, three primary approaches have
garnered significant attention and utility within the realm of infrared technology: Bolometers, Pyroelectric
Detectors, and Thermoelectric detectors.

The versatility and effectiveness of thermal detectors, particularly bolometers, pyroelectric, and thermo-
electric detectors, have made them invaluable in the field of infrared technology. Their ability to operate
across a wide spectral range and their sensitivity to changes in radiation power or rate change make them
indispensable tools in various applications, including thermal imaging, spectroscopy, remote sensing, and

industrial monitoring.
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1.3 Dissertation Outline

The work comprising this dissertation is arranged as follows:

* Chapter 1 introduces important feats in Infrared (IR) technologies and its development with Semicon-

ductor and Solid-state-physics.

* Chapter 2 discusses the theory of semiconductor materials for optoelectronics and delves into two

material systems with great potentials used in the following chapters.

* Chapter 3 introduces Black Phosphorus integration on Silicon photonic waveguides for optical detec-

tors and modulators

» Chapter 4 presents the experimental results of programmable photo-transistors using black phospho-

rus for theri unique optoelectronic functionalities and the application in novel computing

* Chapter 5 discusses III-V material based-phototransistor with unprecedentedly high gain and its ap-

plication to light-weighted night vision intensifiers

» Chapter 6 gives a summary of the work presented in this disseratation along with a discussion of

future perspectives.
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Chapter 2

Infrared Optoelectronic Materials

2.1 Direct Low-Bandgap Materials

With establishment of quantum physics and growing understanding of solid-state physics, semiconductor
industry has experienced exponential growth with variety of purified materials. Silicon has achieved no-
table success through its meticulous carrier doping and advanced nano-fabrication techniques, enabling the
creation of CMOS transistors at the atomic-molecular scale for accelerated electronic computation. Despite
these accomplishments, silicon’s inherent indirect bandgap limits its application in optical active devices,
such as on-chip lasers, efficient LEDs, and modulators. Furthermore, the bandgap confines silicon to the vis-
ible and a small portion of the Near Infrared Range (up to 950 nm), excluding it from the richer information

and opportunities present in the infrared spectrum.

Near Infrared (NIR) regime, spanning from 800 nm to 2 pm, holds significant value in applications such
as optical communication, subcutaneous and ophthalmological tomography, biosensing, optical computing,
and Light Detection and Ranging (LiDAR) [34}, 135136, 13"7]. Beyond this, Mid-Infrared (MIR) range, extend-
ing from 2 pum to 12 pm, boasts characteristic absorption lines that serve as unique fingerprints for chemical
and bio-chemical molecules, making it well-suited for chemical detection and biomedical characterization

(38,139, 40].

The bandgap of a material plays a pivotal role in determining its optical and electronic properties, thereby

influencing the performance of optical devices. Materials with a direct bandgap are particularly favored for
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optical transitions, and the bandgap energy must align with the wavelengths of interest. Black Phosphorus,
a 2-Dimensional material, exhibits a direct bandgap with tunable energy ranging from 0.3 eV to 1.6 eV,
dependent on its thickness. This characteristic renders Black Phosphorus highly versatile for achieving
optimal optoelectronic functionality in the Near Infrared (NIR) and Mid-Infrared (MIR) ranges [41]]. III-
V materials, derived from the third and fifth columns of the periodic table, boast a rich history of study
spanning decades. This extensive research has successfully identified various semiconductor compositions
within this class, enabling the development of LEDs, lasers, and photodetectors with direct bandgaps across
a range of bandgap energies.

This chapter centers on the exploration of two prominent optical materials: black phosphorus, as a
low-bandgap 2-D material, and InGaAsP, belonging to the III-V material class. A brief but comprehensive
analysis of the optical and electronic properties of these materials, derived from their atomic structures,
will be undertaken. Additionally, we will delve into strategic engineering approaches and methodologies
aimed at realizing specific application functionalities based on the unique characteristics of each material.
Furthermore, the investigation will extend to the integration of these materials in emerging technologies,
highlighting their potential impact on advancing optical devices and electronic applications in the following

chapters.
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Figure 2.1: Molecular Absorption lines spanning Near and Mid Infrared wavelength regime. Characteristic
spectral lines corresponding to vibration modes are considered to be "finger print" of certain molecules [42]
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2.2 Two-Dimensional Semiconductor

Atomically thin, two-dimensional materials, so-called 2D materials, offer vertical confinement of electronic,
phononic, and photonic system, being a platform for strong interaction between quantum particles. The
realization of graphene in 2004 with an unexpectedly easy method [3] expedited the progress and more
discoveries on 2D materials. Taking the monolayer transition metal dichalcogenides (TMDC) as an example,
the reduced dielectric environment in vertical direction contributes to a stronger excitonic response, the
optical absorption and photoluminescence (PL) are 2 orders of magnitude larger than the direct band-to-band
transitions [43]]. Different 2D materials vary in their electronic bandgap from insulating hexagonal Boron
Nitride (hBN), through semiconducting transition metal dichalcogenides (TMDC) and black Phosphorus
(bP), to semimetal materials such as graphene [44]]. These materials can cover very broad electromagnetic

spectral range from microwaves to ultraviolet as shown in Fig [2.2]

2.2.1 2D Materials with Light-Matter Interaction

The quantum confinement of 2D materials and consequent enhanced interaction with light serves a plat-
form for various nanophotonic engineering and research with novel phenomena and quasi-particles, such as
excitons [45] 46l 47]. Not only those unrepresented physical phenomena, can 2D materials’ light-matter in-
teraction extend its application to advanced photodetectors. Note that the family of 2D materials encompass
broad range of material with different physical properties, including bandgap, carrier mobility, and thermal
conductivity, etc. This allows for the creation of a completely autonomous next generation of optoelectron-
ics that relies solely on 2D materials, which can be chosen and tailored based on the unique requirements of

each application, such as sensitivity, speed, or wavelength spectrum coverage.

2.2.2 Emergence of Graphene Optoelectronics and Problems

Graphene, monolayer carbon atoms forming a hexagonal honeycomb lattice, is a gapless Dirac semimetal
material with ultrahigh mobility[3| 48| 49], being an appealing material for broadband photodetection from
terahertz (THz) to ultraviolet (UV)[50, 51} 152] and ultrafast technologies [53|154]. Graphene can also serve
as a transparent electrode whose work function is tunable due to linear dispersion of the Dirac electrons near

the K point. These superior properties of graphene drew huge attention in optoelectronic fields. Graphene’s
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high electrical conductivity combined with transparency makes it an ideal candidate for transparent elec-
trodes in optoelectronic devices like touchscreens, organic light-emitting diodes (OLEDs), and solar cells.
It outperforms traditional materials like indium tin oxide (ITO) in terms of flexibility and conductivity
[550156L I577]]. Graphene’s unique band structure allows for light emission in the terahertz range, potentially
revolutionizing communication and imaging technologies [58, |59]. Among many other optoelectronic de-
vices, graphene exhibits a broad spectral response, from ultraviolet to infrared wavelengths, enabling its use
in photodetectors. Its high carrier mobility allows for quick and efficient photoresponse [60, [61]].

Despite its promising potential, the integration of graphene into optoelectronic devices faces several
challenges. Graphene’s lack of an intrinsic bandgap restricts its use in some optoelectronic applications,
like light-emitting diodes (LEDs), where a bandgap is essential for emitting light efficiently. Also, the
bandgapless nature of graphene results in large dark current when it is used for photodetector, limiting
detectivity or sensitivity of the photodetector. While graphene’s properties are exceptional, tailoring them
for specific optoelectronic applications often requires modifications that might alter its intrinsic properties.

We will introduce and change our focus to black phosphorus with direct bandgap around 0.3 eV (tunable
with thickness) for infrared optoelectronic applications. Small but finite bandgap plays an important role in

IR photodetector and other optoelectronic applications.

2.2.3 Black Phosphorus and its Optoelectronic Properties

Black Phosphorus (bP) has regained scientific attention when a few research teams reintroduced it from the
perspective of a layered thin film material [41]] at the beginning of 2014. Black Phosphorus, the most ther-
modynamically stable allotrope of the phosphorus element, is emerging as a promising semiconductor with
a moderate band gap for nanoelectronics and nanophotonics applications [60]. Unlike in group IV elemetal
layered materials, such as graphene, silicene, or germanene, each phosphorus atom has five outer shell
electrons, with puckered orthorhombic crystalline structure which belongs to D%g point group () and
has reduced symmetry compared to its group IV counterparts. This results in unique anisotropic electronic
and optical properties. Also, black phosphorus possesses high carrier mobility, especially in its few-layer
or monolayer forms. This property is advantageous for electronic devices as it facilitates the rapid move-

ment of charge carriers, enabling high-speed electronic applications [62]. Combined with high mobility
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and strong light-matter interaction, bP is suitable for applications such as photodetectors and photovoltaic
devices. Its high light absorption coefficient allows efficient conversion of photons into electrical signals.
Figure [2.3]shows the band structure of bulk black phosphorus and its bandgap change with the number of
layers. Consequently, the electronic properties of black phosphorus, such as bandgap and carrier mobility,
are thickness-dependent. As the number of layers decreases, the bandgap increases, offering a means to

tailor its electronic behavior for specific applications.
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Figure 2.3: (a) Band Structure of bulk black Phosphorus mapped out by ARPES measurements. A band
gap around 0.3 eV is clearly observed. Superimposed on top are the calculated bands of the bulk crystal.
Blue solid and red dashed lines denote empty and filled bands, respectively. The direction of the mapping
are along U (L-Z) and T, as indicated in the first Brillion zone shown in Inset. Ey is the Fermi Energy. (b)
The evolution of the band gap calculated by different methods, and the energy of the optical absorption peak
according to the stacking layer number of few-layer bP. Reproduced with permission from
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2.2.4 Black Phosphorus for Infrared Technologies

Mid-Infrared (mid-IR) technology has drawn significant attention recently. Due to the increasing demands
for the wide branch of applications, including free-space communication, beam steering, bio-chemical de-
tection, and gas sensing [[63} [38]], varied novel photonic devices have been proposed where the high-speed
detectors and modulators are highly desirable. For the free-space communications, the atmosphere offers
several transparent windows in the mid-IR regime, mainly at 3-5 pm and 8-14 um. Moreover, the develop-
ment of mid-IR photonics will also benefit the research in chemistry and biology. Varied chemical molecules
and gases have strong vibration absorption in the mid-IR regime, which can be used as the identifiers for
the molecule identification and gas sensing. Although the mid-IR photonics has become crucial for the de-
velopment of optical communication and chemical sensing, the commercial devices for the mid-IR regime
still rely on the traditional bulk materials including InAsSb and HgCdTe which are usually high cost and un-
able to integrate with the Si photonic platform. As an alternative, the 2D materials such as bP and graphene
have already been demonstrated for the photodetection and electro-optical modulation in the mid-IR regime.
Especially, black phosphorus (bP) has the unique property that its bandstructure varies with the thickness
due to its strong interlayer coupling. In results, the bandgap of the bP is layer dependent ranging from
around 0.3 eV in the bulk to approximately 1.5-2.0 eV in monolayers (the corresponding optical wavelength
range is 0.62-4.3 um). Figure illustrates various optoelectronic application using bP. BP in Field effect
transistor (FET) geometry serves a tunable IR photodetector with high responsivity [60] and optical modu-
lators [66]. When combined with other 2D materials, bP-based heterostructure can extend its functionality;
BP/InSe heterostructure forms PN-junction, exhibiting avalanche breakdown, serving as mid-IR avalanche
photodetector [67]. Also, light emitting devices are also crucial application in optoelectronics. BP as an
direct bandgap material with 0.3 eV, plays a role as an LED whose wavelength peaks at 3.6 um, as shown
in Fig. [2.4 These versatile applications of bP suggest the importance of research and engineering based
on the material. With engineering the dielectric structure of field effect transistor, bP phototransistor with

programmability would be fabricated, characterized, and utilized to demonstrate smart image sensor.
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Figure 2.4: (a) Black Phosphorus in FET geometry used for IR photodetector (top) and modulator
(bottom)[|60} 66] (b) Heterostructure consisting of bP and InSe can exhibit avalanche effect and serve as
an avalanche photodetector. Bottom plot shows the avalanche photocurrent with 4 pm light and correspond-
ing multiplication factor [?]. (c) BP being direct low-bandgap material emits light in mid-IR regime by
fabricated as an LED [68]. The figures are rearranged with the permission from [60, 66} 67, 68]. Copyright.

Nature Publishing Group. ACS publication
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2.3 III-V semiconductor

III-V compound semiconductors have played a crucial role in the development of optoelectronic devices,
contributing significantly to fields such as photonics, telecommunications, and optoelectronic integrated
circuits. III-V compound semiconductors are materials composed of elements from Group III (e.g., Al,
Ga, In) and Group V (e.g., N, P, As) of the periodic table. Common examples include Gallium Arsenide
(GaAs), Indium Phosphide (InP), and Gallium Nitride (GaN). One key advantage of III-V semiconductors is
the ability to engineer the bandgap by selecting different combinations of elements. This allows the design
of materials with specific optical and electronic properties. Figure [2.3] shows the lattice constants and

bandgap of III-V semiconductors depending on its composition, enables lattice matched material growth

with minimal strains with bandgap engineering for various purposes.
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2.3.1 Compound Semiconductors

As mentioned above, the bandgap engineering is pivotal in optoelectronic applications. Compound Semi-
conductor is a term encompassing broad families of semiconductor materials formed by combining ele-
ments from different groups of the periodic table, creating compounds with unique electronic properties.
One prominent group within compound semiconductors is the III-V semiconductor family, composed of
elements from group III (e.g., gallium, indium) and group V (e.g., nitrogen, phosphorus) and II-VI semicon-
ductor family, composed of elements from group II and group VI (e.g., Zinc Sulfide, Cadmium Telluride,
Mercury Cadmium Telluride). Depending on bandgap engineered by selecting the combination of materials
in proper amounts, the wide range of photodetection with optimized efficiency is possible. Figure [2.6]shows
different applications depending on the bandgap. S. Nakamura first demsontrated blue LED using wide
bandgap compound semiconductor baed on InGaN. III-V materials’ bandgap lies between green light to
near IR light as shown in the middle of Fig. [2.6] II-VI materials’ application can be found in Mercury

Cadmium Telluride (MCT) detectors in focal plane array to image thermal radiation from an object [71].
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Figure 2.6: (a) First blue LED using wide band gap compound semiconductor. (b) Red and NIR (900
nm) LED made of III-V materials (in-house made by Seokhyeong Lee). (c) Thermal image taken by II-VI
compound semiconductor Focal Plane Array. Reproduced with permission from
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2.3.2 History of III-V Semiconductor

A brief history of III-V optical devices starts with GaAs and Optoelectronics in 1960s; The development of
Gallium Arsenide (GaAs) as a semiconductor material in the 1960s marked a significant milestone. GaAs
proved to be excellent for optoelectronic devices due to its direct bandgap and high electron mobility. Early
applications included light-emitting diodes (LEDs) and semiconductor lasers [[72, (73| [74]. In 1970s-1980s,
III-V semiconductors, particularly Indium Phosphide (InP), played a crucial role in the development of the
fiber optics revolution. InP-based materials were used to create high-performance optoelectronic compo-
nents such as lasers and photodetectors, enabling the expansion of long-distance telecommunications via
optical fibers [75} (76, [77]. Later on, the exploration of wide-bandgap III-V materials like Gallium Nitride
(GaN) gained momentum. GaN, with its applications in blue and ultraviolet LEDs, later became a key tech-
nology for solid-state lighting and high-efficiency light-emitting devices [78,(79,180]. Following years of late
1990s, advances in nanotechnology led to the exploration of quantum dots in III-V semiconductors. Quan-
tum dots, with their unique quantum confinement properties, found applications in areas such as quantum
dot lasers, single-photon emitters, and quantum information processing [[81} 82, |83]]. III-V compound semi-
conductors have become integral to the development of optoelectronic integrated circuits (OEICs). These
circuits integrate optical and electronic components on the same chip, enabling high-speed communication
and signal processing in a compact form. III-V semiconductors continue to be at the forefront of emerging
technologies. They are critical for the development of next-generation optoelectronic devices, including

those for quantum information processing, terahertz technology, and advanced imaging.

2.3.3 Future of I11I-V Semiconductor

The future of III-V compound semiconductors holds significant promise, especially concerning their inte-
gration into various technological realms. In electronics, III-V materials are seen as potential candidates
to extend beyond the limitations of silicon in advanced electronics. Their high carrier mobility and supe-
rior electronic properties could enable faster and more efficient transistors, potentially overcoming some
of the scaling challenges posed by silicon-based technology. In optoelectronics field, there’s a growing
interest in hybrid integration, combining III-V materials with silicon. By integrating III-V materials onto

silicon substrates, researchers aim to harness the advantages of both materials, enabling the creation of
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high-performance devices while leveraging the existing silicon manufacturing infrastructure. III-V semi-
conductors play a crucial role in enabling high-frequency and high-speed communication technologies. As
the demand for faster data transmission increases with technologies like 5G and beyond, III-V compounds
are likely to find expanded use in photonics and high-speed communication devices. Also, III-V materi-
als are central to the development of quantum technologies, including quantum computing, sensing, and
communication. Their unique properties at the quantum level make them promising candidates for building
qubits and other essential components in quantum information processing.

On the other hand, advancements in manufacturing techniques are essential to scale up the production
of high-quality III-V materials at a cost-effective level. Techniques such as molecular beam epitaxy and
metalorganic vapor phase epitaxy are being refined to achieve large-scale production [84, |85]. Integrat-
ing III-V materials with other semiconductor platforms requires overcoming challenges related to material
compatibility, thermal expansion mismatches, and interface engineering. Ongoing research focuses on de-
veloping techniques for seamless integration while preserving the unique properties of III-V compounds.
Moreover, cost remains a significant factor inhibiting widespread adoption. Efforts are ongoing to develop
cost-effective manufacturing processes and explore alternative substrates to make III-V technologies more
economically viable.

Apart from traditional applications in electronics and optoelectronics, III-V compounds are finding use
in diverse fields such as sensing technologies, biomedical devices, and even in emerging areas like flex-
ible electronics due to their unique properties and performance advantages. Overall, the future of III-V
compound semiconductors is promising, driven by ongoing research efforts aimed at enhancing their inte-
gration, improving manufacturing techniques, and exploring novel applications across a wide spectrum of

technological domains.
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Chapter 3

Waveguide integrated Black Phosphorus

mid-IR modulator and photodetector

E]Black Phosphorus (BP) exhibits distinctive optical characteristics that have found extensive application
within various optoelectronic domains. Leveraging its pronounced tunability in optical absorption and
layer-dependent band structures, BP facilitates highly efficient and wide-ranging optical photodetection and
modulation spanning the spectrum from visible to mid-infrared (mid-IR) wavelengths. Despite rapid ad-
vancements in integrated mid-IR technology, driven by escalating requirements in optical communication
and molecular sensing, prevailing mid-IR devices predominantly rely on bulk materials, presenting compati-
bility challenges with Si-photonics platforms. In this study, we present a novel integrated mid-IR modulator
employing black Phosphorus, seamlessly integrated with a Si-waveguide. The modulator operates under
the influence of the gate electric field, enabling the achievement of substantial optical modulation depths.
Experimental results demonstrate an optical modulation depth of 8 dB/mm, while simulation models project
a modulation depth as high as 61 dB/mm. This integration signifies a crucial advancement towards bridging
the gap between mid-IR functionalities and Si-photonics, potentially unlocking a new paradigm for mid-IR

device engineering and application in integrated optical systems.

!Contents in this chapter include modified figures and descriptions from [86]], with permission. Copyrights 2022 Ruoming Peng,
University of Washington.
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3.1 Introduction

Mid-Infrared (mid-IR) technology has drawn significant attention recently. Due to the increasing demands
for the wide branch of applications, including free-space communication, bio-chemical detection, gas sens-
ing, and astronomic distance galaxy detection/studies [87, 88, |89], varied novel photonic devices have been
proposed where high-photodetection ability and modulation depth and speeds are highly desirable. For the
free-space communication, the atmosphere offers several transparent windows in the mid-IR regime, mainly
at 3-5 pm and 8-14 um. Moreover, the development of mid-IR photonics will also benefit the research
in chemistry and biology since various chemical molecules and gases have strong vibration and rotation
absorption in the mid-IR regime, so-called molecular finger print regime. Although the mid-IR photonics
poses crucial importances with useful applications, the conventional mid-IR devices still rely on the brittle
compound semiconductors including InAsSb and HgCdTe which are costly and difficult to be integrated
with Si-photonic platform. As an alternative, the 2D materials such as bP and graphene have demonstrated
their seamless integration and compatible fabrication processes for photo detection and electro-optical mod-
ulation in the mid-IR regime. Especially, bP has advantages of its moderate band gap and its thickness
dependence, giving direct bandgap ranging from 0.3 eV in the bulk to 1.5-2.0 eV in monolayer (the corre-
sponding optical wavelength range is 0.62-4.3 pm). When alloyed with arsenide (black-AsP), it can further
shrink the bandgap and extend optical wavelength range up to 8.5 pm with high concentration doping of
arsenide [90, 91|, covering wide transparent windows in mid-IR regime. Moreover, bP’s high mobility for
both carriers even at room temperature (1000 cm?/(Vs)), suggests its candidacy in high speed electronic and

optical devices.

3.2 Mechanisms for Electro-optical Modulation

3.2.1 Quantum Confined Franz-Keldysh Effect

Semiconductors under the influence of the electric field exhibit the changes in the band transitions, also
known as Franz-Keldysh (FK) effect [92]. This effect is first observed in the CdS crystal where the opti-
cal absorption around the band edger was extended to longer wavelength, indication of the decrease of the

bandgap. The physics behind this phenomenon is the finite overlap between the electron and hole wave-
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functions each of which extends into the gap region due to the large applied electric field. The applications
of FK in bulk semiconductors can be found in the electro-absorptive modulators using SiGe, GeSn, and
InGaAs integrated on Si platforms [93] 94, [95]]. Atomically thin 2D materials show more significant field
modulation with added vertical confinements. Black Phosphorus, being a 2D material, will form the vertical
quantum well and induce the discrete energy levels denoted as Ecl, Ec2 ... and Evl, Ev2 ...[?]. From the
theoretical calculation, the bandgap of the bP will decrease as we increase the electric field as it has been
demonstrated that a large built-in field induced by layers of potassium atoms can even close the bandgap and
form an anisotropic semimetal state of black Phosphorus [96]. According to the first principle calculation,
the conduction band and valance band will touch at the field strength of 4.5 V/nm. With even larger field
applied, bP can have topological phase where the band inversion will occur. Although those extreme cases
of band deformation are not used, the quantum confined Franz Keldysh effect (QCFK) is still interesting
and useful phenomenon for optical absorption modulation. In addition to the red shift of the absoprtion edge
with induced electric field (FK effect), the discrete energy level due to the vertical confinement will also
contribute to the effect of the field modulation. Considering the flat band condition, the split energy level
such as Ec1, Ec2... and Evl, Ev2 ... can only be accessed with the same band indices due to the symmetry of
the wavefunctions. For example, transition between Ec1 and Ev2 is forbidden becasue the wavefunctions of
them are orthogonal with each other resulting in total transition probability of 0, whereas the transition be-
tween the same indices, such as Ec1 and Ev1 have finite wavefunction overlap, and corresponding transition
moments. However, the applied electric field can perturb the wavefunction in the perpendicular dimension
(z in Fig. [3.I). As a result, the optical absorption in few-layer bP will also change becoming the key
principle for our electro-optic modulation. Considering p-doped nature of bP, the material has initial band

bending due to the built-in field of the flake as shown in Fig.

3.2.2 Burstein-Moss Effect

The Burstein-Moss effect is a change in bandgap of the semiconductor resulting from band filling, according
to Pauli’s exclusion principle. By applying an external gate voltage, the increase of charge carrier density
reduces the available unoccupied electronic states, leading to decreased optical transition probability. Figure

[3.2] shows the band diagram explaining the prohibited band transition with elevated Fermi level [97]).
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Figure 3.1: Schematics of enegy band diagram of bP under three bias conditions: Vg <0, Vg =0, Vg >
0. The colored-dash lines mark the energies of each sub-band and the solid lines depict the wave function
in each sub-band. The black dotted line marks the Fermi level. The red/gree/yellow vertical arrows show
possible transitions that can contribute to the modulation level extrema.
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Figure 3.2: The bP-PPT array is capable of multispectral infrared imaging and is programmable for in-
sensor computing. The array can be programmed remotely using optical control signals and locally using
electrical gate voltages.
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3.3 Numerical Simulation for Integrated Black Phosphorus Modulator

The complex refractive index of black Phosphorus (bP) can be extracted from the free-space transmission
measurement results [[66]]. The bP devices can be considered to be stacked multilayers shown in Fig.

[3-3[(a). By importing the refractive index of each layer, we can construct the transfer matrix for the material

interface (M) and the optical propagation (P).

1 |tigter —rigro1r 721
M= 3.1)
t1 —T12 1

P= | (3.2)

By applying the transmission spectrum of the devices shown in Fig. [3.3(b), the extinction coefficient of
the bP thin film at different gate voltages is extracted. The shaded area here in the figure corresponds to
the transparent windows in the mid-IR regime. The extinction coefficient of bP in this range is strongly

modulated by the electric field becoming useful for free-space communication applications.
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Figure 3.3: Simulation of the integrated bP devices. (a) Schematic structure of the free-space devices.
Considering the multilayer structures, the extinction coefficient can be calculated from the transmission
spectrum. (b) The calculated extinction coefficient of the bP thin film at different gate voltages. The optical
absorption of bP is strongly modulated by the electric field especially in the optical spectrum range around
0.38 eV. (c) The simulation of the waveguide integrated device. The anisotropy of bP has been included in
the simulation that the TM mode of the waveguide has a large mode overlap with bP thin film.

Considering this strong modulation of bP properties, we simulate the integrated bP-waveguide devices.

We design the Ridge waveguide structure; the width is 1.6 gm with a total height of 600 nm. Considering the
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anisotropic property of BP, the armchair direction of BP is aligned with the Ez component of the TM mode
in the waveguide, which we expect most interaction with the mode of the waveguide, and more modulation
could be achieved. We construct the anisotropic matrix of BP and simulate the absorption of the fundamental
TM mode as indicated in figure 3.4 (c). With the electric field ranging from -0.3 V/nm to 0.3 V/nm, the
modulation depth can reach 40 dB/mm. the integrated bP devices show improved performance compared
to other types of materials with integrated photonic platforms including graphene, Ge-Si, GeSn/SiGeSn
MQW, Si free carrier absorption[?, 98], 99 [100| [101]]. Also, by adopting the sandwiched photonic design
for the graphene integrated devices, the modulation depth can be further enhanced. Among varied types of
2D materials, bP integrated devices have the strongest modulation with very low loss in the mid-IR region.
According to the simulation of the waveguide integrated bP devices, 5 dB modulation with less than 1 dB

insertion loss can be realized with 90 pum bP which meets the requirements for commercial applications.

3.4 Measurement Schematics

To measure the optical modulation of the integrated bP devices, the butt coupling setup is then introduced
which can support the broadband transmission with high coupling efficiency. We used a mid-IR optical
parametric oscillator (Firefly-IR, M Squared) as the light source outputting in the spectral range of 2.5-3.7
pm. As shown in figure 3.5, the tunable mid-IR light is coupled to mid-IR fiber which is connected to the
end of the waveguide devices. To increase the coupling efficiency, the inverse tapered structures at the end
of the waveguide are used to overcome the mode mismatching between the fiber and the Si waveguide. With
the help of this tapered structure, the mid-IR light can be efficiently coupled from fiber to the waveguide
and propagates through the bP devices. Then the light is collected by another mid-IR fiber connected with
a photodetector for the transmission measurement. According to the SEM image of the device, the end
of the taper is around 150 nm which will have the divergent mode profiles close to our mid-IR fiber. For
the particular device, the optical transmission is calibrated which has transmitted signal several magnitude

orders larger than the noise
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Figure 3.4: Measurement Schematics (a) The setup design for the photodetection and modulation measure-
ments of integrated bP device. The phase retarder with a polarizer is used to control the output polarization
of fiber to be aligned with the TM mode of the Si waveguide. (b) The optical image of the inverse tapered

structures. Inset: SEM image shows the zoom-in feature of the tapered end where the width of the tapered
end is about 150 nm
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3.5 Integrated Black Phosphorus mid-IR Detector

To characterize the device performance of bP devices, we first apply the bias voltage to measure the pho-
tocurrent when incident the mid-IR light. By scanning the optical wavelength, we measure the photocur-
rent/responsivity spectrum of the bP devices at bias voltage 0.2 V. From the responsivity spectrum of the
bP device, there are three resonances which are corresponding to the band transitions of the bP thin film.
Considering the 14-nm bP thin film, there are four possible band transitions located within our light source
range. According to the band transition diagram shown in fig. [3.3](a), the first and third responsivity peaks
are related to E11 and E22 transitions, while, the hybrid transitions of E12 and E21 cause the small bump
in between. These hybrid transitions should be symmetry forbidden. However, the initial doping and band
bending inside bP break the symmetry and enable the hybrid transitions. Here, we demonstrate an integrated
bP photodetector for mid-IR applications with external responsivity up to 2.5 mA/W. At a certain wavelength
(A=3 um), the power-dependent optical response of integrated bP devices is characterized. The photocurrent

of bP devices shows the linear dependence with the incident power which is crucial for photodetection.
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Figure 3.5: Integrated bP device for photodetection (a) The responsivity spectrum of bP photoresponse.
There are three resonances in the responsivity spectrum which are corresponded to the subband transitions
of bP thin film. (b) The power-dependent photocurrent measurement of integrated bP device. The device
can achieve the photodetection at sub W regime.
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3.6 Integrated Black Phosphorus electro-optical Modulator

We demonstrated the broadband mid-IR modulator by integrating the bP with Si waveguide and character-
ized the modulation depth of the integrated device. For the gate modulation, we connect the gate electrode
with the Si rib waveguide. As the gate voltage is applied, the electric field will be formed through the Si
to modulate the bP thin film. Considering the high-k dielectric layer (AlOx), the optical absorption of bP
is efficiently modulated, and consequently, the transmission of the integrated bP device is modulated by the
external electric field. The 2D plot in fig. [3.6](a) shows systematic measurement results of the modulation
level when both wavelength A\ and gate voltage Vg are continuously scanned. The modulation M always

refers to the transmission when the gate voltage is 0 V: M = [T'(V,) —T'(0)]/T(0) = AT/T(0). According
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Figure 3.6: Integrated bP device for optical modulation. (a) The measurement schematic for the integrated
bP device. This device can be operated as both the photodetector and modulator. (b) The modulation level is
measured as the function of the wavelength and applied gate voltage, featuring the max modulation of about
8 dB/mm. (d) Measured modulation at gate voltage +10 V, the device shows broadband modulation in the
mid-IR range from 2800 nm to 3400 nm

to the modulation results, the transmission of the devices is depending on the applied gate voltage. At a cer-
tain wavelength, the modulation depth is up to 8 dB/mm. For characterization, we extracted the modulation
of the transmitted signals at two different gate voltages (10 V). As shown in fig. [3.6](c), the bP device
shows a broadband modulation from 2800 nm to 3400 nm. The reason that measured modulation is weaker
than the simulation, can be explained by the fact that the gate voltage induced through the intrinsic Si back
gate cannot efficiently modulate the bP. With more efficient gate control such as ionic liquid, the modulation

depth can be further enhanced. Also, the waveguide region of the device is not a perfectly flat substrate that
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| EOMaterial | Max MD (dB/mm) | Wavelength (um) |

Si (free-carrier) 0.5 2

Graphene (Sim.) 8.2 2.05-2.45

Graphene (Exp.) 7.8 2.05-2.45
BP (Sim.) > 40 3-34
BP (Exp.) 8 2.8-3.4

Table 3.1: Overview of the mid-IR Electro-absorptive modulators

induces the inhomogeneous broadening of transition resonances and significantly degrades the performance
of the bP modulator. The more careful planarization method such as the Chemical Mechanical Polishing
(CMP) and the device geometry with the top gate electrodes can contribute to the stronger modulation re-
sults. Although the modulation is relatively weak compared to the simulation results, the modulation depth
measured in our integrated bP device is already comparable to the graphene mid-IR modulator (sandwiched
in the ChG waveguide)[102]. As shown in Table @ the modulator device based on the free-carrier absorp-
tion of Si only has a modulation depth of about 0.5 dB/mm which is much smaller than the results measured
in the integrated bP device.

To compare with the other integrated modulator devices, our bP devices already show improvement
in the modulation depth. The current performance is still below the early simulation results or other theory
predictions, 40 dB here, there is much freedom we could improve in this system by optimizing the fabrication
process and protecting the bP from degradation. The integrated bP devices show advantages over other types
of optical modulators that the footprint of the modulator can be further reduced with a similar modulation

depth.

3.7 The Integrated platforms for high Modulation Depth

Considering the waveguide integrated devices, the modulation is far below the simulation results. There
are a few problems with these waveguide devices. First, only the evanescent field is leaked into BP, the
light-matter interaction is very small. As result, it requires a 180 um long device to achieve enough mod-
ulation. Secondly, the etched waveguide region must be planarized for the following transfer process of

BP. Typically, the SiO2 is deposited to fill the etching region and planarize the device. However, the ther-
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mal evaporated SiO2 is very lossy in the mid-IR range and causes additional internal loss in the waveguide
devices. The last but most important thing is that the planarized region cannot be perfectly smooth, the trans-
ferred BP on this region will be very ununiform. This will degrade the optical property of the BP because

2D materials are very sensitive to the surface interactions and the local strain.

3.7.1 Multi-pass Waveguide Design

Considering the exfoliation of the bP flake, it would be challenging to achieve >100 pm size device. With
the flake size of 50 pm, the interaction length would be limited which results in a small modulation depth.
Fortunately, by taking the advantage of Silicon photonics, enough modulation depth can be achieved within
a 50 pm x 20 pm footprint. By designing the multi-pass waveguide as shown in figure the light would
propagate through the device with 5 passes. According to our simulation, 5dB modulation depth with less

than 1 dB insertion loss can be achieved in this multi-pass waveguide device.

3.7.2 Ionic Liquid for stronger Field modulation

As discussed above, the waveguide device suffers the weak back gate modulation due to the intrinsic silicon.
Also, the atomic layer deposition of AlOx for the gate and material protection will add additional insertional
loss to the waveguide device. With the complicated fabrication process, the bP thin film will expose more
to the ambient condition which can degrade the optoelectronic properties of bP. To achieve the stronger
gate modulation, the ionic liquid(iL) BMIM-BF4 is deliberately chosen for ambient and room temperature
measurement because it is reported that the air degradation of BP thin film can be protected for tens of days
in the air by directly applying the iLL on the BP flake[[103]]. The applicable voltage window of the iL is from
-1 V to 1 V which can modulate the carrier concentration of the thin film in the order of 10!3/cm?. It can
achieve more than 10 times of the modulation range by using the AlOx dielectric layer.

The electrical characterization of the test il device shows a strong gate modulation of bP conductivity
with a bias voltage of 20 mV (Figure [3.7). The IV characteristics indicate the effective doping of bP by
ionic liquid with an on-off ratio over 1000 and the charge neutral point at 0.3 V. The modulation of optical
transmission for the iL. device was demonstrated with more than 10 dB/mm and a wide spectral range from

2950 nm to 3150 nm.
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Figure 3.7: Characterization of the iL-gate devices. The optical images of (a) the multi-pass waveguide
and (b) the bP-integrated waveguide. BP is indicated with the red-dashed line. The green square region
is planarized with SiO2. Scale bar: 20 um. (c) The cross-sectional schematics of the il.-gate device.
Inset: Field-effect modulation of BP conductance. (d) Transmission changes normalized to that of zero gate
voltage scanned around 3-um at different gate voltages. The maximum modulation occurs as 10% at 2.98
pm between gate voltages of 1 and 0.5 V.

3.7.3 Plasmonic waveguide for enhanced light-matter interaction

To further enhance the performance of the optical modulation, the plasmonic nanogap geometry is also
introduced. A more compact footprint and higher modulation depth can be achieved by using a metal-
insulator-metal plasmonic waveguide (MIM-WG) structure because of its strong field enhancement, which
increases light-matter interaction[104]]. The plasmonic guided mode for 3.3-pm light is simulated with FEM
with and without BP integrated on top of the waveguide, according to the geometry shown in Figure [3.§]
(a) with the varying gold thickness (t;,,) and slot width (wg;,). The refractive index (n) and anisotropic
extinction coefficient (k) of BP are cited from reference[104]. After the plasmonic mode is simulated, the

absorption coefficient (dB/um) is calculated from the imaginary part of the complex effective mode index.

The modulation strength is calculated from the change of the absorption coefficient when assuming the
extinction coefficient of BP is modulated between 0.3 and 0.05. The results show that only 5 ym long MIM-
WG with 20 nm slot width and 20 nm gold thickness is sufficient to achieve 5 dB modulation depth (M).
However, as the gap size and thickness of gold reduces, the insertion loss also increases. To optimize for a
high modulation depth (M) while minimizing the insertion loss (IL), we define a figure of merit (FOM) as:
FOM=M/IL with the restriction that M>5 dB and device length less than 10 pm. With these conditions, we

find 50-nm thick gold is optimal for achieving M=5 dB, IL=2.5 dB with a BP flake of 8 ;sm long.
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Figure 3.8: Integrated plasmonic devices for enhanced optical modulation (a) Schematics of MIM-WG
simulation. Scale bar: 40 nm. The electric field is highly confined near the edges of gold and BP nearby,
enhancing light-matter interaction. (b) The modulation strength, defined in the main text, is calculated
with varying gold thickness and slot width. (c) Figure of Merit, defined in the main text, considering both
modulation depth and insertion loss

3.8 Conclusion and Outlook

To summarize, we have demonstrated the waveguide integrated bP photodetector and modulator for the mid-
IR applications. For the photodetection, a broadband photoresponse is demonstrated with the responsivity up
to 2.5 mA/W. Meanwhile, we achieve the optical modulation with the modulation depth of 8 dB/mm in the
experiment and 40 dB/mm based on the simulation. We believe that the large modulation predicted by our
simulation is promising as we introduce the top gate geometry to achieve more efficient grate control and also
planarize the waveguide region to reduce the inhomogeneous broadening of bP optical resonances. By taking
advantage of the novel photonic design such as plasmonic waveguide, and photonic crystal structures, the
modulation depth can be further enhanced which can easily meet the criteria for the commercial applications.
The above results for the simulation and experiment of the integrated bP device indicate that bP has great

potential in mid-IR photonics, especially for broadband photodetection and optical modulation.
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Chapter 4

In-sensor computing using Programmable

Black Phosphorus Phototransistor

E]Electrostatic gating to modulate the electrical and/or optical properties of semiconductor is well-documented
knowledge that is widely used in academic and industrial scenes. 2D materials, thanks to their drastic mod-
ulation of the electrical and/or optical properties compared to traditional 3D semiconductor materials, are
considered promising materials for faster and smaller electronics and opto-electronic applications. Black
phosphorus, among 2D materials, has unique advantages that it has direct bandgap tunable from 0.3 eV to
2.0 eV depending on its thickness, high electron/hole mobility, and broadband optical bandwidth. Leverag-
ing its broadband infrared responses, arrays of bP photodetectors can be utilized for multispectral imaging,
which acquires spatial images with spectral information. Multispectral imaging combined with artificial
neural networks (ANN) has become a powerful tool for biomedical imaging [38]], fresh food classification

[65]], and surface damage detection on industrial sites [106].

"The contents in this chapter are adapted with permission from: Lee, S., Peng, R., Wu, C. & Li, M. Programmable black
phosphorus image sensors for broadband optoelectronic edge computing. Nature Communications 13, 1485 (2022)[105]. Copyright
2022 The authors. Nature Publishing Group
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4.1 Introduction

4.1.1 Remote Programmable Infrared Vision Processor

With the explosive growth of data generated from miniaturized sensors, cameras, texts, and information
in daily life, the importance of data processing at close vicinity of each sensor is drawing attentions[[107,
108]]. To overcome the data bottleneck from the serial processing of Von Neumann architecture, in-memory
computing for parallel processing that combines memory elements and computing units at the same place
is proposed[?, [109]]. The advantages of the in-memory computing are large reduction of data traffic of
redundant data, and relaxed communication delays between edge devices and a remote powerful computing

center.

* Conventional computing architecture
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Figure 4.1: The difference between conventional Von Neumann computing architecture and in-sensor com-
puting scheme. Pre-processing data at edge device significantly reduces the data loads as well as latency.

The preprocessing conducted at the edge devices is analogous to the human vision system, encompassing
not only eyes and photoreceptors but also optic nerves and the brain to form an efficient vision processing
system, as illustrated in Fig. [.I] The emerging concept of in-sensor computing, involving preprocess-
ing at the sensor end, has garnered attention through numerous research endeavors and demonstrations
[110, [111]. This chapter demonstrates the in-sensor computing paradigm incorporating two fundamental

components, namely an optical image detector and a subsequent processing unit, seamlessly integrated on
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a unified platform utilizing the black phosphorus phototransistor (bP-PPT). The programmable photode-
tector array exhibits the capacity to preprocess an image upon its acquisition by dynamically adjusting the
responsivity of each pixel. By incorporating a parallel computing processor, this arrangement enables more
sophisticated neural network computations. The optically programmable bP-PPT provides the added bene-

fits of simultaneous parallel programming of individual pixels and remote programmability, as depicted in

Fig. B2

Optical Image

Sensory

Classification

In-sensor Electronic
processing CNN

@ Remote Programming

Figure 4.2: The bP-PPT array is capable of multispectral infrared imaging and is programmable for in-
sensor computing. The array can be programmed remotely using optical control signals and locally using
electrical gate voltages.

4.2 Device Structure and Working principle

The field effect transistors made out of black phosphorus (bP) thin films with various geometries from
different groups have revealed the strong electrical/optical tunability with gate electric field. For electrical
conductivity, black phosphorus has large on-off ratio of 10° with a high mobility for both electrons and holes
with 1000 cm?/Vs in room temperature and 10° cm?/Vs in cryogenic temperature [63]. Multiple research
groups have extensively explored and managed the optical properties of black phosphorus across a wide
wavelength spectrum, spanning from visible to Mid-IR. The manipulation of both electrical and optical
characteristics is achieved through gate geometry modulation. The bP-PPT device is engineered with a
dielectric stack composed of AloO3/HfO2/Al2O3 (AHA), allowing programmability by storing charges in

the hafnium oxide layer (Fig. [4.3]a). Indium-tin-oxide (ITO) serves as the transparent top gate electrode,
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providing optical access to the bP-PPT. The band alignment of multiple layers in the device is depicted
in Figure {.3|c. The layer structure and material selection are designed to enable tunneling of charges
(electrons or holes) from the bP channel through the thin AloO3 barrier layer, storing them in the HfO2
layer and effectively modulating the bP channel through field effect. The electron affinity difference between
Al>O3 and HfO2 (X a1,0,=1.5€V, X1 r0,=2.5eV) creates a high tunneling barrier for the retention of trapped
charges. The energy difference between the stored charges and the conduction band of HfO, determines the
storing energy to be 1.25 eV, allowing optical control of the stored charges. Visible light (A <0.992 pm) can
remove the charges, whereas infrared light in the telecommunication band or longer wavelengths cannot. An
optical image of the 4 x 3 array of bP-PPT devices, fabricated from a single bP flake with 11 nm thickness, is
shown in Figure {.3]b. The collective measurement results of the source-drain current (I5) over gate voltage
(V@) sweeping are displayed in Figure d. The hysteresis loop in the Ids—V curve, with a substantial
memory window of 25 V in Vg, reflects the injection and storage of charges during the Vs sweep. The high
charge storage density ensures effective control of the electrical conductance of the bP-PPT, achieving an
on/off ratio > 200. Notably, the array exhibits excellent uniformity, with inter-device variation in the on/off

ratio among nine devices being less than 8 % (inset, Figure [4.3]d).

4.2.1 Fowler-Nordheim Tunneling model

The working principle of the bP-PPT device can be modeled by the Fowler-Nordheim tunneling (FN tunnel-
ing), which explains the charge trapping and de-trapping mechanism by electrical and optical control, whose
measurement result will be discussed in the following section. Here, rigorous analytic approach is taken to
model the behavior of BP-PPT devices. Fig. [.4] depicts the band alignment of the bP channel, Al,O3
tunnel layer, and HfO, charge storage layer. When a sufficiently large voltage is applied to the top ITO gate,
the large electric field across the tunneling layer can lead to the FN tunneling. A tunneling current will be
injected into the HfOs trapping layer, where charges are trapped at trapping sites with energy in the bandgap
[112]]. After the applied gate voltage is removed, these metastable trapped charges remain in the HfO layer
and induce effective gating to the bP channel, modulating its optical and electric properties. Fig. [§.4b
illustrates the band diagram under the built-in electric field by these trapped charges. Under optical illumi-

nation, the trapped electrons can be excited and escape from the trap site to tunnel back to the bP-channel,
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Figure 4.3: bP-PPT device working principle. (a) the graphical schematics of bP-PPT device. (b) The
optical microscopic image of 4 x 3 array of bP-PPT devices. Light Blue square indicates a bP channel
patterned in a rectangle. Scale bar: 10 um. (c) The band alignment of bP-PPT devices. (d) Collective gate
swept IV curve of bP-PPT devices with large memory windows and on-off ratio. Inset: histogram of on-off
ratios.
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facilitated by the built-in field as in Fig. [.4]b. The amount of tunneling charges can be precisely controlled
by the optical power and pulse duration to realize 36 intermediate states. The electric field distributions
with and without gate voltage are depicted in Fig. [{.4]c and d, for different charge densities in the charge
storage layer (long-dashed line, short-dashed, and straight lines for the highest, moderate, and no charges,
respectively). To estimate the electrical programming/erasing speed and optical programming speed, we
calculate the FN tunneling current with a triangle barrier of bP/AHA/ITO device. The quantum tunneling
transmission function TC(¢) is first calculated using the Wentzel-Kramers-Brillouin (WKB) approximation,

and is given by [62],[113],

1c© = e (2 [ VamaVE - g ar) @)

where t,,; is the thickness of the tunneling layer (Al2O3), m,, is the effective mass of the carriers in the
tunneling layer, V(x) is the potential function of the triangle-barrier, and £ is the energy of incident carriers
referenced to the Fermi energy of the electrode. When the gate voltage is applied, the electric field across

the tunneling AloOj3 layer is calculated using the capacitor model:

01 o1 o1 +o0og o1+tog
Vo = Lty + ¢+ 1oty o — thyy) + ——— 104, (4.2)
€Alo €Hfo €H fo €Alo
1%
By — i _ Q1T 9HfO (4.3)

tinl €ALo

where 01, oo, are the charge density at the interface between the gate electrode and the blocking
layer, and the charge density stored in the HfO» layer, € 4;0, € o are the dielectric constant for Al3O3 and
HfO2, tini, tr o0, teie and t},,. are the thickness of tunneling layer, charge storage layer, blocking layer, and
the position for the barycenter of the stored charge, respectively. We assume the charge density is uniformly
spread in the HfO5 layer so that the barycenter is assumed as the center of the HfO5 layer. Accordingly, the

tunneling current through the tunneling layer can be estimated as [[113]]:

3
Meq 9 4/ 2mop (
Jpy = ———F - q®,3/2 4.4
EN 8mmezhq®p % exp< 3hqFEoy 1253/2) @4

where gq,h,m., and @ are electron charge, Planck’s constant, electron mass, potential energy barrier at
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the bP and Al2 O3 interface, respectively. The stored charge density in the H fO> layer (o r0, (1)) (negative
for electrons and positive for holes) is the integration of the tunneling current density over the operation time
t,

t
oHfo,(t) = /0 Jen(t) dt’ 4.5)

The stored charge density after the programming by gate pulse can induce the effective gating to the
bP-channel. Meanwhile, those stored charges in the HfO- layer can form the built-in electric field across
the tunneling layer and cause the charges leakage to the bP channel. The tunneling current of the leakage
process depends on the tunneling coefficient and the carrier density regarding the process, which can be

described by Tsu-Esaki formula [[114]:

o dNstored 9 fmaz
Tea = —g et — A [ TC(€)9(6)1(6) de 6

gmin

where g(£) and f() are the density of state of charge carriers and distribution function, respectively. For
simplicity, we assume charge trapping in HfO» is dominated by one type of traps so simplify g(¢) with delta
function, g(§) = Nstoredd(§ — Erap)- f(§) is Fermi-Dirac distribution function. Then, since the tunneling

coefficient depends on the built-in field and the stored charge density, we have:

_ dnstored

dt OC{TC(gtrapy Ebuilt(nstored)) * Ngtored + TC(fth, Ebuilt (nstored)) * Nth
4.7

+ Tc(goptv Epyire (nstored) * nopt}

where the first and second terms of the right-hand side are related to the leakage process without any external
illumination. The first is the direct tunneling due to built-in field from the traps of the stored charges and
the second term is thermally excited charges from traps to conduction band with energy &, and contributes
to tunneling. In the third term, we also consider the optical excitation of the stored charges with the photon
energy /w and the excited electron energy §opt = hw + &trap, Which are related to the tunneling coefficient
TC, while the stored charge density in the storage layer also affects the built-in field that assists the tunneling

process.

From equation , the stored charges can screen the effective electric field in the tunneling layer.

Hence, the FN tunneling current is suppressed with increasing density of stored charge, which we calculate

61



Energy (eV)

Energy (eV)

-15

-20

-15

-20

E field

bP AlO3 HfO2
;-J 1I5
Z (nm)
E field

Z (nm)

Energy (eV)

Energy (eV)

-10

Built-in E field

bP AlOz HfO: Al20s ITO
1 M 1 " 1 " 1 1
10 20 30 40 50
Z (nm)
Nstored (Cm_z)
- — = 15x10%
------- 5 x 1012
— 0
4 1=~
- / ~ -
[P "L"""-~~--_\__\
- T
L : I
V T~
7 T~
2 /.- el > <
bP  AlLOz HfO: Al203 ITO
1 L | L ] L | 1
10 20 30 40 50
Z (nm)

Figure 4.4: The working principle of programming and erasing of the bP-PPT. (a) Band diagram of
bP/AIO/HfO layer when 18 V top gate voltage is applied. Electrons from bP tunnel into HfO5 layer and are
trapped below the conduction level. (b) Band diagram of AHA charge storage layer with a charge density
of 1.5 x 10'3¢m =2 in the HfO, layer without top gate voltage. Trapped charges can optically be excited
and removed from the charge storage layer. (c),(d) The band alignment changes with the trapped charged
density with (c) and without (d) the top gate applied. Long-dashed line, short-dashed line, and straight line
refer to charge density of 1.5, 0.5 and 0 (}3c¢m—2), respectively.
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and plot in {.5p. The initial programming of conductance of the bP-PPT channel requires 10s of ms gate
pulse to saturate the charge density in the trapping layer as shown in Fig. [4.5b. Different gate voltages and
pulse time are considered, which result in the different conductive states as shown in Fig. @ The shorter

pulses on the order of us can be used to program the devices in smaller steps of conductance.
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Figure 4.5: The electrical programming speed (a) The FN tunneling versus the trapped charge density in
the storage layer with different top gate voltage V. (b) Different charge densities in the storage layers
depending on the pulse duration. Inset: Zoomed-in plot of (b) with shorter pulses.

For optical programming, we used optical pulses of ms duration in our experiment. But based on the
theoretical analysis, the programming speed can be increased with ns s optical pulses, depending on the
pulse intensity and photon energy. Mechanisms of detrapping of the stored charges in the HfO9 layer
include field-assisted tunneling, thermally excited charge tunneling, and optically excited charge tunneling
as indicated in equation [4.8] Without the gate voltage, the tunneling coefficients for the first two mechanisms
are negligible compared to the optically excited tunneling coefficient as shown in Fig. [f.6] Because the
trapped charges have to overcome the large tunneling barrier with ® g, the charge tunneling process can be
activated with optical illumination, which reduced the effectivd barrier to ® 5 — hw. The optically assisted

tunneling process can be described as:

dngtore
_#d 08 Tc(goptv Byt (nstored)) * Nopt = Tc(goptu Ebuilt(nstm"ed)) * (G(Popt) * t) (4.8)
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where G is charge generation rate due to the optical illumination, which is assumed to be proportional
to the optical power P,,;. To solve this nolinear differential equation, we assume the conductance of the bP
channel is in the range of 30-80 1S, which corresponds to the stored charge density of 4 - 12 x102em 2.
Also, we approximated the analytical function of TC with an exponential function and only considered the
trap site with 1.25 eV below the conduction band, where the largest density of oxygen vacancies in HfO9
exists ans reported with optical absorption spectra [[112]. The resulting trapped charge density ns;4-cq VErsus
illumination time is plotted in Fig. }.6b. The operation speed can be further reduced to the ns regime with
higher photon energy and higher optical power. Considering our experimental conditions: the optical power
on teh bP-PPT device is 12 uW, pulse width is varied from 1 ms to 200 ms, and photon evergy is 1.6 eV
(780 nm). We use equation [.8]to calculate the optical pulse energy required to change the device from state

(n-1) to state #n, which is plotted in Fig. [{.6/c. The model shows a good agreement with the experimental

results in Fig. [{.7]e.
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Figure 4.6: (a) Tunneling coefficients depending on the stored charge density in the storage layer. (b)
The conductance of bP-channel changes depending on the optical power and illumination time. (c) The
calculated and experimental optical energy depending on the pulse number n, that changes the device from
state (n-1) to n.
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4.3 Electrical and Optical programmability of bP-PPT

Figure a illustrates the working principle of electrically programming the bP-PTTs by applying voltage
pulses to the gate to enable charge tunneling from the bP to the HfO, layer. The device can first be reset with
a depressive pulse (-18 V amplitude, 50 ms duration) to a fully-off state with low conductance. Afterward, it
can be programmed by applying positive voltage pulses with amplitude in the range of 10-18 V and a fixed
duration of 20 ms (18 V for state #0). By varying the pulse amplitude, the device can be programmed to
states of more than 8 distinguishable and stable levels (equivalent to 3 bits) in its conductance when the bP
channel is changed from p-type to n-type doping. The tunneling process and the resulting charge density
can be modeled with the Fowler-Nordheim tunneling theory (see the previous section for detailed modeling
methods). Figure 4.7|c and d show results of four representative states with a long retention time >2000
s (Fig. ¢) and linear I-V characteristics (Fig. d). The latter is important for its application in
analog computing. Even higher precision can be achieved by programming the devices optically because
optical pulses can directly excite the stored charges to remove them (Fig. b), and the duration of
optical pulses can be controlled more accurately than voltage pulses. We demonstrate optical programming
of the bP-PPT devices using optical pulses in the wavelength of 780 nm, which provides sufficient energy
to activate the stored charges to overcome the trapping potential (Fig. b). Before programming, the
bP-PPT is initialized electrically to state #0. Subsequently, it is illuminated with optical pulses with fixed
average power ( 10 W at the device) and varying duration so the pulse energy is varied between 10 nJ and
2 pJ. As shown in Fig. [.7]e, these optical pulses program the bP-PPT to 36 states with different levels of
conductance to represent 5 digital bits, a record-high number of levels achieved in charge storage devices.
The programming process is accurate, arbitrary, and repeatable. The inset of Fig. 3.4e shows three adjacent
levels that can be programmed repeatedly with high precision. The narrow bandgap of bP enables the
bP-PPTs to be operated as broadband photodetectors that can detect optical signals from the near-infrared
(NIR) to the mid-infrared (MIR) spectral range. Earlier studies have reported that a bP photodetector’s
responsivity is sensitive to the doping level and type of the bP channel [60]. In our bP-PPTs, since we can
control the density of the stored charge to modulate the doping level and type of the bP channel, we can
program their photoresponsivity in the same way as their electrical conductance. Figure f shows the

photoresponsivity of a bP-PPT measured in the wavelength range from 1.5 to 3.1 um when the device is set
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to high and low conductance states (corresponding to states #0 and #35 in Fig. K.7|e), respectively. Note
that the low conductance state (state #35) has a high photoresponsivity due to the Burstein—-Moss effect
[66]]. The unmeasured spectral range (1.8-2.6 um) is due to the tunability gap of the light source (M-Square
Firefly IR). The linearity of the devices’ photoresponse is also verified for an incident optical power of up to
30 mW. Therefore, the bP-PPT has a programmable photoresponse in all the telecommunication bands (S,

C, and L bands) and the mid-infrared range.
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Figure 4.7: Schematic illustrations of the working principle of programming the bP-PPT using (a) electrical
gate voltage pulses and (b) optical pulses. The red and blue circles represent the electrons and holes in the
bP channel or HfO, trap sites, respectively. Vq is the applied top gate voltage. (c¢) The bP-PPT can be
electrically programmed to 5 states of well-resolved conductance levels using pulses of different voltage
amplitudes (V,,o4) with the fixed pulse duration of 20 ms. Note that a negative repressive pulse (-18 V)
resets the device to the lowest conductance. Inset: Illustration of the pulse shape of 20 ms in duration and
Vprog in amplitude. (d) The I-V characteristics of the device at each programmed state, showing the linear
conductance (gpp). (e) The bP-PPT can be optically programmed using visible pulses to 36 levels in con-
ductance. The inset shows the histogram of the well-separated conductance when the device is programmed
repeatedly to three adjacent states indicated with the red dashed ellipse in the histogram. (f) The bP-PPT’s
photoresponsivity over the near-IR (including the telecom S, C, and L-bands) and the mid-IR ranges. The
discontinued spectral region is due to the gap of the laser tunability. The bP-PPT’s photoresponsivity can
be programmed to two states when its conductance is set to high (state #0 in e) or low (state #35 in e). The
solid lines are guides to the eye.
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4.4 Multispectral Optoelectronic Edge Detection

The above results show that the bP-PPT devices can be programmed both electrically and optically. The
programmed state is non-volatile and can be read out either electrically by measuring the device’s conduc-
tance or optically by measuring its photoresponsivity. In both cases, the devices are operated in the linear
regime and thus can be utilized for analog computing. Such a hybrid of multifunctional operation modes
enables the utilization of a bP-PPT array to implement a mixed-mode optoelectronic neural network system.
The same bP-PPT array can act as both the optical frontend to receive and preprocess optical images and
an electrical processor with in-memory computing to post-process the images (Fig. [.8]a). We first use
the bP-PPT array to detect infrared optical images and preprocess them in the sensor[ 110, 111} [115} [116]].
To prove the concept, we configure the bP-PPT array to perform edge detection of images by programming
their photoresponsivity (R) to represent convolutional kernel matrices and receiving input images transmit-
ted and encoded in the power (P;,) of telecom band optical signals. Measuring the photocurrent output
Ipr, = R - Py, in from the array corresponds to a multiply-accumulation (MAC) operation[117, (118} 119]]
on the input image with the kernel matrix stored in R. For edge detection, the photoresponsivity matrix R of
a 2 x 2 bP-PPT array is optically programmed to binary values (Fig. 3.4f) and, after proper normalization,
to represent kernel matrix [j H for right edge detection ([_11 _11] for top, [ % :H for left, and [_11 _11]
for bottom edges)[1120, 121} 37].

To demonstrate the broadband capability of the bP-PPT array, we encode three different 8-bit grayscale
images (Fig. [4.8]b; top: handwritten digits; middle: a husky dog; bottom: a cameraman) using wavelengths
in three telecom bands: 1510 nm in the S band, 1550 nm in the C band, and 1590 nm in the L band, re-
spectively. The brightness of each pixel is encoded into the optical power using variable optical attenuators
(VOA) and illuminated on the array. Each bP-PPT device is set to have a high responsivity of 60 mA/W
to represent 1, or a low responsivity of 20 mA/W to represent -1 (Fig. f). The measured photocur-
rents are normalized and offset to calculate the convolution. The convolved images without any further
post-processing are shown in Fig. [4.§|c to f, for right, top, left, bottom edges, respectively. Figure [4.8]g
shows the combination of all types of edges, resulting in a clear silhouette of each image. Thus, we demon-
strate the bP-PPT array’s application as an optical frontend capable of multi-spectral imaging reception and

preprocessing.
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Figure 4.8: (a) The bP-PPT array receives images in multiple wavelength bands. The array’s photorespon-
sivity matrix is programmed to represent the convolution kernel to directly preprocess the images in the
optoelectronic domain (red dashed line box). The array’s conductance matrix is then programmed to per-
form inference computation in the electrical domain (blue dashed line box). (b) The original input images
encoded in the optical power transmitted in three different telecom bands. Top: handwritten digits (56 x 56
pixels, S-band); middle: a husky dog (312 x 222 pixels, C-band); bottom: a cameraman (256 x 256 pixels,
L-band). (c)—(f) The resultant images after convolution with the right, top, left, and bottom edge kernels,
respectively. (g) The final images combining all the edges.
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4.5 BP-PPT Convolutional Neural Network

Besides its photoresponsivity, the conductance of the bP-PPT array can also be programmed to perform
MAC operation by measuring the source-drain current Ipg = Vpg * g,p , Where gpp is the conductance
matrix of the array programmed to represent the weight matrix, Vpg is the source-drain voltages applied
to the array as the input vector. An optoelectronic convolutional neural network (CNN) thus can be imple-
mented with the array connected to the previous sensory devices, where the optical input image is detected
and converted to electrical signals (Fig. a, red dashed box). In Fig. [4.7]e, we have demonstrated precise
programming of the bP-PPT to 36 discrete levels, ensuring high accuracy in weight training and inference
calculation[122] [123]]. Here, we use the 3 x 3 bP-PPT array to demonstrate a CNN that recognizes images
of handwriting numbers “0” and “1” from the MNIST data set. The CNN consists of an input layer that cap-
tures a 28 x 28-pixel image, a convolution layer with two 3 x 3 kernels, an average pooling layer followed
by an 8 x 2 fully connected (FC) layer (Fig. .9)a). The network is trained offline with 12,000 images of the
training set with 100 epochs, delivering the final output scores that classify the input image to “0” or “1” with
99% accuracy. The trained network model is remotely programmed into the bP-PPT array by illuminating
each pixel with the programming optical pulses. The kernel elements are discretized to accommodate the
36 discrete levels of the programmable states and used consistently in the experiment and simulation (Fig.
[A.9]b). For example, the element value 2.00 in kernel 1 (K1), the largest element, is represented by setting
a pixel of the bP-PPT to state #35 (in Fig. e). By optically programming the 9 pixels of the array to
the kernel elements, encoding the image pixels in the source-drain voltages, and measuring the source-drain
current, the convolution calculation is executed on-chip to obtain the feature maps, followed by the average
pooling and FC layers. The two output nodes from the FC layer are activated with the Softmax function and
stored as scores to complete the classification task.

To verify the accuracy of the bP-PPT optoelectronic CNN, 100 randomly chosen images of handwritten
numbers (48 of “0”s and 52 of “1”’s) from the MNIST dataset were tested. The results are compared with
the simulated results obtained from a computer. Note that this simulation is different from the first training
with 99% accuracy due to the limited 36-level discreteness of the kernel element values. The bar graph
in Fig. ¢ compares the experimental and the simulated output scores of the two labels “0” and “1”

for 50 test cases, which have shown excellent agreement. The gray-tarnished bars in the experimental data
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Figure 4.9: (a) CNN model for classifying handwriting numbers “0” and “1” from the MNIST dataset. The
CNN consists of two convolution kernels, an average pooling layer, and a fully connected (FC) layer. The
images captured by the bP-PPT array are further processed by the bP-PPT array in the electrical domain.
(b) The 3x3 bP-PPT array is programmed with 5-bit precision to represent two kernels generated by offline
training. (c) The experimental results (top, red) for image recognition using the bP-PPT array are compared
with the simulation results (bottom, blue). Each bar is the score indicating the possibility of the CNN
recognizing an image in the MNIST image library. The incorrectly recognized cases are in gray color. (d)
The experimental and simulated confusion table for 100 images from the MNIST dataset. Colored diagonal

elements in the table indicate the correctly identified cases.
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highlight the incorrectly recognized cases. The experimental and the simulation results are summarized in
the confusion table in Fig. [4.9]d. The bP-PPT array-based CNN reached an accuracy of 92%, comparable

with the simulated results (95%).

4.6 Summary and Outlook

To summarize, we have demonstrated a phototransistor array based on bP (bP-PPT) that can be programmed
electrically and optically by utilizing the stored charges in the gate dielectric stack that has a long retention
time. Particularly, our device has a programming precision with a resolution higher than 5-bit, which is
among the highest of non-volatile memory devices based on the charge trapping mechanism[124]. Lever-
aging its flexible functionality, we use the bP-PPT array to realize vision-sensory functions with in-memory
computing. The sensors’ programmable photoresponsivity enables in-sensor computing for edge detection
on images that are optically encoded and transmitted over a broad infrared band. The same bP-PPT array
can also be electrically programmed on the backend to implement a CNN to perform image recognition
tasks. Although the demonstrated 5-bit programming precision of our devices is far less precise than that
of digital computers, its application in analog in-sensor computing is more suitable for edge computing re-
quiring low power consumption and low latency[[116, (125,126 [127]]. With the electrostatic tunability of 2D
materials, many researchers have demonstrated electrically/optically programmable conductance/persistent-
photoconductance (PPC) using varied materials for electrical channels and charge storage layers as sum-
marized in Table .1l On top of PPC, the programmable photoresponsivity (R) of the bP-PPT device
enables instantaneous in-sensor image processing. The multifunctional operation in both optical and elec-
trical domain together with the array geometry realizes CNN to recognize handwritten digits with 92%
accuracy. The optical programmability sets over 5-bit of stable states and suggests parallel and remote
programmability. Additionally, the demonstrated programmable photoresponsivity in the near-IR can be
extended to a broader range of infrared and further improved by heterogeneous integration of bP with other
2D materials|[128] 67} [129]], or optimized for a specific spectral range by varying bP’s thickness. It will
allow multispectral image processing on edge devices, which can expedite many processes in industrial
or biomedical applications[130, 131} (132} {133} [134) 135} 136, (137, [138]. Furthermore, recently reported

centimeter-scale growth of bP suggests that it is promising to scale the bP-PPT array to an even larger array
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Ref. Channel | Storage | Programming| Weight | Input | CNN # of sta-
method Accu- ble states
racy
This bP AHA Electrical & | g,R E,O 92 36
work Visible light
[115] bP POx UV light g E 90 N.D.
[140] WSe, h-BN Electrical g, R E, O 90 N.D.
(1101 MoS, AlOx Electrical & | g E 94 4
Visible light
[141] bP AHA Electrical g E N.D. 2
[142] bP cPVP Electrical g E N.D. 5
[143]] MoS, Graphene | Electrical g E N.D. N.D.
[144] InSe Graphene | Electrical g E N.D. 16
(1] WSes No Electrical R 0] 99 N.D.
memory

Table 4.1: Comparison of key features and performance of bP-PPT with those of prior works

of megapixels[139]. Thus, the demonstrated multifunctional optoelectronic bP-PPT array, combined with
parallel imaging and programming schemes, such as spatial light modulation and wavelength division mul-

tiplexing, can realize more complex deep neural networks for machine vision sensors distributed with edge

computing.

* Input E: electrial, O:optical
* Weight: gfor conductance, R for responsivity

* N.D.: Not demonstrated
* AHA: Al,O3/HfO9/Al5 043 stack
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Chapter 5

Heterojunction Phototransistor with High

Gain

5.1 Motivation of Monolithic Night Vision Camera

5.1.1 Photon budget in Night time

Infrared detection helps us to see what human cannot see at night where visible photons are scarce. Figure
[5.1]shows nightglow spectral radiance at the level of the ground with respect to moon’s phases, measured by
M. L. Vatsia et al [[1] in the seventies. Night is brighter than people might think, since nightglow radiation
is induced by radiative decay of atoms and molecules in the upper atmosphere, especially from the hy-
droxyl molecule (OH) produced in excited states through reaction between hydrogen and ozone. Hydroxyl
molecule returns to a lower energy state by various processes including emission of radiation, resulting in
the maximum radiance value received at ground level is in the Short Wave Infrared (SWIR) band, between
1.4 and 1.8 pm. Its level may fluctuate temporarily during the night, from one night to another and from one
season to another, as well as spatially with the geographic location. Nevertheless, the nightglow radiance

allows us to estimate photon numbers available for passive night vision with known imaging parameters.

We assume the objective has f/# of 1 and has a transmission of the lens 7j¢,, s of 50%, with an aperture of

d of 1 cm and focal length f of 1 cm. The radiance is integrated between 0.8 to 1.6 um to achieve a radiance
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Figure 5.1: Night-sky radiant sterance spectra recorded at Camp A. P. Hill. Reproduced with permision
from [[1]. Copyrights 1972.
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For an object at a distance L. away, the solid angle € at the objective aperture is given by

Areajens — wd?

Q= "7 = 5 (5.2)

Assuming the image size of the object is same as that of a pixel size of p, then the object at a distance L with

size D will be related to the lens parameters as

(5.3)

Slle

p
f
Hence, if the target object has 50% of reflectance (Refl), the optical power F,,; incident on each pixel
becomes

d

Popt = Tiens X Refl x R x Q x D? = Tjons x Refl x % x P? x (?)2 % R (5.4)

Interestingly, the power incident per pixel depends on the f/#, independent of the distance of the object from
the objective. A larger pixel size or pitch will increase the incident optical power, at the cost of reduced
Modulation Transfer Function (MTF, a measure of resolution of an imaging system). For the infrared sensor
we are going to discuss with optical active area (p=80 pm), the incident power per pixel or single device

becomes:
P,y = 29.013fW

Assuming an average photon energy of 0.8 eV (1.28 x 10'?.J), the photon flux becomes 226562 photons/sec.

The estimated incidence power density is around 0.81 nW/cm? assuming 90% of transmission of optics.

5.1.2 Conventional Night Vision Intensifier

The past 40 years have seen minimal changes to the image intensifiers in night vision goggles. This is be-

cause GaAs photocathode image intensifiers lead the market due to their distinct advantages: >5000x light
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amplification, high SNR. However, GaAs photocathode image intensifiers have limitations in performance
under cloudy moonless nights (restricted to 900 nm of IR wavelength), its heavy torque on neck (the weight
is 600 g/monocle) and a narrow numerical aperture[ 145} 146l [147]. There has been work to address these
limitations focusing on extending the absorption cutoff from GaAs (900 nm) to a region that is spectrally
less sensitive to the phases of the moon (> 1000 nm) [[148]] and using semiconductor devices whose nu-
merical aperture are not limited by the diameter of the multiplier tubes used in image intensifiers. Organic
semiconductor devices have shown > 100x light amplification, but are still limited by the wavelength cutoff
(1040 nm) [149]. Geiger-mode avalanche photodiodes are currently used in night vision, but due to requir-
ing > 75V and signal processing to operate they are used as mounted cameras [?]. The devices that will be
discussed in this paper use heterojunction phototransistors (HPTs), which use In 0.53 Ga 0.47 As absorbers
to extend the wavelength cutoff to 1700nm. The best NIR to visible upconverter using InGaAs HPTs to date,
are still under one-to-one photon amplification (59% p-p) [150] . This is in part due to the HPT used in [150]
having low photosensitivity (50 A/W for 1.2 mW/cm? of input light) relative to what has been achieved in
literature. To the best of our knowledge, the highest responsivities seen were between 3000-10k A/W for
3-6000 «W/cm? of input light , which is 100-260 x higher than the HPT used in [150] while still requiring
1M x more light than is available at night (1-10 nW/cm?)[[I]]. In this work we show an HPT in linear mode
able to upconvert 64% of 1550nm photons into visible photons. In avalanche mode, the HPT can upconvert

1,000,000% of 1550nm photons into visible photons at 6 nW/cm?, which can be used at night light levels.

5.2 Device structure of Heterojunction Phototransistor

Bipolar junction transistors (BJT) have more than 70 years of rich history with its wide usages from logic
electronics to electronic amplifiers. The earliest version of the transistor devices to be developed and pro-
duced was a homojunction transistor using Germanium, which was soon replaced by Silicon, as Germanium
stops working above 75 °C [[151] being impractical for most applications. Gradual performance improve-
ments, especially with the developement of theory of the Heterojunction Bipolar Transistor (HBT) driven by
Herbert Kroemer [152]], which uses two or more different semiconductor materials with different bandgaps
to enable high frequency and gain operation. His work earned him a Nobel prize in 2000. Though the the-

ory was proposed as early as 1957, production of HBTs had to wait until 1977 for the advent of equipment
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that was capable of manufacturing it; first with MBE (Molecular Beam Epitaxy) and later with MOCVD
(Metal-Organic Chemical Vapor Deposition). In this section we extend the HBTs to optoelectronic devices
and explore InGaAs-based heterojunction bipolar phototransistor (HPT) as a shortwave infrared (SWIR)
photodetector. By proper design of epitaxial layers, the HPTs demonstrates photoelectric gain as high as

10,000 electrons per photon at 1.2 V of bias.

5.2.1 Structure Design for High Gain Phototransistor

Extensive research has been conducted on Ing 53Gag 47As, which exhibits lattice matching with InP, making
it a well-studied material for use in infrared photodetectors. Our device structure was grown using Molecular
Beam Epitaxy (MBE) on a sulfur-doped n-type InP substrate with (001) orientation, as depicted in Fig. [5.2]
The structure consists of 1.5 um of n-type InP as the Emitter, doped at a concentration of 10'® cm™3, 1
um of p-type InGaAs as the Base, doped with 2.5 x 10'6 cm~3, and 500 nm of n-type InGaAs as the
Collector, doped with 2.5 x 10'® cm™3. Additionally, heavily doped n-type InGaAs is grown to facilitate
Ohmic contact for device fabrication. The conversion of the epitaxially grown heterogeneous semiconductor
film into pixelated photodetectors is achieved through nanofabrication techniques. The process commences
with lithography and metal deposition of electrode pads measuring 100 x 100um? on top of Heterojunction
Phototransistors (HPTs). Ti/Au metalization, with a thickness of 20/150 nm, is evaporated and subsequently
lifted off for establishing the Collector contact. Each detector is isolated by mesa isolation etching down to

the InP emitter layer by wet (HzPO4-based solution) etches.

5.3 Optical and Electrical Properties of HPTs

Electrical properties of HPT can be understood with working principle of ordinary BJTs. Figure [5.3]il-
lustrates the energy band diagram of InP/InGaAs HPT made of heterojunction NPN transistors in forward-
active mode. Electrons injected from the emitter overcome the energy barrier ¢V;, by diffusion and enter the
base. In general, the base width is small, compared to the minority carrier diffusion length, and therefore
most of the electrons travel through the base due to their momentum to be collected by the collector. How-
ever, a small number of electrons are lost due to recombination in the emitter-base depletion region and in

the base region. Now consider the holes in the bae which comprise the majority. They enter the emitter,
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Figure 5.2: (a) Device structure of InGaAs-based HPT
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overcoming the energy barrier gV),. The large bandgap of InP is greater than the bandgap of InGaAs by
AFE, which is the key to improved gain of HPT with large ¢V),. The various currents in the transistor shown
in Figure [5.3](b) are as follows:

I, : electron current from emitter to base

Igy, : hole current from base to emitter

I, : current due to electron / hole recombination within forward biased emitter-base space charged layer

I, : current due to bulk recombination in base

I : emitter current = I gy, + Iy + I

1o : collector current = I, — I,

Ip : base current = Igy, + I + I

The common emitter current gain is defined by:

Ic In - Ir

L TL AL L

(5.5)

Neglecting recombinations in depletion region and base (I, I,.), the maximum achievable 5 is [?]:

1 NEvB
Buas = 7 = e 56
2 A Yp
where IV g and N f are doping levels of the emitter (Doners) and base (Acceptors), respectively.
vf and vf are the mean velocities of electrons from emitter to base and holes from base to emitter, respec-
tively. k, and T are Boltzmann constant and temperature.

Thus, the large bandgap difference (A E) of the heterojunction and the ratio of doping in Emitter and Base

region play crucial role in increasing the base-to-collector current gain.

5.3.1 High Linear Optical Gain

The advantages in Common emitter gain of Heterojunction between Emitter and Base, and doping con-
centrations in BJTs were discussed. Conventional BJTs in electrical amplifiers are ternary terminal device,
which means the three C-B-E components of a BJT should all be connected to external circuit. The volt-

age applied to B-E junction controls the flow of C-E currents, with the B-E current amplified by (3 in the
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Figure 5.3: (a) Band structure of InP/InGaAs-based HPT with applied bias in Common Emitter topology.
Infrared light with photon energy greater than the bandgap of In 53Ga 47As (0.75 eV) can be absorbed either
in the base, collector or base-collector depletion region. (b) Floating-base HPT operation mode with two
terminal bias. The base current can be injected by optically generated e-h pairs

eqn.[5.6] and the large collector current is induced. It is important to note that applying current through C-E
channel would not result in the voltage arising between B-E junction (below breakdown). It is nonreciprocal
function; Voltage applied B-E junction controls the C-E current, not the other way. The current cannot con-
trol the voltage. Then how can we make use of the large gain of a BJT in a HPT as a photodetector, where
the only two terminal is connected for operation? The key is holes optically generated in InGaAs layers,
either in base or collector region. As shown in [5.3](a), holes generated in Base and Collector region drift and
diffuse to the interface between Base and Emitter, but the large barrier (¢V},) prevents the holes from flowing
to Emitter. Assuming the recombination occurs slower than the accumulation, this built charges (corre-
spondingly attracted electrons in the emitter region) act as a capacitor described in [5.3] (b) inducing bias
voltage Vg until the photo-generated hole currents (,,—5) matches the base injection current. This turns
on the transistor even when the Base of the HPT is floated, and results in the large electron currents flowing
from Emitter to Collector gained by (5. The experimental results of our HPTs are shown in Figure The
transistor turns on at very low bias voltages under 100 mV, showing high Collector Output Resistance (6.8
M, Early Voltage: 488 mV) with photocurrent gains as high as 3380 at 1 V of bias. To further characterize

HPT at lower IR power regime, Noise Equivalent Power (NEP) measurement is performed. To suppress
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Material Mesa Diam- | Wavelength | Base Width | Base Doping | Optical Reference
eter (um) (pm) (pm) (cm™3) Gain
InGaAs/InP | 100 0.95-1.65 0.5 1018 40 [153]
InGaAsP/InP | 100 1.15 0.2-0.6 101 50-150 [154]
InGaAs/InP | 20 1.15 2 5 x 1016 600 [155]
InGaAsP/InP | 147-346 1.15 0.5 1.5 x 1017 1180 [156]
InGaAsP/InP | 190 1.24 0.25 3.5 x 1017 1000 [157]
InGaAs/InP | 100 1.2-1.6 1.0 2.5 x 1016 3000- This Work
10000

Table 5.1: Photo transistors for SWIR (0.9 - 1.6 pm Wavelength)

dark current noise while operation temperature is achievable with thermoelectric cooler, the measurement
was done at 245 K with a cryo-probe station as described in Fig. [5.6](a). Function generator generates a
pulse train to modulate laser inputs as a sequence of on and off at certain frequencies. Photocurrent from the
HPT is amplified as a voltage signal by preamplifier and measured by Lock-in Amplifier referenced at the
function generator frequency with 1 s of integration time (1 Hz band). Figure [5.6(b) shows the measured
photocurrent versus IR intensities at different modulation frequency of 100 Hz, 10 Hz, and 2 Hz. Horizontal
dashed lines are noise floor measured by dark current spectral noise at corresponding frequencies indicated
as colors. The linear photocurrent versus IR intensities over large dynamic range over 50 dB shows uni-
form responsivity of the HPT. Extrapolating the photocurrent versus IR intensities at low intensity regime

to Noise floor, NEP is measured as 3 nW/cm?Hz!/2.

5.3.2 Enhanced sensitivity with combined Avalanche and transistor Gain

In Figure [5.4] distinct kinks beyond Vo = 1.2 V are observed with nonlinear increase in the collector
current. The steep rises of photocurrents are attributed to the avalanche carrier multiplication process in the
reverse-biased Base-Collector region. Given the HPT is an NPN-bipolar junction device, positive collector-
emitter voltage implies the reverse bias applied to base-collector region, which is effectively a PN-junction,
made of InGaAs, operating in reverse bias. Typical InGaAs PN-junction shows avalanche breakdown around
20 50 V depending on doping profiles and geometries [ref]. As a result, the photocurrent generated by
absorbing IR photons in the base-collector region experiences two gain mechanisms: transistor current gain

hr g, avalanche multiplication factor M. By solving for charge continuity, the current amplified by avalanche
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Figure 5.4: I-V characteristics of the HPT at different optical intensities at 1550 nm. The optical intensities
shone here span more than 10° with the lowest intensities clearly distinguished from the dark current. Above
1.2 V of Vo, large surge of currents were observed, which will be discussed in detail in the next section
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Figure 5.5: Responsivity can be obtained by subtracting dark current from collector currents, followed
by dividing it with optical power, indicating the ratio of photogenerated charge to photon energy. The
responsivity converges over large range of optical intensities at around 1 V of bias voltage. Between 1.2 V
and 1.7 V, more than 1M responsivities are observed for intensities smaller than 320 zW/cm?
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Figure 5.6: Noise Equivalent Power (NEP) measurement. (a) The NEP measurement setup. Function gen-
erator generates a pulse train to modulate laser inputs as a sequence of on and off at certain frequencies.
Photocurrent from the HPT is amplified as a voltage signal by preamplifier and measured by Lock-in Am-
plifier referenced at the function generator frequency with 1 s of integration time (1 Hz band) (b) Measured
photocurrent versus IR intensities at different modulation frequency of 100 Hz, 10 Hz, and 2 Hz. Horizontal
dashed lines are noise floor measured by dark current spectral noise at corresponding frequencies indicated
as colors. The linear photocurrent versus IR intensities over large dynamic range over 50 dB shows uni-
form responsivity of the HPT. Extrapolating the photocurrent versus IR intensities at low intensity regime
to Noise floor, NEP is measured as 3 nW/cm?Hz!/?
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Figure 5.7: HPT IV curves of dark current at different temperatures and responsivity over broad wavelength
regime (a)HPT IV curves of dark current at different temperatures. As opposed to the case of APD, the
transition voltage increase with lowering temperatures. (b) The responsivity of HPT is maintained large
over 3000 A/W in broad IR band from 1260 to 1630 nm.
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HPT can be expressed as [ref]:

. M(1+hFE
1— (M - Dhpg

lc

(iph + idark) 5.7

, where M = [1 — (Vop/V,)"] ! is avalanche multiplication factor and hpg is HPT electrical gain. Vop
and V,, are bias voltage between collector and base, and avalanche breakdown voltage, respectively. n
is a fitting factor typically ranging from 2 5. i,, = Pyng/hv is primary photocurrent generated by IR
photon (with power of Py, quantum efficiency of ) without gain and 74,1 is dark current generated by
thermal excitation. Eqn.[5.7]suggests that introduction of avalanche multiplication factor slightly over unity,
combined with the large transistor gain, leads to the collector current divergence much below the avalanche
breakdown voltages. Note that in Fig. the current divergence occurs below 1.7 V much smaller than
InGaAs avalanche breakdown voltages (more than 20 V). This transition occurs at lower bias when weak
IR light is shone. The apparent gain from the small IR intensities below 32 W/cm? exceeds 1 million,
meaning a single IR photon generate a million electrons flowing across the HPT circuits, as shown in the
Fig. [5.5 at 1.68 V. The difference between our Avalanche HPT and conventional Avalanche photodiode
(APD) is characterized by their temperature dependent transition voltages, as well as the large difference in
absolute values of bias voltages (below 2 V and more than 20 V). As indicated in Fig. (a), the voltages
of transition for HPTs increase with lowering the temperatures, as opposed to the case of APD, where the
avalanche breakdown voltages decrease with lowering the temperatures, confirming the distinct mechanisms

of Avalanche HPTs, as described in Eqn.

5.4 Direct driving LEDs for Infrared Imager

The output impedance of the HPT is high enough to drive a serially connected LED, as usual transistors
operating at common emitter mode. To be specific, the amplified current of the transistor is modulated by
1) Gate voltage for MOSFETSs and 2) Base current for BJTs. Our HPT’s output current is modulated by
photocurrent excited by IR photon absorption and injected to base region, as discussed in the last section.
Here, we will use the HPT to drive LEDs to complete a system where IR photon is converted to visible

photon. Before combining the two devices, LEDs’ characterization is performed.
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5.4.1 LED Fabrication

Figure explains the process flow for fabrication of LED array. The LED structure is devised from III-V
based red LED developed in University of Illinois [83]], with P-I-N structure where P and N type semicon-
ductors are made of GaAs, and I region is made of InGaP where radiative recombination occurs to emit
red lights. To pixelate the device, hard mask using SiOx grown by PECVD (Plasma-Enhanced Chemical
Vapor Deposition) was used to define mesa of LEDs. The mesa formation is performed by ICP (Inductively
coupled plasma) chlorine-based etching method. Since the byproduct of InCls is nonvolatile, without proper
chemistry selection and temperature condition for the etching process, etching of III-V materials easily fails
with lots of bumps from self-masking of the nonvolatile byproducts, resulting in non-radiative carrier re-
combination, as shown in Fig. [5.§bottom left. Adding CH4 and Ar to BCl and Cl based chemical etching
environment at an elevated temperature of 100 C solves the problem, producing smooth side wall of LED
devices (Fig. [5.8) bottom right [I58]. After the ICP-etching (also called dry-etching), SiOx are removed
by wet-etching using HF-based solution, and the whole mesa structure is passivated by PECVD again to
separate the P and N electrodes of the LED. By deposition of metal for electrodes with Ohmic contact with
GaAs, the LED device fabrication is complete. Their images in an array and light emission is captured in a

SEM image and an Optical Microscope image, in Fig. [5.8 middel row.

5.4.2 LED Characterization

The emissivity (measured in W/cm?) of the LEDs are characterized using photodetectors and source-measurement-
unit (SMU) to measure optical power emitted from the surface of the LED at specific Current density. Since
an LED is a diode, or PN-junction, it also shows characteristic I-V curve with threshold voltage to turn the
current on. Also, the light coming out of the LED shows characteristic J-L curve with threshold current
density where it starts to emit a meaningful power of light. The measurement setup is as shown in Fig. [5.9]
The emission profile from the surface of the LED is assumed to have Lambertian surface. The power col-
lected by an objective lens with NA=0.4 is integration of Lambertian profile within the solid angle captured
by the objective lens, which is 12 %. The power of the LED light collected by the objective lens is measured
by Si-based photodetector with aperture size bigger than collimated LED light width down to 5 nW, and

associated with current density. Below the power, APD was used for more accurate light emission from the
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Figure 5.8: Fabrication process for LED mesa formation. (Top) Using hard mask and ICP-etching method,
LED pixels are formed. Passivation and metalization follows to finish the LED device. (Middle) SEM
and OM image for the LED array. Bright red light is emitted. (Bottom) The sidewall and etching quality
depending on the ICP etching recipe. By selecting proper chemistry, smooth sidewall is obtained (right).
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LED with calibration of APD counts per second (cps) to power of the light. Given the surface area of the
LED is 100pm x 100um, the threshold current density of LED is measured at 400 zA/cm?. As shown in
Fig. the emissivity of the LED is measured as 10° nW/cm? at current density of 1.25 x 10° yW/cm?.
Since the photon energy at 620 nm (Red emission) is 2.0 eV, the external quantum efficiency (EQE) of the

LED is estimated as 0.04 %.

5.4.3 HPT and LED Serial Connection

Transistors’ high output impedance serves a great advantage to drive an arbitrary load. Our HPT, whose
I-V characteristics shows large input impedance, can indeed drive an LED when they are serially connected,
as shown in Fig. (a). The I-V characteristics of the HPT+LED system illustrate the IR intensity-
dependent photocurrent generated by the HPT, flowing through the LED, which can be directly translated to
visible photon emission from the LED. The characterization of LED has been done with LIV measurement
in the last section, having external quantum efficiency (EQE) of 0.04 %. The red dashed line in Fig.
(a) is the bias fixed for linear operation where one IR photon is converted to 1.6 red photon emission. In
this mode, when the IR light is modulated as a pulse train of 100-Hz square-wave (pink pulses in the top
subplot of Fig. (b)), the photocurrent follows the optical pulses with rise time of 340 us, fast enough
for real time refresh rate of 60 Hz for human recognition. The photocurrent is high enough to turn the LED
on over its threshold current density of 400 pA/cm2 (Supplementary Information), at as low IR intensity as
3.2 uW/cm?. In large optical intensity range from 32 to 3200 ;W/cm?, IR-to-Red photon conversion ratio
of 1 to 1.6 was maintained. Below it, degradation of the external quantum efficiency of LEDs limits the red
photon output, not the HPT’s photon-to-electron conversion, which were maintained over 3000 at as low IR
intensity as 320 nW/cm?. Operating in avalanche mode conveys its unique advantages when the IR light
becomes even dimmer. The HPT + LED system at around 3.8 V, which corresponds to the transition edge
voltage for dark condition, indicated as blue dashed line in Fig. (a). When the bias is fixed slightly
below the transition edge (let’s call it arming voltage Vg;,), the HPT + LED system becomes extremely
sensitive to the IR input and the photogenerated current results in large collector current divergence from
our avalanche HPT, limited by the LED current density, which is in the order of 1 A/cm? to exhibit bright

red-light emission as high as 10° nW/cm? in the dim IR light of 6 nW/cm?. The avalanche current is

88



LIV Measurement Setup

Rotatable pole (to
put/remove PD)

APD
PD (power)
NA
0p2 probes
B [SMU(V,y)
b LED LIV
4.0/ H10°
35]
3.0]
H10”
= 2.51 T
> S
15 103
1.0
0.0
10" 10° 10° 10" 10°
J (UA/em?)

Figure 5.9: LIV characteristics of the LED. (a) Measurement setup using Photodetector and APD-single
photon counter, and SMU for I-V to bias the LED. An objective lens is used for light collection. (b) LIV
characteristics. 1-V characteristics on left-y axis and L-I characteristics on right-y axis. Current density J
instead of I is plotted.
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self-sustaining once it initiates even after the IR light turns off. Thus, it needs to actively be quenched
by reducing the bias voltage below the self-sustaining voltage (Vyuen), and then biased again at arming
voltage for the HPT to be prepared for the next detection. The sequence of arming and quenching of the
HPT using active bias is indicated in Fig. (b) middle subplot with green squares. Input IR pulses
with intensity of 6 nW/cm?2 are shone at half-frequency of the bias sequence with 10 % duty cycle (Fig.
[5.11] (b) top subplot) to demonstrate the dynamic large current driven by the avalanche HPT. As illustrated
in Fig. (b), when the HPTs are ready for detection at the arming voltage indicated as green area,
coincided with a dim IR incidence, the photocurrent large enough to drive the serially connected LED can
flow through the system. This simple serial connection of HPTs and LEDs, driven by a bias voltage as being
two-terminal system, becomes an easy solution for scaling up to full two-dimensional screen. Figure
(b) demonstrates pixelated LEDs lit up by serially connected to HPTs on breadboards. When both HPT's
and LEDs are pixelated in 5 x 5, illuminating an IR image with ‘I’ letter shape on the HPTs, the LED array

displays the letter ‘T" as in Figure (b) bottom.

Circuit diagra} Input IR Pulse train at 100 Hz, 50 % Duty Cycle
PNIR t,
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Figure 5.10: (a) Circuit Diagram for HPT + LED serial connection for IR-to-Vis photon conversion, top.
The I-V characteristics of the system with bias voltage with respect to different optical intensities, bottom.
(b) The IR input is modulated at 100 Hz with 50 % duty cycle as indicated as pink squared on top. The
photocurrent responding to the modulated IR is measured at a fixed bias as red-dashed line in (a).
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Figure 5.11: IR-Vis photon conversion at small IR intensity with avalanche mode. (a) The zoomed in IV
curve around the transition edge. Red and blue dashed lines correspond to the arming voltage and quenching
voltage, respectively. (b) (top) Modulated IR input pulse with half-frequency of the arming and quenching
cycle. (middle) The bias voltage is actively modulated for HPT to be ready to detect low-intensity-IR at
the arming voltage and to be quenched at the queching voltage. The green square corresponds to time zone
when the HPT is prepared for detection. (bottom) The photocurrent response with the active biasing when
low-intentisy IR inputs are coincided.
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Figure 5.12: (a) L,,; emissivity from LED versus L;,, input IR intensity. Dashed line corresponds to 1:1
in power ratio. At large intensities 1.6 W IR photons generate 1 W of Red photons, resulting in 64 %
upconversion. (b) Demonstration of HPT + LED array in 1-D (top) and 2-D (bottom). The scale bar is 5

mm for top, and 1 mm for bottom.
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5.5 Summary and Outlook

To summarize, we have demonstrated a Heterojunction Phototransistor (HPT) with high gains in both lin-
ear and avalanche regime. The transistor gain for the linear mode has been optimized for high gain while
maintaining decent low dark current at 245 K available with solid state thermoelectric coolers, by engineer-
ing heterogeneous material combination, dopants selection and doping level control, and diffusion length
increase with high quality III-V crystals. The optimized HPT exhibits > 3000 p-to-e conversion, or pho-
toelectric gain in linear regime in a wide range of IR intensities over 50 dB, also with broad wavelengths
ranging from 1260 nm to 1630 nm. With the HPTs’ high gain, even at small quantum efficiency of LEDs,
the HPT + LED system can convert one IR photon to 1.6 red photon down to 3 xW/cm? of input IR intensity.
There have been many research efforts in IR-to-visible light conversion, tabulated with their specifications
in Table [5.2] Aside from high linear gain of HPT in broad IR range, avalanche mode of the HPT can drive
an LED to emit red emission 10,000 times brighter than IR input intensity of 6 nW/cm?. This level of IR in-
tensity is 1000 x improvement from [[149] in Table Although at the expense of reduced time resolution
to arm and quench the HPTs, the avalanche mode of HPTs offers high sensitivity of IR photon, expected
to detect even lower intensities dimmer than 0.1 nW/cm? when the bias control can be done more precisely
with stable circuitry, which can be truly intensify IR images in moonless dark night (for the emissivity of
an objects of dark night, see Supplementary Information). Moreover, the operation voltage for HPT + LED
system is less than 4 V, even at 2.3 V for linear mode, which is a big advantage for AA battery operation
with long lifetime. All in all, the carefully engineered HPT has a promising application for night vision
intensifier with the highest responsivity over 3400 A/W resulting in 64 % of 1550-nm IR photon to 620-nm
visible photon conversion within large dynamic range of IR intensity from 3.2 xW/cm2 to 3.2 mW/cm?.
The high responsivity over broadband of Near IR beyond 1 ym to 1.6 um increases the available photons
for night vision intensifiers. In avalanche mode, even 1000 times dimmer IR light can be converted to red
lights, corresponding to 1,000,000 % of 1550-nm IR photon to 620-nm red photon conversion, demonstrated
for the first time. With LEDs with better quantum efficiency, the IR-to-Visible light upconversion using the
HPTs is promising. In addition, the two-terminal operation of HPT + LED is beneficial for large scale

integration for near eye display.
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Ref. PD (or | LED EQE | NIR-to-Vis NIR-to-Vis NIR Inten- | Operating
HPT) (wavelength) | (ph-to-ph) sity Voltage
[150] 50 A/W 1.5 % 1550 nm -> | 1.67:1 1.5 6-21V
564 nm mW/cm?
[159] 3.6 % 810 nm -> | 100:1.5 2mW/ecm? |2V
590 nm
[160] 20 A/W X 1550 nm -> | 50:7 0.74 3V
870 nm mW/cm?
[153]] 100-1k X 1550 nm X 0.1 uW 3V
A/W
[149] 1000 A/W | 1% 1040 nm -> | 1:10 3 uW/ecm? | 10-15V
580 nm
This work | 3k - 1M | 0.04 % 1260-1630 1.56:1 6 nW/cm? | 2.3-4V
A/W nm -> 620
nm

Table 5.2: Demonstrated metrics for IR-to-Visible light upconversion
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Chapter 6

Conclusion

The exploration and engineering of semiconductor materials have emerged as pivotal pillars in propelling
the frontiers of infrared (IR) technology. The distinctive properties and manipulable characteristics of semi-
conductor materials serve as a keystone in the evolution of IR technology, revolutionizing diverse fields such

as sensing, communication, imaging, and beyond.

6.1 Summary

Throughout this thesis, we have delved into the intricate world of semiconductor materials and their mul-
tifaceted properties, elucidating their indispensable role in advancing IR technology. The tailored manipu-
lation of semiconductor properties, from bandgap engineering to charge carrier doping, has empowered the
precise control and optimization of materials for specific IR applications. Moreover, using two-dimensional
materials, optical properties are modulated with simple field effect devices. It is applied to an optical modu-
lator in integrated silicon photonics, extending possibility of optical communication to mid-IR regime. Also,
with dielectric layers engineered according to their bandgap, programmable phototransistors were demon-
strated to exhibit multiple functions, and deployed to in-sensor computing. As well as two-dimensional
materials, III-V compounds semiconductors have promising application in infrared technologies, as we
demonstrated it with high gain phototransistor for compact, light-weight night vision intensifiers. The mate-
rial system has kept improving in its crystal quality with low dislocation and defects with advanced material

growth technique such as Molecular Beam Epitaxy. Their integration to silicon photoncis for optoelectronic
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devices has countless applications.

6.2 Prospects

As improved infrared sensitivity meets the novel computation scheme with image processing and neural net-
work algorithms, the IR camera would extend its application to various edge devices monitoring health con-
dition of human body, wildlife, and industrial safety. Moreover, the quest for semiconductor materials suit-
able for IR technology extends beyond traditional boundaries. Nanoscale engineering, nanogap plasmonic
field enhancement, quantum dot integration, and metamaterial have pushed the limits of what is achievable
in manipulating light at IR wavelengths, propelling the development of miniaturized, high-performance de-
vices. As we stand at the precipice of technological innovation, the significance of semiconductor material
engineering in IR technology cannot be overstated. It serves as the bedrock upon which innovative IR de-
vices and applications flourish, offering solutions to contemporary challenges in healthcare, environmental
monitoring, security, and communication. In the realm of optoelectronics, there is a growing interest in
merging III-V materials with silicon, aiming to combine the strengths of both. This integration onto sili-
con substrates seeks to produce top-notch devices while capitalizing on the existing silicon manufacturing
infrastructure. III-V semiconductors are pivotal in enabling high-frequency communication technologies,
likely expanding their usage in photonics and high-speed communication tools, meeting the escalating de-
mand for swift data transmission seen in advancements like 5G and beyond. Additionally, I1I-V materials
play a central role in propelling quantum technologies such as computing, sensing, and communication.
Their distinctive quantum properties position them as promising contenders for building essential compo-
nents like qubits in quantum information processing. Concurrently, refining manufacturing techniques is
crucial to scale up the production of superior-quality III-V materials at an economical level. Techniques
like molecular beam epitaxy and metalorganic vapor phase epitaxy are undergoing enhancements to realize
large-scale production [84, 185]. Integrating III-V materials with other semiconductor platforms presents
challenges related to material compatibility, thermal expansion differences, and interface management. On-
going research is dedicated to devising methods for seamless integration while preserving the distinctive
attributes of III-V compounds. Moreover, cost remains a major obstacle hindering widespread adoption.

Ongoing endeavors aim to devise cost-effective manufacturing processes and explore alternative substrates

96



to enhance the economic viability of III-V technologies.

Beyond their traditional applications in electronics and optoelectronics, III-V compounds are branching
into diverse fields like sensing technologies, biomedical devices, and even emerging domains like flexible
electronics, owing to their unique properties and performance advantages. Ultimately, the future of III-V
compound semiconductors looks promising, buoyed by continual research efforts focused on enhancing inte-
gration, refining manufacturing techniques, and exploring innovative applications across various technolog-
ical domains. Looking ahead, the relentless pursuit of advancing semiconductor materials for IR technology
promises a future brimming with breakthroughs. The convergence of materials science, nanotechnology,
and photonics in engineering semiconductors for IR applications heralds a new era of transformative tech-
nologies, paving the way for enhanced quality of life, scientific discovery, and technological marvels yet to
be imagined.

In essence, engineering semiconductor materials for IR technology epitomizes the synergy between
scientific exploration and technological innovation, offering a glimpse into a future where the boundaries of

what’s possible in sensing, imaging, and communication are continually redefined.
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Chapter A

Appendix One

A.1 Integration of 2D materials

The integration of 2D materials into silicon photonics or CMOS compatible platform requires the fabrica-
tion of large-scale, uniform, and highly crystalline 2D films, which is currently growing field of study. In
general, two major methods of synthesizing and preparing 2D materials for optoelectronic devices consist
of top-down methods and bottom-up methods. To be more specific, top-down methods mainly include mi-
cromechanical exfoliation and liquid phase exfoliation methods[[[161} [162]]], while bottom-up methods are
comprised of chemical vapor deposition (CVD) and hydrothermal/solvothermal methods[[[163]]]. To take
hBN and BP mechanical exfoliation for example, the hBN/BP heterostructure is picked up with a PC (poly-
carbonate) stamp and transferred on thermal oxide Silicon wafer. First, the hBN flake is transferred on SiO2
wafer, which is used for searching a target hBN flake and different from the final wafer, using scotch tape.
BP flake is also prepared on another SiO2 wafer by scotch tape method. Then, each flake to be transferred
is identified by optical microscope and AFM to make sure the thickness of the target flakes. After the flakes
are confirmed, they are picked up in order by a PC stamp from the top layer to the bottom, in this case, hBN
and then BP. The PC stamp consists of a film of PC, a PDMS pillar, and a glass slide. By slowly approaching
this PC stamp while watching on a microscope, you can align the relative position of the flakes. The transfer
of both flakes from their SiO2 wafer to the PC stamp is done at around 60 degree Celcius. Once the stack of

hBN/BP is transferred on PC stamp, the whole structure is transferred onto the final Si wafer. After making
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a full contact of the stamp and the wafer, increase the temperature to 180 degree C to melt down the PC film.

Finally, the PC is washed with Chloroform and IPA.

A.2 Fabrication Process for BP-PPT

Few-layer black phosphorus (bP) with 11 nm thickness was mechanically exfoliated from a bulk crystal (HQ
Graphene) and dry transferred using a polydimethylsiloxane stamp onto a silicon substrate with 300 nm-
thick thermally grown SiO2. The thickness of the bP flake was identified using an atomic force microscope
(Bruker Dimensions Icon). The bP flake with the lateral size of 20 pm x 30 pm was patterned into an
array of 4 x 3 pixels with each pixel in the size of 3 ym x 4 pm using electron beam lithography (EBL,
JEOL- JBX6300FS) and inductively coupled plasma (ICP) etching based on SF6 chemistry when the ZEP
520 A resist was used as the protective mask. The source and drain contacts made of Ni/Au (5 nm/25
nm) were patterned by steps of EBL, electron beam evaporation, and lift-off in a solvent. The processes of
bP exfoliation, thickness measurement, and lift-off of the deposited metal films were all performed in an
Ar-filled glovebox with oxygen and water concentration <0.1 ppm to avoid the degradation of the bP flake
due to the exposure to moisture and oxygen. Subsequently, the gate dielectric stack of A1203/HfO2/A1203
(AHA) was deposited by atomic layer deposition (ALD) systems. The 6 nm-thick tunneling layer of AI1203
was grown on bP at 150 °C by thermal ALD, and the 7 nm-thick storage layer of HfO2 was then grown
at 290 °C by plasma-enhanced ALD, followed by the 20 nm-thick blocking layer of A1203. The top gate
electrode made of indium-tin-oxide (ITO was patterned by EBL and deposited by a pulsed sputtering system

(Evatec LLS EVO).

A.2.1 Fabrication on the area with uniform thickness

Optical Microscope image of bP flake for (a) as transferred and (b) after patterning to the bP-PPT
device array. All 12 devices are fabricated from the flat region of the bP flake as outlined with red-dashed
line to minimize the device-to-device variation. Each device has source and drain contacts and an ITO top
gate electrode. Inset: the thickness of bP by AFM along the white dashed line, showing 11 nm of the flake.

Scale bar: 10 pm.
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Process Flow

BP-transfer & ) ALD AHA Formation
Ebeam ICP-etching Ebeam-lithography HfO2 ALD
Lithography (SF6) & (290 C, Thermal)
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" A AN _

Figure A.1: 2D material integration and device fabrication.

a As transferred b After fabrication

Figure A.2: 2D material integration and device fabrication. (a) Optical Microscope image of bP flake as
transferred with red-dashed boundary indicating uniform thickness of 11 nm, which is measured by AFM
along the white-dashed line. (b) The patterned bP-PPT device array. All 12 devices are fabricated from the
flat region of the bP flake as outlined with red-dashed line to minimize the device-to-device variation. Each
device has source and drain contacts and an I'TO top gate electrode. Scale bar: 10 ym
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A.2.2 Robustness of black phosphorus after Fabrication

Characterization of bP degradation during the fabrication process is performed by repeating the bP pat-
terning process (e-beam lithography, ICP etch, resist removal). The optical microscopic images and AFM
measurements of a bP flake as transferred and after etching are shown in Fig. [A:3] The freshly exfoliated
bP flake with a flat surface with 17-nm thickness is preserved in its optical contrast, surface smoothness,
and thickness after the ICP etching. The thickness of the bP rectangles can be estimated considering the
etched thickness of SiO substrate as shown in the right column of Fig. [A3]a. Additionally, the Raman
spectroscopy of the bP rectangle in Fig. @b shows no signs of P, O, or H,PO,, at around Raman signal
from 800 to 1000 cm~!, revealing that oxidation and degradation of bP during the fabrication process is
negligible[164]).

a

Before ICP etch After ICP etch Etched SiO: Substrate b 1.0
A 2
9
0.8
B
3061 B,
> .
>
@ Y
16 £ Al
20|
Es £ 0.2 No indication of
< £ oxidation [Ref. 15]
£10 Z b)
g, g.
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Figure A.3: (a) Optical images and AFM measurements for flat surface and preserved thickness of a bP
flake upon ICP etching into two rectangles. The step height measurements are performed along the white
dashed lines. The thickness of the bP flake is maintained as 17 nm. (b) Raman spectroscopy for ICP etched
bP rectangle. It shows no indication of PxOy or HxPOy formed during the fabrication process [[164]].
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