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Preface

Two-dimensional (2D) materials including graphene, hexagonal boron nitride, transition
metal dichalcogenides (TMDs), group III-VI and IV-VI layered semiconductors, topological
insulators, and so on are the thinnest forms of materials to ever occur in nature and have the
potential to dramatically alter and revolutionize our material world. In the monolayer form,
all these materials exhibit unexpected physical and chemical properties due to quantum
confinement effect. These materials can control or interact with light converting the photons
into electrical signals for their attractive applications in photonics, electronics, and optoelec-
tronics. Some of the unique properties of these materials including wide photoresponse
wavelength, passivated surfaces, strong interaction with incident light, and high mobility
have created tremendous interest in photodetector application.

Excitement surrounds the promise of replacing conventional bulk photodetectors with devi-
ces based on 2D materials, allowing better integration, flexibility, and potentially improved
performance. These materials are supposed to be the heart of a multitude of next-generation
photodetector technologies. Very recently, artificial heterostructures made up of 2D materials
are also used to tailor the performance of photodetectors. Keeping the above aspects in mind,
the present book entitled Two-Dimensional Materials for Photodetector has been edited to pro-
vide state-of-the-art knowledge in photodetector technology based on these exciting 2D mate-
rials.

This book consists of 10 chapters contributed by a team of experts in this exciting field.
Chapter 1 starts with the working principle, device structure, and performance of the three
kinds of 2D photodetectors including graphene, TMDs, and halide perovskite. In Chapter 2,
the authors review recent advances in photodetector technology based on TMDs only,
which provide advantages of using 2D materials as photodetector in terms of mobility en-
hancement, external quantum efficiency, photo responsivity, and detectivity.

Modern nanoscale III-IV semiconductor photodetectors are important building blocks for
high-speed optical communications. In Chapter 3, the authors review the state-of-the-art
2.5G, 10G, and 25G avalanche photodiodes, which are available in commercial applications,
and discuss the key device parameters including avalanche breakdown voltage, dark cur-
rent, temperature dependence, bandwidth, and sensitivity of these detectors. Recent studies
have shown that 2D metal halide perovskites hold a promising potential for the develop-
ment of new-generation photodetectors. In this context, the authors present the summary
and highlights of the latest researches on 2D metal halide perovskite-based photodetectors
in Chapter 4 with emphasis on synthesis methods, structural characterization, optoelectron-
ic properties, theoretical analysis, and simulations.
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Preface

Infrared (IR) photodetectors based on strained layer superlattices (SLS) have drawn much
interest from academic and commercial sectors in recent decades. In Chapter 5, the authors
review recent development of 2D SLS detector arrays based on InAs/Ga(In)Sb heterojunc-
tion for IR applications. In Chapter 6, the authors demonstrate the technology of manufac-
turing focal plane array based on the AlGaAs/GaAs quantum-well infrared photodetector.
In Chapter 7, the authors discuss on the development, characterization, modeling, and simu-
lation of type-II superlattice-structured materials including InAs/GaSb and InAs/GalnSb and
device systems for photodetector application.

Graphene has numerous advantages for realizing high-performance nano-electromechanical
systems such as nanoscale sensors including strain sensors, optical modulators, or energy
harvesters. In this context, graphene-based acousto-optic sensors with vibrating resonance
energy transfer and their applications have been presented in Chapter 8. The low inherent
light absorption of 2D materials is an outstanding issue to be solved for them to be used for
efficient photodetection. In Chapter 9, the authors introduce different approaches to increase
light absorption and collection using engineered structures such as patterning the substrate
with photonic crystal and using 2D-compatible solid immersion lenses. The optoelectronic
properties of topological insulators (TIs) are important subjects for the development of opto-
electronic devices. Therefore, the issues associated with electron-phonon interaction, carrier
lifetime, and carrier dynamics are very important for optimizing device performance. Chap-
ter 10 provides a brief introduction of the TIs, time-resolved pump-probe spectroscopy, and
some ultrafast dynamic properties of Bi-based topological insulators.

I hope that this book will be useful to a large number of researchers in a variety of disci-
plines including materials science, electrical engineering, nanophotonics, and condensed
matter physics.

I am very pleased to get the opportunity to have served as an editor of this book. I would
also like to acknowledge the help given by IntechOpen publisher, in particular Ms. Dajana
Pemac, publishing process manager, for her assistance, patience, and support throughout
the whole process of this book project.

Dr. Pramoda Kumar Nayak
Department of Physics

Indian Institute of Technology Madras
Chennai, India



Chapter 1

Graphene, Transition Metal Dichalcogenides, and
Perovskite Photodetectors

ZhiYang, Jinjuan Dou and Mingiang Wang
Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.74021

Abstract

Recent years have witnessed a tremendous progress in 2D materials photodetector. Their
unique properties including wide photoresponse wavelength, passivated surfaces, strong
interaction with incident light, and high mobility enable dramatical superiority in photo-
detector application. The photophysics, device structure, working mechanism, and perfor-
mance of three kinds of 2D materials photodetectors including graphene, transition metal
dichalcogenides (TMDs), and halide perovskite are discussed in detail to give a profound
understanding for the readers. In addition, we highlight the challenges and opportunities
faced in studying 2D materials photodetector, and various strategies are summarized to
help on the development of photodetection research and find ways to approach major
problems.

Keywords: graphene, transition metal dichalcogenides, perovskite, hybrid structure,
photodetectors, responsivity, carrier transfer

1. Introduction

Two-dimensional (2D) materials are a class of materials derived from layered van der
Waals solids. The in-plane atoms are held together by tight covalent or ionic bonds along
2D directions to form atomic layers, while the atomic layers are bonded together by weak
van der Waals interactions along the out-of-plane direction [1-3]. Nicolosi et al. sum-
marized different types of layered materials, which can be grouped into diverse fami-
lies. The simplest are the atomically thin, hexagonal sheets of graphene and hexagonal
boron nitride (h-BN). Other layered materials also include transition metal dichalcogen-
ides (TMDs), black phosphorus (BP), metal halides (such as Pbl, and MgBr,), layered

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNN



2 Two-dimensional Materials for Photodetector

metal oxides (such as MnO, and MoO,), layered double hydroxides (LDHs) [such as
Mg Al (OH), ], layered III-VIs (such as InSe and GaS), layered V-VIs (such as Bi,Te, and
Sb,Se,), and halide perovskites [4]. Graphene is composed of a single layer of carbon
atoms bonded together in a hexagonal honeycomb lattice, which was firstly obtained by
exfoliating graphite using an adhesive tape in 2004 [5]. Then graphene becomes the most
famous 2D layered material on the basis of its appealing electronic, optical, mechanical,
and thermal properties, and thus Geim and Novosolov were awarded the Nobel Prize in
Physics in 2010.

2D materials have many distinctive properties including mechanical stiffness, strength
and elasticity and high electrical and thermal conductivity. In this chapter, the optical and
electrical properties of 2D materials are cared for photodetector application. Compared
with traditional bulk materials, 2D materials have several superiorities as photodetec-
tors. Firstly, 2D materials are sensitive over a wide range of the electromagnetic spectrum
including ultraviolet (UV), visible, infrared (IR), and terahertz (THz) (see Figure 1a) [6].
The bandgap and photoresponse range of different 2D material photodetectors are sum-
marized in Figure 1b. Graphene photodetector can sense over an ultrawide spectrum from
UV to IR and even THz due to its zero bandgap and linear dispersion near the Dirac point
[7, 8]. TMD photodetectors have a photoresponse over a spectrum from visible to near
infrared [9]. The bandgap of BP can be increased from 0.3 eV of bulk to around 2 eV of
monolayer, corresponding to near infrared and visible [10]. Halide perovskite photodetec-
tors have a photoresponse over a spectrum from UV to near infrared [11]. Secondly, the
surfaces of 2D materials are free of dangling bonds, facilitating the construction of verti-
cal heterojunctions without the restriction of lattice matching and avoiding surface leak-
age current due to their naturally passivated surfaces, and noise current can be decreased
to fairly small order [12]. Thirdly, 2D semiconductors with ultrathin thickness can still
strongly interact with incident light resulting from the singularities effect near the conduc-
tion and valence band edges [13]. Therefore, 2D semiconductor films are ideal materials for
photodetector application.
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Figure 1. (a) The electromagnetic spectrum of 2D materials photodetector and (b) the gap value and detection range of
different 2D materials [6].
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2. Graphene photodetector

Graphene is an appealing material for optoelectronic applications. The concentrations of elec-
trons and holes can be as high as 10"* cm™, and their mobilities p can exceed 15,000 cm? V™' s
even under ambient conditions [14]. Due to its zero bandgap and linear dispersion near the
Dirac point, graphene exhibits an extremely broadband absorption from UV to THz. Despite
of the atomic layer thickness, graphene absorbs 2.3% of incident photons without significant
wavelength dependence [6].

2.1. The physical mechanisms

The physical mechanisms of graphene photodetector including the photoconductive effect,
the photovoltaic effect, the photo-thermoelectric effect, the bolometric effect, the photogat-
ing effect, and the plasma-wave-assisted mechanism (also called Dyakonov-Shur mechanism)
have been reported (Figure 2) [15]. Based on the sensing mechanism, photodetectors can be
divided into two categories: photon detectors and thermal detectors. Photodetectors that oper-
ate via the photovoltaic effect are usually called photodiodes. A photodiode photodetector
can function at two modes under illumination: the photovoltaic mode at zero bias and the
photoconductive mode under reverse bias [3, 16]. The charge-separation mechanism is shown
in Figure 3. Photovoltaic effect is based on the separation of photogenerated electron-hole
pairs by a built-in electric field at junctions, and electrons and holes are collected at opposite
electrodes, which generates a considerable photocurrent (short-circuit current). A photodi-
ode working in photovoltaic mode has the lowest dark current, and an improved detectivity
can be obtained. In photoconductive mode, the external electric field with a moderate biasing
voltage has the same direction as the built-in one, which increases the separation efficiency
of the electron-hole pairs, as well as the response speed due to reduced carrier transit time
and lowered diode capacitance. The photo-thermoelectric effect is also called Seebeck effect.
Pronounced thermoelectric photocurrent can be generated in graphene by hot carriers, and the
temperature differences between carriers are able to produce a significant photoresponse [17].
The bolometric effect is associated with the resistance change produced by heating associated
with the incident photons. Instead of generating photocurrent under zero bias, it only modi-
fies the conductance of graphene under high external bias [18-19]. A d.c. voltage is generated
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Figure 2. Schematic of the four kinds of graphene photodetection mechanisms [15].
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(a)
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Figure 3. (a) The current-voltage curve of photodiode, and (b) the energy-band diagram of photovoltaic mode and
photoconductor mode.

in a field-effect transistor in response to a THz radiation oscillation field through plasma-wave
rectification, which was first proposed by Dyakonov and Shur [20]. The graphene photodetec-
tor based on plasma-wave-assisted mechanism can be used to integrate with silicon photonics.

2.2. The structure and performance

Here, all graphene photodetectors are based on the photoconductor and photovoltaic effects.
The external bias voltage is not desired for graphene photodetectors because a large dark
current can be generated as graphene has high conductivity. The built-in electric fields can be
introduced by constructing a homogeneous p-n junction, a metal-graphene Schottky junction,
or a tunneling barrier junction. Surface chemical modification methods can be adopted for the
controllable n- or p-type doping in graphene. Liu et al. fabricated a graphene p-n junction pho-
todiode photodetector through a selected-area chemical doping process, showing its IR detec-
tion ability [21]. A metal-graphene-metal (MGM) photodetector can be achieved by taking
advantage of the work-function difference between graphene and a contacting metal. In 2009,
Xia et al. reported the first graphene photodetector with a 40 GHz bandwidth and a 0.5 mA W™
photoresponsivity (Figure 4(a, b)) [22]. Then they fabricated a MGM photodetector with asym-
metric electrodes (Ti and Pd) to extend the operation region, and a photoresponsivity of 6.1 mA
W, a bandwidth of 16 GHz, and a data rate of 10 Gbit s™ were obtained (Figure 4 (c, d)) [23].
In this device, photocurrent is generated by local illumination of one of the metal/graphene
interfaces of a back-gated graphene FET. The field arises from charge transfer from the respec-
tive contact metal to graphene, and it can be adjusted by choosing proper metal. A graphene
double-layer tunneling barrier junction can be used to achieve ultra-broadband and high-
sensitivity photodetection. The device is composed of two graphene layers sandwiching a
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Figure 5. Graphene double-layer tunneling barrier junction photodetectors: (a) schematic of device structure, (b) I-V,
characteristics of the photodetector under different laser powers, and (c) photoresponsivity versus illumination power

[24].

5-nm-thick Ta,O, tunnel barrier (Figure 5) [24]. The top and bottom graphene layer exhibit
shifted Fermi levels about 0.12 eV due to the different extents of interaction with substrates.
Under illumination, photogenerated hot carriers in the top graphene tunnel into the bottom
layer, leading to a charge build-up on the gate. The devices demonstrated room-temperature
photodetection from the visible to the mid-infrared range, with mid-infrared responsivity
higher than 1 A/W. Under low excitation power, the device shows a remarkable responsivity
of greater than 1000 A/W at 1V, suggesting the built-in amplification mechanism.
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3. TMD photodetector

2D transition metal dichalcogenides (TMDs) include MX, (M = Mo, W; X =S, Se, Te) which
is formed by covalently bonded X-M-X 2D hexagonal trilayers, and neighboring layers bond
with each other via weakly van der Waals forces [25]. Bulk TMDs possess an indirect band
gap of 0.9-1.4 eV. Only monolayer TMDs have direct band gap, and the indirect band gap of
TMDs is thickness dependent resulting from strong interlayer coupling and quantum con-
finement effect, contributing to efficient light absorption and emission [26]. The absorption
spectrum of TMDs is well matched to the solar spectrum, and the absorption coefficient is
typically on the order of 10*-10° cm™ so that more than 95% of the sunlight is absorbed for
TMD films with sub-micrometer thickness. The mobility of TMDs increases with the num-
ber of layers, typically ranging from 0.2 to 34,000 cm? V™! s [27]. The charge-carrier density
depends on the doping levels and recombination centers, and the typical value is 10** cm™
[28]. Moreover, monolayer TMDs have long-lived excitons because of high binding energies,
such as 320 meV for excitons in WS, and 20 meV for trions in MoS,, which are several times
higher than those in bulk [29, 30].

3.1. MoS, photodetector

Monolayer MoS, has a direct bandgap of 1.8 eV, large carrier mobility above 200 cm* V™' s,
strong photoluminescence, good chemical stability and mechanical flexibility, and so on [3].
MoS,-based photodetectors are always in the form of a FET configuration. In 2012, Yin et al.
developed a mechanically exfoliated monolayer MoS, phototransistor, which has a photores-
ponsivity of 7.5 mA/W for 750 nm light and a response time of 50 ms [31]. As shown in Figure 6a,
the cut-off wavelength of photodetector is at 670 nm, which agrees well with the bandgap
of the monolayer MoS,. After that, several factors have been investigated to explore how they
affect the photoresponse performance. First, the charge trapping in MoS, or at the MoS, /sub-
strate interface plays a key role in the photoresponse process. Lopez-Sanchez et al. obtained a
high responsivity up to 880 A/W from a monolayer MoS, phototransistor (Figure 6b), but the
response time can be several seconds, which is influenced by the surroundings of MoS, [32].
This is a specific example to demonstrate the effect of trap states on responsivity and response
time. Second, the responsivity and response speed are highly dependent on the layer number
of MoS,. Khan et al. reported an increased responsivity and response speed with increasing
numbers of MoS, layers. They also demonstrated that responsivity is significantly enhanced
in N, gas environment compared with that in atmospheric environment, indicating that the
charge-carrier density can be affected by the oxygen (Figure 6c¢, d) [33]. Third, the preparation
methods including mechanically exfoliated, chemical vapor deposition (CVD), liquid exfo-
liation, and solution synthesis can have a significant effect on photoresponse (Figure 6e, f).
Similar performance has been reported for mechanically exfoliated and CVD methods, while
inferior performance is obtained for solution-processed MoS,. Besides, electrode contact and
surface modification are also reported to affect the performance of MoS, photodetector, and
several strategies are employed to enhance the photoresponse performance [32, 34, 35]. The
photodetector with low Schottky barrier exhibits a very high photo gain, but response speed is
slow. On the contrary, a very short response time can be obtained for the photodetector with
high Schottky-contact barrier, but the gain decreases by several orders of magnitude [36].
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Figure 6. MoS, photodetectors based on FET configuration. (a) The dependence of I,_of a single-layer MoS, phototransistor
on excitation wavelength. Inset shows an optical image of single-layer MoS, photodetector device [31] and (b) responsivity
of a monolayer MoS, phototransistor as a function of incident power. Inset shows the structure and photocurrent spatial
map of the MoS, photodetector [32]; (c) photoresponsivity of single-layer, bilayer, and multilayer MoS, photodetectors
as a function of V ; and (d) time-dependent photoresponse in atmospheric and N, environments. (e) Schematic of MoS,
photodetector prepared by CVD method. (f) Optical images of single layer and multilayer of MoS, [33].

3.2. WS, photodetector

Monolayer WS, has a direct bandgap of 1.98 eV instead of an indirect bandgap of 1.4 eV in the
bulk, but its carrier mobility of 0.2 cm? V™' s is lower than bulk and it also has strong photolu-
minescence due to high exciton binding energy [26]. WS, is also reported to have much smaller
effective electron mass, providing better transistor performance than Si as well as MoS, [37].
Besides, WS, as a potential electronic material is inert, nontoxic, and environmentally friendly.
The photoresponse performance of WS, photodetectorisalsoaffected by the samefactorsasMoS,
including the charge trapping induced by substrate and atmosphere environment, the layer
number, the preparation methods, electrode contact, and surface modification. Perea-Lopez
et al. have studied the photoresponse of CVD-grown few-layer WS, photodetector (Figure 7a).
The responsivity is highly dependent on the excitation wavelength, and the highest photo-
response wavelength is 647 nm. The device shows a maximum photocurrent of 0.6 pA, a
responsivity of 92 uA W, and a fast response speed of =5 ms. The low responsivity is attrib-
uted to the high resistances ranging between 10° and 10" Q resulting from the low mobility
[38]. Lee et al. reported a mechanically exfoliated WS, photodetector with a photoresponsiv-
ity of 0.27 A/W and an on/off ratio of 10>-10° [37]. Huo et al. reported that the responsivity
of mechanically exfoliated WS, photodetector can increase from 5.7 A W™ in vacuum to a
maximum of 884 A W™ in an NH, atmosphere (Figure 7b). The high sensitivity on the sur-
rounding environment can be ascribed to the electron transfer to absorbed gas molecules,
demonstrating the role of charge trapping [39]. As shown in Figure 7¢, Yao et al. prepared
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Figure 7. The photoresponse performance of WS, photodetectors. (a) IV curve acquired with different laser power
irradiation. Inset shows schematic of a few-layered WS, photodetector [38], (b) AFM image of the multilayer WS,
nanoflakes, (c) the relationship between the light intensity and photoresponsivity under various gas atmospheres [39],
(d) AFM image and photographs of a large-area multilayered WS, film on a 1 x 1 cm? Si substrate, (e) power-dependent
photocurrent, and (f) temporal photoresponse of the WS, photoresistor [40].

multilayer WS, films with the size of cm” by pulsed-laser deposition method. Benefiting from
the large optical absorbance and high carrier mobility (31 cm? V™' s™), the responsivity of the
device approaches a high value of 0.51 A W™ in an ambient environment, and it can be further
enhanced to 0.7 A W™ in a vacuum environment [40].

4. Perovskite photodetector

Recent years have witnessed the rapid development of the organic-inorganic hybrid halide
perovskites. Their exceptional properties including an adjustable spectral absorption range,
high carrier mobility, long diffusion lengths, and the affordability of fabrication render them
one of the most exceptional optoelectronic materials for photoelectrical device applications
especially in photodetectors [41]. Organic-inorganic hybrid halide perovskites have the same
chemical formula ABX,. The A cation can be organic species including CH,CH,NH," (EA),
HC(NH,)," (FA), and CH,NH, (MA) or inorganic species such as Cs, Rb, K, and Na, and their
ionic radiuses decrease gradually. The A cation is thought no direct contribution toward elec-
tronic properties, but its size can alter the degree of distortion that in turn affects electronic
properties [42]. The B metal cation can be group IV metal such as Pb*, Sn*, and Ge* in a diva-
lent oxidation state, and the Pb* has superior stability than Sn** and Ge*". The halide anion can
be the most effectively varied component. In general, with increasing ionic radius, a narrower
bandgap can be obtained, resulting in that absorption spectra shift to longer wavelengths.
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Perovskites have a large absorption coefficient, so strong optical absorbance across the entire
visible spectrum can be achieved for a thin thickness less than 500 nm, facilitating the collec-
tion of charge carriers [43]. Moreover, MAPbI, has been reported with the carrier diffusion
lengths up to 100 nm for both electrons and holes, and exceeding 1 um has been reported in
the MAPDbL, _ Cl, resulting from long carrier lifetime and large carrier mobility [44, 45]. So
far, perovskite photodetectors have been widely reported from different aspects including
composition engineering such as the organic-inorganic hybrid MAPbX, (X = Cl, Br, I) and all-
inorganic CsPbX, (X =Cl, Br, I) perovskites, morphology such as compact polycrystalline films
and nanocrystal films (quantum dots, nanocubes, nanowires, nanoplatelets, and nanosheets),
device structure such as photoconductor and photodiode, and so on. Compared with organic-
inorganic perovskite, all-inorganic perovskite exhibits better air stability.

4.1. 2D perovskite photodetector

2D halide perovskites with different morphologies including microdisks, nanoplatelets, and
nanosheets (NSs) have been synthesized via both CVD and colloidal chemistry methods. Many
features including high photoluminescence (PL) quantum yield, quantum confinement effect,
increased exciton binding energy, and long electron diffusion length have been demonstrated.
In 2015, Jang et al. synthesized MAPbBr, nanoplatelets with the length of 70 nm and the thick-
ness of 15 nm by colloidal chemistry method, and mixed halide perovskite (MAPbBr,  CI and
MAPDBr,_ I ) nanoplatelets were obtained by anion-exchange reaction in solution. The full-
range band gap tuning over a wide range (1.6-3 eV) was demonstrated in Figure 8a [46]. By
comparing photoresponse performance in Figure 8b and ¢, MAPbBrI, has a larger photocur-
rent than MAPbBr, under the same irradiation condition, which may result from its stronger
light absorption. Next, Liu et al. synthesized triangle 2D MAPbI, NSs with thinner thickness
of several nanometers and larger lateral sizes of several micrometers based on two-step CVD
method. A photoconductor photodetector was fabricated in the form of a FET configuration
(Figure 8d and e). High responsivities of 22 12 A W™ at 1 V bias voltage were obtained under
irradiations of 405 nm laser with 0.07 mW cm™. The response or recovery time was shorter
than 20 or 40 ms upon 405 nm irradiation (Figure 8f and g) [47]. The excellent photoresponse
properties make this 2D perovskite promise for photodetection applications.

2D all-inorganic perovskites are also reported to fabricate high-performance photodetectors.
In particular, CsPbBr, NSs has been widely studied on synthesis, photophysics, electrical
property, and device application due to its high air stability. 2D CsPbBr, perovskite is formed
by incorporating Cs* cations into a 2D sheet of PbBr,* octahedra of which six Br atoms sur-
round each Pb atom and four in-plane Br atoms are being shared by two octahedrons [11].
Bulk CsPbBr, has been reported to possess a thermodynamically orthorhombic structure
at room temperature, and it can transform to tetragonal and cubic phases at 88 and 130°C,
respectively [48]. However, the cubic phase could be preserved at room temperature owing to
a large number of surfaces. Both cubic and orthorhombic phases are reported for CsPbBr, NSs
by different groups [49, 50]. In terms of well-controlled synthesis, Akkerman et al. synthesized
few-layer CsPbBr, NSs with monolayer-level thickness control [51]. Shamsi et al. synthesized
few-layer CsPbBr, NSs with lateral dimensions up to a micrometer size. [52] For photophysics,
Li et al. measured PL decay time of 2 ns and exciton binding energy of 120 meV for CsPbBr,



10 Two-dimensional Materials for Photodetector

~ il

a b €)os
{ J' ‘ } - ) MR : ] (o) AAPBE
— W T (B AT o
MACH MAI ; B 388 e (B0 e
PhEr m . o B 50 i 50 AN e
—--rp- 4 1—-—; Dok B2 e BT o ) M

MAPDBE,,Cl, MAPDEr,,,|,

[=te o L]
w
o

Cument iph)

2181 08 0t ios s

Viohage [V

z
Fei
Photoo.sent &
16§
g
;

15
Protormsponaity | - E

—

£

Figure 8. (a) Schematic for MAPbX, NSs synthesized by anion-exchange reaction. I-V characteristics of (b) MAPbBr, and
(c) MAPDbBrI, NSs film under different irradiation and dark conditions, (d) schematic of the 2D MAPbI, NSs photodetector
[46], (e) AFM images of MAPbIL, NSs with different thicknesses, (f) time-dependent photocurrent measurement, and
(g) photocurrent and photoresponsivity versus optical illumination power under the 405 nm irradiation [47].

nanoplates with a thickness of 3.4 nm and the lateral dimensions of 20.2 nm [53]. Our group
reported a larger exciton binding energy of 231.6 meV for CsPbBr, NSs with larger lateral
dimensions of 700 nm and a thickness of 1.8 nm based on the absorption spectrum fitting with
a quantum-well absorption model (Figure 9a—c). At the same time, high carrier mobility of
77.9 cm? V' s was obtained by the Hall effect and transient photoconductivity measurements
[54]. There are some reports on 2D CsPbBr, NSs photodetector application. In 2016, Song et al.
fabricated flexible CsPbBr, NS film visible-light photodetectors with a light on/off ratio of
>10% a R of 0.64 A W, and an EQE of 54% under 442 nm light at a power of 0.35 mW cm™
The response and recovery time were measured to be 0.019 or 0.025 ms, respectively. A high
stability and outstanding flexibility (>10,000 cycles) were also obtained [55]. This work demon-
strates that all-inorganic perovskite CsPbBr, NSs have a great potential in photodetector appli-
cation. Next, Lv et al. reported a similar result on CsPbBr, NSs photodetectors [56]. Then, our
group reported that the responsivity could be improved by the annealing, which was demon-
strated to increase coupling energy but decrease exciton binding energy resulting from ligand
rearrangement. Tunneling instead of resonant energy transfer as a dominant way of exciton
dissociation contributed to a high charge transfer rate. This exciton dissociation mechanism
was proposed based on microscopic KPFM results (Figure 9d). As shown in Figure 9e and f,
the response and recovery time were short, and the largest responsivity of 0.53 A W' could be
obtained under the 525 nm irradiation with the intensity of 0.009 mW cm™ [54].

4.2. Perovskite/graphene hybrid photodetector

Despite that the perovskites with different compositions, morphologies, and structures have
been reported as photodetectors with high performance, their responsivity can be further
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Figure 9. (a) Scanning electron microscope (SEM) image, (b) transmission electron microscopy (TEM) image, and
(c) small-angle X-ray scattering (SAXS) patterns of CsPbBr, NSs, (d) Kelvin probe force microscopy (KPFM) surface
potential mapping, (e) transient photoresponse curves, and (f) the wavelength-dependent photocurrent and responsivity
curves of CsPbBr, NS film photodetector [54].

improved by constructing hybrid structure. A promising strategy is based on hybrid phototran-
sistors, where light is efficiently absorbed by perovskite layer while photogenerated carriers can
transfer into conducting layer such as graphene, and high gain can be obtained from one carrier
that recirculate many times within the lifetimes of the opposite charges [3]. For this hybrid photo-
detector, graphene is firstly transferred on the FET configuration substrate, and then perovskites
including polycrystalline film or nanocrystal can be deposited on the graphene. In 2015, Lee
et al. fabricated the MAPbI, /graphene hybrid photodetector, and a dramatic PL. quenching was
observed for hybrid film resulting from effective charge-carrier transfer through m-mt interac-
tion between perovskite and sp? hybridized graphene (Figure 10a, b). The device exhibited a
broad spectral photoresponsivity across the visible range. The photoresponsivity and effective
quantum efficiency (EQE) were 180 A/W and 5 x 10*% at a relatively high illumination power of
1 uW, respectively (Figure 10c). The device also exhibited good on-off switching, and response
and recovery times were 87 and 540 ms (Figure 10d) [57]. The success of this novel perovskite/
graphene hybrid photodetector is a powerful evidence to demonstrate efficient hybrid structure.
Instead of compact polycrystalline perovskite film, Wang et al. reported a high-performance
perovskite/graphene hybrid photodetector consisting of graphene covered with a layer of dis-
persive MAPDbBr, I islands. A photoconductive gain of 10°, a responsivity of 6.0 x 10° A W™, and
a broadband detection across UV-visible are obtained. The photoresponse mechanism was dis-
cussed deeply. Under illumination, electron-hole pairs were generated in perovskite and then
separated at the heterojunction interface. The holes were transferred to graphene sheets, and
electrons were trapped in perovskite with a quite long lifetime, inducing a photogating effect
[58]. Then, Qian et al. fabricated a nitrogen-doped graphene quantum dots (NGQDs)-MAPbI/
reduced graphene oxide (rGO) transistor, exhibiting a high responsivity of 1.92 x 10* A/W and

11
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Figure 10. Graphene/MAPbI, hybrid photodetector. (a) Schematic diagram of the device, (b) PL spectra of the pristine
MAPDI, and graphene/MAPbI, hybrid films upon excitation at 532 nm, and (c) responsivity and EQE vs. illumination
power at 520 nm wavelength. The inset shows the photodetectivity vs. illumination power, (d) Photo-switching
characteristics of the photodetector under alternating dark and light illumination (500 uW, 520 nm). The gate and drain
voltages were 0 and 0.1 V, respectively [57].

a short response and recovery time of 10 ms. The outstanding performance was attributed to
that NGQD:s offer an effective path for electron transfer from perovskite to the rGO [59]. Despite
high responsivity, perovskite/graphene hybrid photodetectors suffer from a large dark current
about mA order because of ultrahigh conductivity of bottom graphene layer, resulting in high
noise level.

Besides the lateral photoconductor structure, a vertical graphene/perovskite/graphene
(GPG) photodetector has also been fabricated, and higher responsivity is achieved due to
its shorter carrier extraction length. Duan’s group fabricated a series of single 2D material
heterojunction. Wang et al. reported a graphene/CsPbBr, microplate/graphene sandwiched
vertical photodetector by growing CsPbBr, microplates on an exfoliated graphene flake, fol-
lowed by the dry transfer of a second layer of graphene (Figure 11a). As shown in Figure 11b,
the photocurrent rapidly increased with the light power, and the photocurrent versus
bias curves were nonlinear, indicating the presence of a contact barrier. The responsivity
decreases with the increasing light power density, and the maximum responsivity exceeds
10° A/W (Figure 11c) [60]. Besides, Cheng et al. fabricated a graphene/MAPbI /graphene
photodetector, delivering a high responsivity of 950 A W™ and a high photoconductive gain
of 2200 at 1 V bias under a 1.52 nW irradiation of 532 nm laser (Figure 11d and e). It also
exhibited good and reproducible photo-switching behavior with response and recovery
time of 22 and 37 ms. The photocurrent mapping showed uniformly contribution from the
overlapping area, indicating that the majority of photoinduced carriers travel in vertical
direction (Figure 11f) [61].

4.3. Perovskite/TMDs hybrid photodetector

Compared with perovskite/graphene hybrid photodetector, perovskite/TMD hybrid photo-
detector has a significant lower dark current. TMD layer serves as both light absorbers and
carrier transport layer, while perovskite as sensitized layer can enhance light absorbance and
extend the detection range. The heterojunction formed between perovskite and TMD layer



Graphene, Transition Metal Dichalcogenides, and Perovskite Photodetectors
http://dx.doi.org/10.5772/intechopen.74021

(b) (c)
200 _pas i 2o 1 g
= 0021 mem / -— % s
E 1.0} =0.21 mWem’ J.-'III _ =
= i.45 mwicm 4 '& 411.0 !;
a = 10.5 E
-1.0 // hn._,_ —— ]
; : : 0.0k o ——.
-0.3 0.0 0.3 ] 1,000 2,000 3,000
Voltage (V) Power density [uWicm®)
(e) (n
00 - rI:lh {ﬂﬂ.]
— 60
2
= ZII}EIJ
:
o
1004
0

0 200 400 600 800
Time (msec)

Figure 11. Graphene/CsPbBr, microplate/graphene photodetector. (a) Optical microscope image of a vertical hete-
rostructure. The inset shows a device schematic, (b) photocurrent versus bias in the dark and under different illumination
light power densities, (c) power density dependence of the photocurrent and responsivity [60], graphene/MAPbI,
nanoflakes/graphene photodetector, (d) device schematic, (e) photo-switching characteristics of the photodetector under
alternating dark and light illumination, and (f) the corresponding photocurrent mapping [61].

can promote the carrier transfer, contributing to a high responsivity and fast response speed.
In 2016, Ma et al. fabricated a hybrid perovskite MAPbIL, and TMDs material WS, planar pho-
toconductor detector for the first time. Both MAPbI, and WS, layers contacted with Au elec-
trodes, which could transport photocarriers as parallel channels (Figure 12a). From the band
structures of hybrid bilayer in Figure 12b, photogenerated charges were separated at the inter-
face due to the Fermi level difference, which reduced the charge recombination and enhanced
the carrier separation. The significant PL. quenching for both MAPbI, and WS, was observed,
indicating efficient charge transfer at the interface and exciton dissociation (Figure 12d).
Furthermore, they proposed the photoresponse mechanism. In dark, the charge transfer at
the interface lowers (raises) the Fermi level of WS, (perovskite), leading to the formation
of depletion regions, suppressing the dark current. Under the light illumination, excitons
are generated in the perovskite film, and electrons are transferred to WS, film, which raises
(lowers) the Fermi level of WS, (perovskite) and reduces the Schottky barriers at contacts,
resulting in the high photocurrent (Figure 12c). The device exhibited a high on/off ratios of
~10° and a high responsivity of 17 A W™. Owing to the high mobility of the WS, monolayer
and the efficient interfacial charge separation, the response speed of the hybrid photodetector
was enhanced by four orders of magnitude compared to the reference perovskite single layer
(Figure 12e and f) [62].
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Figure 12. WS /MAPbL, hybrid photodetector. (a) Schematic device structure; (b) band structures of hybrid bilayer;
(c) working mechanism of hybrid photodetector; (d) PL spectra of WS,, perovskite, and hybrid bilayer upon excitation at
532 nm; (e) bias dependence of the on/off ratios; and (f) time-dependent photoresponse [62].
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Figure 13. MoS,/MAPbI, hybrid photodetector. (a) Schematic device structure and energy-band diagram, (b) schematic
device structure and energy-band diagram of photodetector under 5 V bias voltage and laser exposure, (c) PL spectra
of perovskite and perovskite/MoS, hybrid bilayer, (d) IV characteristics of MoS, and perovskite/MoS, photodetectors
under both dark and illuminated conditions, (e) photoresponsivity as a function of the incidence wavelength, and
(f) photo-switching characteristics [63].
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At the same time, Kang et al. developed an ultrahigh-performance MoS /MAPbIL, hybrid pho-
todetector by using mechanically exfoliated 25-nm-thick MoS, nanoflakes [63]. Similar with
the WS /MAPDI, hybrid bilayer, the photogenerated electrons in perovskite are thought to
reach the MoS, layer through diffusion (Figure 13a). The significant PL quenching for hybrid
bilayer was also observed, indicating the charge transfer at the interface (Figure 13c). Under
the bias voltage and laser illumination, electron-hole pairs generated in perovskite were sepa-
rated based on the ambipolar charge transport property of the perovskite and diffuse into
the MoS, region, followed by the carrier collection step caused by the electric field in the
Ti-MoS, junctions (Figure 13b). The photocurrent of hybrid photodetector has increased by
one order than MoS, photodetector when V , was -30 V(Figure 13d). The photoresponsivity of
the hybrid photodetector and their ratios as a function of wavelength is shown in Figure 13e.
In the case of the 520 nm laser, the photoresponsivity was highly enhanced by factors of 7.7
(from 636 to 4.9 x 10° A W™). The response and recovery time were also decreased for hybrid
photodetector, but they are quite long compared with WS /MAPbI, hybrid photodetector
(Figure 13f). Then, Lu et al. reported a WSe /MAPbI, hybrid photodetector with a photore-
sponsivity of 110 A W, a high EQE of 2.5 x 10*%, and a high D* of 2.2 x 10" Jones [64]. In
all, the outstanding photoresponse performance of perovskite/TMDs hybrid photodetector
demonstrates this strategy as an efficient route to improve the performance of 2D material
photodetector.

5. Summary and outlook

The distinctive optical and electrical properties enable 2D materials as an ideal and power-
ful candidate in photodetector application. The superiorities of 2D materials include a wide
range of photoresponse wavelength (graphene is from UV to THz, TMDs is from visible to
near infrared, halide perovskite is from UV to near infrared), facilitating the construction of
vertical heterojunctions due to their naturally passivated surfaces, and the strong interaction
with incident light resulting from the singularities effect near the conduction and valence
band edges. This chapter has introduced the photophysics, device structure, working mecha-
nism, and performance of three kinds of 2D materials photodetectors including graphene,
TMDs, and halide perovskite. For graphene photodetector, four kinds of physical mecha-
nisms are discussed, and the graphene p-n junction and metal-graphene Schottky junction are
based on photovoltaic and photoconductor effects, respectively. These two effects also work
for most of the 2D materials photodetectors. Generally, graphene photodetector has a wide
sensitive wavelength and fast response speed, but it also suffers from a low responsivity and
a high dark current. For TMD photodetector, there are the same performance influence fac-
tors, such as the charge trapping induced by substrate and atmosphere environment, the layer
number, the preparation methods, electrode contact, and surface modification. However, the
photoresponse performance is also determined by the photophysical parameters including
mobility and absorption coefficient. For example, MoS, photodetector has a higher responsiv-
ity than WS, because of its high mobility. For 2D halide photodetector, the high absorption
and mobility promote the high photoresponse performance of MAPbBr, nanoplatelets and
CsPbBr, nanosheets. Furthermore, both the perovskite/graphene and perovskite/TMD hybrid



16 Two-dimensional Materials for Photodetector

structures are employed to enhance the photoresponse based on reduced the charge recom-
bination and enhanced the carrier separation due to band difference. In summary, the 2D
materials show their unique superiority in photodetector application.

In spite of the great success for 2D materials photodetectors, it is admitted that lots of chal-
lenges still remain. The dark current of graphene photodetector is too large, resulting in a
high noise. The sensitive to environment such as oxygen and water is an unfavorable fac-
tor to TMDs and perovskite photodetectors, which is the origin of the device instability. To
solve these problems, the novel 2D materials, approaches, and hybrid structure should be
developed to meet the requirement for practical applications. First, the responsivity and
response speed can be enhanced by exploring novel 2D materials with controllable prepara-
tion method. Second, novel approaches for chemical doping and surface treatment should
be investigated, which has been proved as a feasible strategy for improving or manipulating
device performance. Third, new hybrid photodetectors should be focused to demonstrate the
increased responsivity resulting from efficient carriers transfer. Both materials engineering
and device structure design are important to achieve high and reliable photoresponse perfor-
mance for pursuing practical application of 2D materials photodetectors in the future.
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Abstract

Two Dimensional (2D) materials has triggered to have transition metal dichalcogenides
(TMDCs) emerging as a new class of materials that can control or interact with light to
convert the photons to electrical signals for its attractive applications in photonics,
electronics and optoelectronics. 2D materials along with gapless Graphene interact with
light over the wavelength region of the different spectral regions having the short
wavelength of the UV and extreme UV, Visible, near IR, mid IR and THz due to excellent
light absorption, enabling ultrafast and ultrasensitive detection of light in photodetec-
tors. Next generation photodetectors are possible promising candidates for high sensi-
tivity and TMDCs based photodetectors are the heart of the multitude of technologies to
understand the principle of photodetection mechanisms and device performances.
Phototransistors/photoconductors show wide varied detection performances with resp-
onsivities ranging from 10~7 A/W - 107 A/W on single or few layer TMDCs having
response time between 107 s to 10° s. The semiconducting TMDCs like MoS,, MoSe;,
WS,, WSe; and ReS; are gaining suitable applications in optoelectronic devices and the
device design, mechanism and enhancing the performance of photodetectors are intro-
duced and discussed systematically in this chapter. In spite of the growing demands on
TMDC based devices the origin of the photoresponse characteristics is attractive and
encouraging to understand and provide a path to the subject of investigation and
guidelines for the future development of this rapidly growing field.

Keywords: 2D semi-conductors, transition metal dichalcogenides (TMDCs),
photodetectors, optoelectronic 2D devices

1. Introduction

Recently, 2D nanomaterials are rapidly expanding as one of the prime goal of materials
research from different disciplines such as physics, materials science, chemistry and electrical
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engineering. 2D materials with new entrants have been widely researched for its unique
electronic & optoelectronic components, sensors, biomedical and drug delivery applications
[1-5]. It is a fascinating counterpart to gapless graphene that has successful isolation, the ideas
and methods have rapidly established from these early studies were prolonged to various
layered materials [6-8]. Alike to graphite, the two dimensional crystals established on atomi-
cally thin films of layered semiconductors, such as the family of transition metal dichalcogenides
(TMDCs) offer an attractive platform for various optoelectronic applications [9-21]. TMDCs are
highly attractive due to the existence of an appropriate energy band gap (1.2-1.8 eV) that has
numerous unique properties that can be synthesized into thick atomic planes when compared to
the bulk counterparts. The semiconducting 2D metal chalcogenides are of peculiar interest with
the essential possibilities to explore the band gap discoveries by varying the number of layers
making them an exciting application for devices [7]. Investigations on band structure have
dramatically changed from bulk layer to single layer samples having the direct band gap
semiconducting TMDCs suitable for optoelectronic applications. The quantum size effects play
a prominent role due to their nanosize in expressing the distinctive properties of the material
that are not noticed in its bulk form having inspiring fascinating applications in the develop-
ment of transparent and flexible optoelectronic devices [22-24].

In optoelectronics, graphene has been utilized for the realization of photodetectors and optical
modulators. 2D materials offer complementary to graphene that lacks the interlayer interac-
tions having potential applications in the nano and optoelectronics to evaluate their electronic
band structure and their spaced energy levels [25-27]. Interest in two-dimensional (2D)
TMDCs materials can be defined as any material in which the bond strength between atoms
within a plane are much stronger than the bonds out of the plane that are exfoliated easily to
present interesting electrical-optical behavior. Optoelectronics integrate the physics of light
and these electronic devices can control light that converts photons or plasmons to electrical
signals. When light is incident on a semiconductor, they create free carriers (electron-hole
pairs) on the exciton binding energy in the semiconductor. The photon energy greater than
the band gap is gained by the electrons that move the common barrier in between the metal
and semiconductor, the energy gained by the electron which is called the work function is
given by kinetic energy [28]

hc
Ee=—-0, M

where A is the incident wavelength, ¢, is termed to be the metal work function and C the light
velocity. Since the photoelectric effect is based on the photon energy hv, the wavelength of
interest is related to the energy transition AE in the device operation with this relationship
A =2 =12 (eV) um where AE is the difference of energy levels transition. The discrete
energies AE of the semiconductor causes the excitation with the greater photon energy and
the bound excitons generate a photocurrent when it is separated by an applied electric field
with two major classes of semiconductor photo detectors. The two categories are likely to be
the photodiodes and phototransistors that are transparent and flexible thin film electronic
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devices having its great importance in the transparent displays, UV Detectors, wearable
electronics and solar cells [29-31].

There have been partial 2D discussion on the focus of TMDCs in recent years. This chapter
examines the properties of 2D materials from a new perspective related to the optoelectronic
properties of 2D materials. In a pioneering work of MoS, phototransistors the exfoliated
single-layer exhibits a photoresponsivity of 7.5 mA/W at 50 V of the gate voltage [32].
Phototransistors founded on CVD MoS, multilayer by local bottom gate structures show a
supreme responsivity of 342.6 A/W [33] and monolayer/WS, multilayers devices show a
photoresponsivity value of 880 A/W and a photodetector with high detectivity of 2.2 x 10"*-
7.7 x 10" Jones and a maximum photoresponsivity up to 2570 A/W have been reported [17,
23]. The synthesis route and the structural characterization of TMDCs having fascinating
properties of 2D materials provides a discussion of the TMDC-based devices with photo-
responsivity, the main emphasis is on describing relevant methods and important outcomes
as well as some of the novel applications of 2D photo detectors [34-36]. It is an intent to give a
comprehensive overview of the recent experimental results related to 2D photo detectors and
its applications. In particular, this chapter covers 2D photo detector materials synthesis and
characterization, device (phototransistor) fabrication, mechanism, performance of photo-
transistors in optoelectronics. This method attempts to highlight the various synthesis appro-
aches for 2D materials like bottom up synthesis routes including chemical vapor deposition
(CVD), hydrothermal and layer-by layer conversation and bottom down approaches like
chemical or mechanical exfoliation had their corresponding characterization by which the
current understanding of 2D materials has some tools for future contributions. The achieve-
ment of 2D materials created explosive interest to enrich the performance of TMDC photo
detectors, having the practice of periodic elements challenges novel discoveries for the exciting
new physics and ultimately thin devices.

2. Synthesis methods for 2D materials

2D TMDC:s can be divided into two groups as
(2.1) top down
(2.2) bottom up.

With top down approaches, there are mechanical and chemical exfoliations. In mechanical
exfoliation the approach starts from bulk TMDC materials which naturally comprise of many
layers where scotch tape is used to peel nanosheets of bulk TMDCs. It has advantage of
producing high purity and clean single crystal flakes but still limited to control the size and
thickness as the materials are easy to crack owing to grain margins, material flaws and process
prompted stress. For chemical exfoliation, ion assisted exfoliation can be used. Bulk TMDCs
powder is submerged in lithium ion containing solution (like n-butyllithium) and the lithium
ion to intercalate into the bulk TMDCs. The intercalated material is exposed to water and water
will react vigorously to evolve H, gas with in the lithium layers thus separating the layers
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rapidly producing high yield of monolayer TMDCs. It also failed to enlarge the size of the
monolayer which will restrict in practical applications.

The label bottom up approaches itself notates to construct from the bottom and the best
methods are physical vapor deposition (PVD)/Chemical vapor deposition (CVD). In PVD, the
bulk TMDCs is frenzied in a tube furnace until it thermally evaporates. A flow of inert gas
would carry the vapor stream to a cooler region and deposit it on to the substrate. Single
crystals are developed with grain dimension of several tens of micrometer, additionally layer
number can be controlled by varying the amount of precursor used. In CVD two precursors
are used (1) transition metal compound (M) (2) chalcogenide (X) precursor, the chalcogenide is
placed upstream in the tube furnace at a lower temperature than the transition metal com-
pound at higher temperature region in the tube furnace downstream. The furnace heats up so
that the precursors are thermally evaporated, reacts to form MX, and is deposited on a
substrate which is further downstream as compared to transition metal compound with inert
gas as carrier gas. The advantage of CVD growth is that large area uniform polycrystalline thin
film (cms) are grown with a possibly to grow single crystal by varying precursors.

2.1. Top down approaches
2.1.1. Mechanical exfoliation

It is a topdown method that is proved to be quite successful that is most traditional and
simplest to prepare high quality single layer of graphene and TMDCs materials. Geim and
Novoselov [37] used a block of graphite by cleaving it into different layers of graphene and
transferring it onto the substrates using scotch tape. The TMDCs samples are prepared by
peeling off from their parent bulk crystals with micromechanical cleavage by adhesive tape as
shown in Figure 1(a). This process was quick, cost efficient and the tape was repeated —peeled
material is applied to a substrate. Geim and Novoselov [37] cleaved the layered and revealed
that this method can also be applied to Boron Nitride &TMDCs [12].

Due to some limitations in this method of mechanical cleaving, the morphology control was
not systematically carried with flake size, the thicknesses of the nanosheets obtained were
small and tens of microns, it's a problematic for massive production outside the laboratories
has its own limitations in applications.

2.1.2. Electric chemical exfoliation

It is an effective topdown method that is inspired by the exfoliation methods that was
advanced where lesser Li ions being charged are intercalated to different layered TMDCs bulk
materials. Zheng et al. [38] developed the bulk TMDCs is positioned on the cathode and a
lithium intercalated material were in the electrolyte (water or ethanol) as shown in Figure 1(b).
In this set up charge is allowed to pass and the enforcement of the charged ions in the layered
material by intercalating the cathode. Lithium ions are induced inside the layers of TMDC
materials at change and Hydrogen gas is produced when the intercalated bulk material is
reacted with water in sonication to obtain the 2D TMDCs [13]. This separates the TMDC layers
during charging process and require low temperature to fully control the procedure by
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Figure 1. (a) Mechanical exfoliation method. (b) Lithiation and exfoliation process in a lithium ion battery system. (c)
Preparation of MoS, with the use of a simple hydrothermal method. (d) Synthesis of the hexagonal MoSe, multilayer
nanoparticles with MoO; and Se sources and the experimental set-up of the selenization and sulfurization process.
Adapted from Novoselov and Castro Neto [12], Zhang et al. [13], Guo et al. [39], Jung et al. [99], Shi et al. [14].

referring to a discharging curve. The disadvantage by these intercalation methods is due to the
impurities lead to the modifications in the electrical properties.

2.2. Bottom up approaches
2.2.1. Hydro-thermal method

It is an owing bottom-up technique for synthesis of two-dimensional TMDCs. It is normally
supported in a pressurized autoclave with the reactions in aqueous solutions to procedure
TMDC layered single crystal [39] as depicted in Figure 1(c). The temperature and pressure on
the solution in an autoclave can be elevated to the boiling point of water and touched to the
pressure of a vapor saturation. MX, TMDC layered material, for instance, is produced by
adding Mo, W and S, Se into autoclave and heating in the noble gas (For example N, Ar) to
773 K for 3 hours. The hydrothermal method can produce high quality of TMDC material with
uniform size (from several nanometers to several microns) but the thickness of TMDC wafer
cannot be controlled.

2.2.2. Chemical vapor deposition

Chemical vapor deposition: CVD is an employed technique currently used in the synthesis of
graphene and 2D TMDC materials that are exploited in the study of nanostructures including
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thin films and nanotubes. It is also another bottom-up method that realizes chemical reaction
between vapors to form TMDC wafers at high temperature. It is one of the supreme well-
organized ways to gain and grow large films on a substrate [40]. In order to form a two-
dimensional material, normally, precursor is applied (S, Se and MoOs, WOj3) on high temper-
ature region and substrate (sapphire or SiO,/Si substrate) on low temperature region in a pipe
furnace. Figure 1(d) shows the procedure for 2D TMDCs [14] synthesis depends on evaporat-
ing of Sulfur;Se and MoO3;,WOs.

The vaporized solid was then deposit on substrate to form a 2D TMDC crystal. It is the most
operative way to form large area, high quality TMDCs and achievable method in thickness
controlling. Other CVD methods entails the Mo sulfurization or a reagent rich in sulfur
atmosphere on the substrate are used for the synthesis of 2D MoS, materials. The thickness
and homogeneity of these 2D MoS, is regulated having more restrictions on the large area is
not achieved and not controlled precisely. Therefore, it is preferred alternative for synthesis of
2D TMDCs material for electronic and optical device fabrication.

3. 2D transition metal dichalcogenides

Transition Metal Dichalcogenides; TMDCs; as 2D semiconductors are proposed to be a layered
periodic part of elements consists of transition metal (Mo or W or Re) and chalcogen (S or Se or
Te) atoms frequently represents as MX,, where M is transition metal (usually group V/VI
element) and X is Chalcogen [15, 41-44]. TMDCs provide novel and outstanding phenomena
varying from indirect to direct band gap transition, large exciton binding energy, photolumi-
nescence and high ON/OFF ratio which are particularly changed from those of their bulk
materials.

The bulk material is significantly different from the nano-scaled particles that are divided into
numerous categories based on dimensional topological spacing difference such as OD, 1D, 2D
& 3D nano materials. 2D materials are crystalline materials containing of layered arranged
atoms/molecules which has strong covalent bonds within each layer but only weak Vander
Waals forces between layers that novelties application such as electrode, semiconductors and
photovoltaics [9, 45].

In 2004, the production of thin carbon layer by mechanical exfoliation hailed the milestone of
2D material, so called Graphene [46, 47] that illustrates the structure of a two dimensional
through a thickness less than 1 nm. The unique structure of Graphene (Figure 2(a)) illustrates
outstanding performance such as extremely high carrier mobility (15,000 cm?/VS) high thermal
conductivity (5300 W/m.K) and high transmittance (97.7%) [48]. Those outstanding perfor-
mance allures substantial attention on graphene for opening up a responsible fields in Physics
(Fermi Dirac), and chemistry with many scientific publications. The electrical, optical and
magnetic properties of graphene and its 2D nature has good current integration in the circuit
technology, however it limits its application where the electronic band gap is fundamental
in optoelectronics. The absence of band gap in graphene provides little ability for cutting off
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Figure 2. (a) 2D TMDC materials sweeping the energetic region of the electromagnetic spectrum. (b) Energy spectrum of
various two-dimensional (2D) materials and their atomic crystal. Adapted from Kourosh et al. [8], Xia et al. [44], Lee et al. [15].

the current while negative bias is applied and it is incapable for exciton disassociation like
semiconductors [49]. Now a days the interest for science is extended to other 2D engineering
with physical and chemical modifications to introduce novel performances.

Therefore this urges scientists to find out other 2D materials like graphene analogue boron
nitrate (BN), transition metal oxide (TMO-like titanium oxide or perovskite), transition metal
dichalcogenides (TMDCs) and V-VI/IV-VI compounds naturally have a band gap [50-52].
TMDCs are the elements of the periodic table having a combination (Table 1) of two elements
with the chemical formula of MX;: a transitional metal:M, of groups 4-10, and chalcogens:X
such as 15 sulfur:S, selenium:Se or tellurium:Te. A single layer TMDCs similar in atomic
thicknesses have one layer of atoms that are not comprised as graphene but a planar layer
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Table 1. Current 2D library. Adapted from Geim and Grigorieva [56].

TMDCs involve a metal atom layer sandwiched between layers of chalcogen atoms. They are
strongly held together by covalent bonding and the layers are feebly bound together with van
der Waals forces allowing it to separate in the bulk sheets. The layered materials combination
of Transition metals and Chalcogen family (Table 1) have almost 40 different types of TMDCs
crystal phases. The different chemical nature of metal and chalcogenide atoms makes the
sublattices inequivalent, producing a band gap.

The importance of band-gap engineering in the semiconducting nature of TMDCs is crucial for
their potential use in photovoltaic/—catalytic applications, as the ability to tune the material to
the correct spectrum or to particular donor/acceptor states in a system is vital in such applica-
tions [53, 54] (electronic & photonic). Unlike graphene the semiconducting TMDCs are with a
band gap varying from 1 to 3 eV and the band gap (Figure 2(b) energy levels of semiconduct-
ing TMDCs are sized by changing the number of layers [27]. The TMDCs research was just at
their beginning in recent years that built the foundations having a very rapid advances in the
scientific field of 2D TMDCs. Obviously, all these methods which effort on gapless graphene
are switched for its use on TMDCs. In 2011 with the help of quantum confinement on elec-
tronic structure [55], the indirect band gap of bulk TMDCs materials chances to direct band
gap in 2D TMDC material of single layer for the coupling of spin and valley physics. The effect
of strain allow TMDCs to be a promising use in transistors, optoelectronic and valleytronic
devices. The predicted research of the few to monolayer TMDCs focus on identified unique
compounds of the TMDCs [7, 56, 57] like MoS,, MoSe, & WS, etc. exhibit a direct band gap
and are of specific interest for new kinds of optoelectronic devices and the bulk crystals are
indirect band gap semiconductors.
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4. Photodetector technologies and performance

A photo-detector is a key principle device that rely in detecting the process by which light is
converted into electrical signals by absorbing the photons [58]. The general action of a photo-
detector comprises fundamentally three process, carrier generation, carrier transport and
extraction of carriers as terminal output signal current. The schematics of the 2D photo-
detectors are shown in Figure 3(a). The fundamental principle of the photo-detector has 3
different stages as Light harvest, photocarrier (e-h) separation and charge transport. It is thus
more advantages in the Image defining areas, display technology, networking devices, opto-
electronic sensors, and fundamental science applications.

Different mechanisms used in the photodetectors have been identified in literature [59-61]
which are crucial process in processing alterations of absorbed photos into an electrical charge.
The several possible mechanisms exists, these effects are: photoconductive (PCE), photovoltaic
(PVE) and photo-thermoelectric (PTE) that are discussed below.

4.1. Photoconductive effect (PCE)

This effect is based on the absorption of a photon by a material results in a generation, which
can enhance the electrical conductance of the 2D materials [62]. In dark when the device was
under an applied bias there will be small current between the two electrodes (without illumi-
nation) Figure 3(b). In light when the device was exposed to light photons electron-hole pairs
are generated with a higher energy than the band gap. The drift in the electron and holes in
different directions lead to an increase in current (Iphot,) between the metal leads. This photo
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Figure 3. (a) Schematic illustration of 2D photodetector device fabricated on SiO,/Si substrate. (b) Schematic of the
photoconductive effect: in the dark and under illumination. (c) Schematic of the photovoltaic effect: band alignment in a
PN junction and I-V curves in the dark & under illumination. (d) Schematic of the photo-thermoelectric effect: the thermal
circuit corresponding to the field-effect transistor device and I3~Vgs characteristics in the dark & under illumination.
Adapted from Koppens et al. [59], Buscema et al. [66].
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generated current increased the conductivity of the device. Due to the large difference between
the electron and hole motilities it is important to study the transit time (T') between the electron
and holes [63]

L2

Ve )

Ttransit =

where L, V45 and 1 have their regular notations. Many electrons can take part in the photocur-
rent before whole extraction or recombination which generates the photoconductive gain (G).

4.2, Photovoltaic effect (PVE)

This effect is based on the device when exposed to light and generating voltage. This novel
quantum effect for photons for its excitation of an electron hole (e-h) pair parted by an internal
electric field which contributes to the photocurrent [64]. Some interface can built the internal
electric field, such as Schottky barrier or a PN Junction as shown in Figure 3(c). In dark the
detector exhibits nonlinear I-V properties the PN junction is formed, I4s a exp. Vgs — 1 as I s is
exponential with the V45. When the device is under illumination the photo generated electron-
hole pairs can be separated by internal electric field without external voltage leading to a large
photocurrent. When the device was under illumination and reverse bias, the photogenerated
carriers are wiped out in opposite directions with an increase in the reverse current and the
photons energy can be converted into electrical energy by the photovoltaic effect. The voltage
AV in the process of G-Au interface can be described as:

AV = Gy — b — ABr -+ sgn (Vi ng;faC)th VAa Vg — VoI 3)

where ¢, is the work function of metal and ¢, is the work function of graphene; AEr is the
shift of the Fermi level of graphene by doping; V: gate bias; VS’,D;’“C: gate bias in electrical
neutral point; a =7.2 x 10" em ™2 V! is the carrier concentration with 300 nm SiO,; hvF = 5.52
eVA. A bias voltage (external) is to be applied to improve the performance of the device to
extract the charge carriers and use the phenomenon of photoelectric effect. The photocurrent
can be described in an expanded area in the whole device by applying an external bias voltage
that is given by [62, 65]:

Iph = AVepAn 4)
the symbols have their usual meaning as the cross section (A), the applied voltage (V), charge
(e), the mobility (i) and the carrier density (An). This mechanism can offer great internal gain,
which means that the device can detect with extremely low power.

4.3. Photo thermoelectric (PTE) effect

This effect is based on the thermoelectric effect caused by light illumination. When the light
energy get absorbed it is sensed by Thermal detectors and the temperature gets raised [66].
Figure 3(d) shows the light induced heating leads to a temperature gradient through a



Transition Metal Dichalcogenide Photodetectors
http://dx.doi.org/10.5772/intechopen.72295

semiconducting channel. Due to Seebeck effect the two ends of the semiconducting channel
has a temperature difference AT that can convert into a voltage difference AV =S. AT where AV
is linearly proportional to AT.

Graphene is extensively studied with this mechanism and later the MoS, photo-detectors [66—
70] having thermoelectric effect by Buscema et al. [66] on the MoS, monolayer. The photoin-
duced current is developed with 750 nm photo source that is less than the band gap of
monolayer that is caused by the heating the local junctions between MoS, and Gold. The
temperature difference between the junctions is due to the absorption of light, creates a
generation of PTE current and the voltage difference (AVprg) at the edge of the metal contacts
is given by [71]:

AVprg = (S semiconductor : MoS, — S metal : TiAu)AT =S semiconductor : MoS,AT  (5)

where S is the Seebeck coefficient and AT is the difference of temperature (Heated gold elec-
trode & MoS;) [72]

5 k3T din (o(E))

30 i |E=Er (6)

where e; the electron charge, kg; Boltzmann constant, o(E) is the conductivity, Er the Fermi
energy and T is the temperature.

4.4. Photo-device performance

The key terms of merit that are at high priority to characterize and assess the photo-detector
performances are as listed below:

Photo gain (G,y)

Photo response time:

On/Off ratio

External Quantum Efficiency (EQE) and
Internal Quantum Efficiency (IQE)
Photoresponsivity (R,) and

Detectivity (D)

Photo gain:

The ratio of the detected charge carriers per single incident photons, given by G, and is
defined by [63]

T TrMVbias
Cph=—=—5—
Ttransit L

@)
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Here, 1y, is the life time of the charge carriers, Tiransit is the drift transit time, p is the mobility of
the charges and L is the source—drain separation distance.

Photoresponse time:

In the ON state from dark, the time required for the current change until saturation is consid-
ered. This time varies from ps to minutes in different 2D materials and related devices that can
limit the application of the photo-detector.

On/Off ratio:

The ON/OFF in the photodetector is the fraction of the current with light ON and the current
(I) in Dark. It is not very similar to the device ON-OFF ratio in the other FET devices.

External Quantum Efficiency (EQE):

In order to produce the photocurrent I, the fraction of the extracted free charge carriers to
the photo flux ¢, collected at a given energy Ej, is the External Quantum Efficiency, defined
by [73]:

Toh _ I Ion

EQE = S % 8)

where P;, is the incident power.
Internal Quantum Efficiency (IQE):

In order to produce the photocurrent L}, the sharp ratio of the number of free charge carriers
collected is slightly different from external. The energy E,, is given by the absorbed count of
photons is the External Quantum Efficiency, described by [73]:

n v _pn ©
e(PjnAabs e PinAabs

IQE =

here A, mentions the fraction of absorption.
Photoresponsivity:

Photoresponsivity is defined by R, on the effective area of the photocurrent I;;, generated per
unit incident power P of the photo-detector (S) [5, 74, 75]:

Iph Iph _Nqg

P Px5 v {10
where 1; is quantum efficiency, and the responsivity is termed as [67]
_nAq _nA (um) (A
R= he 124 W an

where A is the incident wavelength.
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Quantum efficiency:

Quantum efficiency (QE) (n%) of a photodetector is the ratio of the electron generation rate to the
photon incidence rate. QE is connected to the responsivity of the photo detector by the below
equation [58, 76]

I
_ PEh _Ln hv 12)
" % q "Pinc

Detectivity:

The ability of the Detector D represents the detector to distinguish between signal/noise
(77, 78]:

RA\VA
D= WA (13)
V 2eIdark

where I, is the dark current.

In 1873 the birth of photo-detectors was traced in the discovery of photoconduction of sele-
nium [79] and was first fabricated in 2009. The Graphene as the prototype 2D material started
working without any bias voltage showing steady state photo-response up to a frequency of 40
GHz. The photodetectors of graphene have broader absorption spectrum, fast response time
and a carrier mobility that are energetic elements and the exfoliated graphene has the highest
photoresponsivity (6.1 mA/W) and weak absorbance which is a limitation for exfoliated
graphene photo-detectors [80]. Now a days, the 2D transition metal dichalcogenide semicon-
ductors (TMDCs) have successfully fabricated for larger absorption that has raised their limi-
tation to improve the performance of photodetector. The monolayer exfoliated MoS, has a
photoresponsivity of 880 A/W at 561 nm and the energy band gap of TMDCs layers is tuned
between direct and indirect which is crucial in designing efficient photo-detectors [81].

5. 2D photo devices

2D material devices are fabricated with the contacts and are patterned by means of physical
mask & lithography (both electron beam and optical lithography) In addition, metallization,
lift off process and vacuum annealing are the hardcore essential steps for a final material
device fabrication. Extensive discussion is carried on the experimental techniques of material
device fabrication by using physical mask and optical lithography respectively. The three
parameters like metal evaporation, lift off and vacuum annealing are necessarily of more
interest to be discussed.

5.1. Fabrication

Physical mask: The physical stencil mask is the modest device fabrication method that is fast
and clean. The device performance is fictional with the lithography process having good
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transparency in the 2D material homo-structures. The fabrication of the device is carried with
physical mask and prepared first on silicon substrate. The precised mask is aligned and stuck
tight on the substrate by making contacts having the metals get evaporated. The 2D device is at
last fabricated by eliminating the mask.

Lithography: Lithography is an effective process used in the fabrication of the device and is a
planning tool to prepare the device contacts and to overcome some of the problems in the
application of 2D materials. Electron beam lithography and Optical lithography differ techni-
cally but sounds good in the applications of universal devices. The E-Beam lithography can be
of more advantage in device application as the precision can reach nm scale and the design of
the mask is done with requirement of the samples. Figure 4(a) & (b) depicts the schematic of
electron beam lithography and at first the resist is spin coated onto the substrate (for optical
lithography) or sample (for electron beam lithography) and dried in a hot plate. Secondly, the
UV light or electron beam exposes the patterns of the mask and starts to change the resist
properties. The pattern obtained is developed after the exposure. Thirdly, the patterned sam-
ples are deposited with the metals (Ti/Au), and finally the metals/resist is removed in the lift
off process to advance the device.

Metal evaporation: The metals get evaporated by arranging the devices and substrates, align-
ment of stencil mark or the lithography by using gold, titanium and carbon and chrome
metals. The development compute the process to have normal contacts, evaporation of 5 nm
Cr-Ti followed by 70 nm Au with careful consideration.

Lift off (only made by lithography): Lift off is a simple, easy method for exposing a pattern into
photoresist depositing a thin film and washing to leave behind only the film in the patterned
area. The resist is lifted off the substrate on the top of the metal that gets evaporated and
lithography is done. This process is carried in a hot acetone of temperature around 50-60°C, in
2 h time the metal on the top gets lifted off after the resist gets dissolved.

Annealing (only made by lithography): This is the important process that is very important to
fabricate the devices. It is important to remove the residual of resist/impurities in vacuum. In
order to maintain good contact among the sample and the metal its crucial to input certain

c)

a)

Figure 4. (a) Optical lithography. (b) E-Beam system. (c) Schematic of 2D final device fabrication with grids as a shadow
mask with SiO, dielectric and Ti/Au electrodes.
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device current to remove critical contaminants in the optimization of metal:sample interface,
which is the most critical step in device fabrication (Figure 4(c)).

The different TMDC devices on 2D layered semiconductors is comprehensively reviewed and
discussed about the photodetection applications beyond graphene. Figure 5 [17] shows the
timeline development of the applications of graphene and other 2D layered semiconductors in
photodetectors based on different principles.

Most of the fabricated single/few layer TMDC FETs exhibits an n-type semi conducting behav-
ior which might approach the saturation current. The threshold voltage indicates the natural n-
type doping that arises due to the impurities like halogen (Br/Cl) atom that likely to replace S
atoms. The gradual increase of the concentration of the electrons of TMDCs giving n-type
doping results. The field effect device mobility of the single/few layer devices can be estimated
with the below equation [82]
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Figure 5. Timeline showing the development of the applications of graphene and other 2D layered semiconductors in
photodetectors based on different principles. Adapted from Xie et al. [17].
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(L Ol
H= (wcoxvds) (avgs) (14)

where L, W, C, have their usual meaning like the device channel length, width and gate
capacitance per unit area of 1.15 x 10® F/cm. It is well known that the carrier mobility of
semiconductors tend to decrease with increasing band gap. The electron mobility trend from
1T to V compounds reduces from 77,000 cm?/VS for the narrow band gap to 3000 cm?/VS for
the wider band gap [83]. The gapless graphene show very high mobility of up to 200,000 cm?/
VS [84]. The electron mobilities among 2D materials beyond graphene shows a high field effect
mobility peg > 100 cm?/VS for MoS, and an average mobility of ~50 cm?/VS/~100 cm?/VS for
single/bulk MoSe; [85, 86]. With various 2D blocks in hands the key parameters provide large
collection of mobility with strong light absorption in literature [87, 88] has transfer (Iys — V)
and output (Igs — Vg4s) characteristics of different TMDC synthesis.

5.2. Photodetector parameters

Choosing to study the optoelectronic properties of the semiconducting two dimensional mate-
rials like the TMDCs family consisting of transition metal dichalcogenides have shown a great
deal of attention towards strong light-matter interaction for optoelectronic applications. The
selection of the photodetector is based on the wavelength of light detected and the basic
photodetectors are semiconducting optical devices that adapt the incident light to an electrical
light that is focused as photocurrent [89]

I, = BP™ (15)

where Ipy, is the photocurrent, B is a constant, m is an exponent determining the photo-
conduction mechanism and P is the illumination intensity. In order to understand the photo-
detection high responsivity is required and essential for its potential application in TMDCs
materials which is a good parameter for the performance of an improved photodetector. It is
defined by [90]

Ip
Pright

Rj (16)

where Ip = ijymination — laark and Prige is the power of incident light.

The detector response should be great at the detected wavelength and different laser beams are
used at several optical power and applied gate voltage. The laser beams are chosen with a laser
wavelength of 532 nm is used in producing a photocurrent by focusing the light with a spot
diameter less than 1 um. The I & V parameters tend to increase with the increasing light
intensity that strongly suggest the photocarriers having electric field separated at the interface
of 2D and Si. To know the potential application of TMDC materials in photodetection, high
responsivity in various 2D TMDCs have been used for high performance photo-detectors such
as, MoS,, MoSe,, WS,, MoTe,, & ReSe; and so on [91-94]. These TMDCs in Figure 6 can provide
additional advantages over graphene based photodetectors that have larger photoresponsivity
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Figure 6. Optical and AFM images of different 2D devices gated using a degenerately doped silicon substrate with two
gold contacts. Adapted from Lopez-Sanchez et al. [23], Xia et al. [101], Liu et al. [18], Baugher et al. [19], Huang et al. [20],
Liu et al. [112].

of 10 mA/W to date in pure graphene photo-detector in visible region. Compared to classical
direct band gap semiconductors TMDCs are more advantages due to its transparency, easy
processing, and flexibility has ability to detect light at different wavelengths by tuning their
optical gap with various number of layers.

Graphene cannot be used as a competent photo-detector, with great dark current & small
absorption and photoresponsivity. MoS, is a representative member of the transition metal
dichalcogenide (TMDC) family that consists of two-dimensional material planar sheets that
stack on each other together using weak van der Waals interlayer interactions. MoS; is a said to
replace the graphene having promising alternative properties to enhance photocurrent
response because it has a band gap of 1.8 eV and high mobility of above 100 cm?/VS [95].
MoS, based photodetectors are of two kinds; (a) direct band gap on single-layer MoS, (b)
indirect band gap on few-layer MoS,. In 2011 the first photo-detector is based on single layer
MoS, was fabricated and developed [32], having a photoresponse of 7.5 mA/W, response time
of 50 ms which can measure 750 nm light that is comparable to graphene based photo-
detectors. As in Figure 7 in ambient condition Lopez-Sanchez with his group [24] developed
a device based on monolayer MoS, yielding a highest photoresponsivity of 880 A/W and on
the other hand in high vacuum condition a CVD monolayer MoS, based photo-detector arrive
a photoresponse and photogain limiting to 2200 and 5000 A/W respectively [96]. This implies
that the environment has a great influence on both the electronic and the optoelectronic
properties. Beside single layer MoS,, few-layer MoS, photodetectors have unique properties,
such as large absorption, band gap reduction and lower photoresponsivity than single layer
photodetectors. The reduction in responsivity is caused by the indirect band gap and the trap
states dominate the photodetection mechanism in few layer MoS,. In 2012 W. Choi et al. [20]
fabricated a photo-detector based on multilayer MoS, having a wide (~900 nm) spectral
response with a high photoresponse (>100 mA/W) and photo-detector based on a double layer
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Figure 7. Photoresponsivity of 2D TMDC devices under illumination wavelength. The TMDC devices shows an increas-
ing response of the photodetectors used for a high broad range of wavelengths. Adapted from Lopez-Sanchez et al. [23],
Ko et al. [21], Shim et al. [113], Buscema et al. [66].

MoS, device giving a faster photoresponse of (~110 us; decay ~70 ps; rise) 570 mA/W of
photoresponsivity of 10 V and had high thermal stability In a different study top-gated
photodetectors depending on three different layers like single: double: triple 2D MoS, [33-35]
are compared and there outcomes indicate that the triple-layer device exhibits a very improved
detection with red source, and the others like double-layers and single layer were more
valuable for an energy of higher green detection. Since decade’s significant advances have
been achieved to synthesize large continues films or triangular flakes or hexagonal flakes on
different substrates [57, 97-99]. Like MoS; the properties of monolayer MoSe; exhibits a direct
band gap of 1.6 eV and changes into indirect band gap of 1.1 eV for bulk or multilayer MoSe.
MoSe, Photodetectors based on single/multilayer devices shows a remarkable light response,
speed response (15 ms-8 s) remains too low for practical applications [100, 101].

The CVD grown MoSe, Photodetectors exhibit high photoresponsivity between 0.26 and
13 mA/W [101] and Duan et al. [102] demonstrated the epitaxial growth of MoSe,/MoS,
heterojunctions which showed a pronounced photoresponse characteristics. The exfoliated
flake based photodetector shows a responsivity of 10° was transferred on Ti electrodes up to
97.1 A/W and the heterojunction photodetector like Gr/MoSe,/Si display a photoresponse in
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the wide range of 350-1310 nm having an extreme fast response speed of 270 ns. The MoSe,
devices show a fast response speed within a few tens of milliseconds for high performance
optoelectronic devices. Among the 2D materials the tungsten disulfate (WS,) has been investi-
gated for its use in photodetectors under the influence of gaseous environment. Recently Huo
and his group [81, 103] carried the measurements under low excitation powers and the
photoresponsivity of the devices ranges from 13 A/W in vacuum to 884 A/W in NHj; atmo-
sphere. The WS, photodetector has good improvement in the responsively and sensing perfor-
mances. Besides WS,, tungsten diselenide (WSe,) can also be used as sensing material for
photodetectors and a high responsively of 180 and 30 A/W is reported on the influence of
metal electrodes on photoresponse [104, 105].

The MoTe, 2D material shows the electrical properties of a phototransistor based on mechan-
ically exfoliated few layer MoTe, device that reached a responsivity of 2560 A/W [106]. Xu and
coworkers successfully isolated the single and few layer HfS, flakes by mechanical exfoliation
that has an indirect band gap of 2 eV shows a responsivity of ~ 890 A/W [107]. ReSe, based
photodevices on single layer reports an extraordinary responsivity of 95 A/W with a fast
response times on the order of tens of ms. ReS, has a direct band gap of 1.5 eV and the CVD
grown and exfoliated few layer ReS, shows a responsivities ranging from 16.14 A/W to 8.86 x
10° A/W [108] with a response time of several ms to hundreds of s. Few layer ReS, based
transistors under the oxygen plasma treatment can advance the optoelectronic properties with
a maximum responsivity of 16 A/W, 88,600 A/W & 2.5 x 107 A/W [109-112] and a response
time of several tens of seconds. The GaSe based devices show a photoresponse of 2.8 A/W and
a response time of 0.02 s while Ga$S based devices show responsivities of up to 4.2 A/W and
19.2 A/W and the devices with GaTe exhibit increased responsivities between 274.3 A/W and
10* A/W having a response speed down to several ms [113]. The GaSe and Ga$S has photo-
responsivity of 4 A/W on flexible substrates in the UV Blue region and the direct band gap
GaTe and In,Se; exhibits large responsivities of 1 x 10* A/W at short light illumination and
response time varies from ms to s [114-116]. A thicker InSe flake has a great photoresponse of
160 A/W and a fast response speed of few seconds that indicates a great influence of trap states.
SnS, flakes has a great attention used in photodetectors & transistors synthesized by the
exfoliation method and CVD grown flakes can reach up to a high responsivity of 8§ mA/W
with a response time of 5 ms [117]. To enhance the performance of photodetector devices at
faster response times in the absence of gain and responsivity on the order of mA/W can
achieve the highest sensitivity (D* > 7.7 x 10" jones) in TMDC photodetectors [17]. Combining
the critical parameters presented in table [17] like photoresponse time, Detectivity and EQE a
high speed and highly sensitive photodetector could be realized by stacking of TMDCs and
other two dimensional materials. The photodetectors on different semiconducting TMDCs
beyond MoWSeS (MoSy:Rp, = 0.57 A/W, GaS: Ry, = 19 A/W, GaSe: Ry, = 2.8 A/W, InySes:
Rpn = 3.95 A/W) materials have their use in the flexible electronics of noble metals (PdS,,
PtS,...) and the early transition metals (e.g. TiS,, ZrS,, HfS,...) [118-122]. The growth of the
devices between their in-plane and out-of-plane modes have recently been discovered as
nanodiscs. These scientific discoveries are a frontline portion of the technological evolving
field and these 2D materials beyond graphene are blooming with new devices based on
MoWSeS materials, and investigation on the layered TMDCs research is still in early stages.
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6. Conclusions

This chapter is discussed on the Photodetectors based on 2D Transition metal Dichalcogenides
(TMDCs) that are rapidly established themselves as fascinating blocks for optoelectronics
focusing on the photoresponsivity. After the graphene discovery in 2004 thin film TMDCs are
used in the demonstration of the novel nanoelectronic and optoelectronic devices that are
becoming more eminent. The topdown & bottomup synthesis routes including Chemical
vapor deposition, hydrothermal method, electrical and mechanical exfoliation methods are
the promising methods to improve photocurrent response and discussion is carried on 2D
TMDC materials for a strategy to obtain large area with controlled thickness. The 2D TMDCs
with wide range of material properties can exhibit an ironic physical behavior extending from
an insulator to a narrow gap semiconductor to a semi metal or metal. The 2D TMDC semi-
conductors can have strong interaction with light and enhance the photon absorption with the
number of layers and evident with the band gap structures to create electron hole creation in
the merit of photodetection. The large band gap of TMDCs has higher carrier lifetimes
allowing them as a promising candidate for high sensitivity photodetectors. The direct band
gap semiconductors are suitable for application in optoelectronic devices generating electron-
hole pair with high absorption coefficient for effective photoresponse characteristics. The key
principle in the photo detection is explained and several different mechanism have been
discussed to enhance the photodetection efficiency. The theoretical key parameters of photo
performance is well explained to improve the light-matter interaction. The phototransistor
device preparation is shown and the Phototransistor devices based on TMDCs monolayer/
multilayers show and report the device photoresponsivity reaching 880-2570 A/W and having
a high photodetectivity under the light intensity. The improvement of TMDC photodetectors
performance like the parameter photoresponsivity is explained clearly in all the different
TMDC materials which is favorable for photodetection current that can greatly enhance the
photoresponse speed. The predictions of 2D materials in the commercialization depends on
the ability to offer at large scale depend not only on their performance but also on the ability
low cost integration to the existing photonic and electronic devices.
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Abstract

Nanophotonics involves the study of the behavior of light on nanometer scale. Modern
nanoscale semiconductor photodetectors are important building blocks for high-speed
optical communications. In this chapter, we review the state-of-the-art 2.5G, 10G, and
25G avalanche photodiodes (APDs) that are available in commercial applications. We
discuss the key device parameters, including avalanche breakdown voltage, dark cur-
rent, temperature dependence, bandwidth, and sensitivity. We also present reliability
analysis on wear-out degradation and optical/electrical overload stress. We discuss the
reliability challenges of nanoscale photodetectors associated with device miniaturization
for the future. The reliability aspects in terms of high electric field, Joule heating, and
geometry inhomogeneity are highlighted.

Keywords: semiconductor photodetectors, avalanche photodiodes, APD
photodetectors, InGaAs/InAlAs APD, III-V photodetectors, nanophotonics, reliability,
temperature dependence, device miniaturization

1. Introduction

Recently, two-dimensional (2D) materials have drawn great interest in the field of nanophoton-
ics. The 2D material sometimes is referred to as single-layer material, composed of a single layer
of atoms. One notable example of the single-layer material is graphene that was discovered by
Nobel Laureates Andre Geim and Konstantin Novoselov in 2004 [1]. Since then, a vast amount
of research has been directed at 2D materials because of their novel characteristics and potential
use in the applications of photovoltaics, semiconductors, electrodes, and water purification.
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Generally, 2D materials can be classified into two categories. The first is called 2D allotrope,
a material consisting of single elements. Among them, the most widely studied 2D allotrope
is graphene. Graphene is a 2D single-atom-thick material consisting of a monolayer of carbon
atoms in a honeycomb array. It exhibits unusual electronic [2] and magnetic [3] properties such
as high carrier mobility and ambipolar effect. Graphene is considered as a revolutionary mate-
rial for future generation of high-speed electronic, radio frequency logic devices, thermally/
electrically conductive reinforced composites, sensors, transparent electrodes, and so on [2-6].

The second category is a 2D compound composed of two or more covalently bonding elements
[7]. Layered combinations of different 2D materials are generally called van der Waals hetero-
structures. However, the efficient integration of 2D functional layers with three-dimensional
(3D) systems remains a significant challenge, limiting device performance and circuit design.

Since the first discovery of 2D graphene, there have been about 700 2D materials predicted to
be stable, and many of them remain to be explored and synthesized [8]. The global market for
2D materials is expected to reach US$390 million within a decade, mostly for graphene in the
semiconductor, electronics, battery energy, and composites markets [9-12].

2. Nanoscale photonic and electronic devices

Although 2D materials exhibit great technological potential, modern commercial photonic
and electronic devices are mainly based on 3D nanoscale structures. Several 2D materials
such as graphene photodetectors [13] and InAs quantum membranes [14] have been dem-
onstrated in research laboratories with the promising performance. Nevertheless, efficient
integration of 2D functional layers with 3D systems remains a significant challenge, hence
limiting its commercial use. Moreover, high-volume manufacturing is still immature, and
reliability issues remain unknown.

Three-dimensional nanostructures are the main building blocks of modern photonic and
electronic components because of their proven technology and established field reliability.
Table 1 lists the smallest feature size of photonic and electronic devices that are commercially
fabricated by using 3D nanostructures. For the electronics sector, integrated circuit (IC) has
been deployed in vast majority of semiconductor products [15]. In the IC, the feature size
refers to the smallest features on an IC where the feature size is usually gated by the length of
the transistor channel [16]. Over the past few decades, the IC has followed Moore’s law where
the number of transistors has roughly doubled in about every 18 months [17-19]. The recent
examples of IC’s device miniaturization include the 32 nm technology used in Apple’s A5/A6
chips for iPad Mini/iPhone 5, the 28 nm technology in Apple’s A7 chip for iPad Air, the 20 nm
technology in Apple’s A8 chip for iPhone 6, the 16 nm technology in Apple’s A9/A10 chips for
iPhone 6S/iPhone 7, and the 10 nm in A11 chip for iPhone 8 [20, 21].

For the photonics sector, avalanche photodiodes (APDs) have followed similar device scal-
ing with less restrictions in design rule and technology roadmap. The APD structure is typi-
cally composed of a thick absorption layer, a charge control layer, and a multiplication layer
(M-layer) for avalanche device operation. Among the various layers of APD, the charge control
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Photonic sector: APD photodetector

Electronic sector: IC transistor

Recent technology since 2010

Future technology

2.5G APD:

* M-layer about 500 nm

* Charge control layer~100 nm
10G APD:

* M-layer about 160-200 nm

* Charge control layer~50 nm
25G APD:

* M:-layer about 80-100 nm

e Charge control layer~30 nm

50G APD:

* M-layer <80 nm

* Charge control layer < 30 nm
100G APD

* M-layer <50 nm

* Charge control layer <20 nm

32 nm node:
¢ Transistor length~32 nm
28 nm node:
¢ Transistor length~28 nm
20 nm node:
¢ Transistor length~20 nm
16 nm node:
e Transistor length~16 nm
10 nm node:

¢ Transistor length~10 nm

7 nm node
¢ Transistor length~7 nm
5nm node
¢ Transistor length~5 nm
3 nm node

e Transistor length~3 nm

Table 1. List of minimum feature size of photonic and electronic devices based on 3D nanostructures. The devices that
are commercially fabricated at the present and in the future are shown.
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Figure 1. Evolution of minimum feature size for APD and IC. Device miniaturization occurs for both photonic and
electronic devices to attain higher speed.

layer is denoted as the minimum feature size. Semiconductor photodetectors have evolved
from 2.5G APD to 10G APD and recently advanced to 25G APD [22, 23]. Driven by 100G data-
center demand, the development and manufacturing of 25G APD have been accelerated with
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rapid pace and growth [24-26]. Comparing the charge control layer, the feature size roughly
reduced from about 100 nm in 2.5G APD to 50 nm in 10G APD and continued to shrink to
about 30 nm in 25G APD.

Figure 1 shows the evolution of the minimum feature size for photonic and electronic devices
where APD and IC are taken as the respective examples of photonics and electronics devices.
The year indicates roughly the time of commercial manufacturing. For APD, the charge con-
trol layer scales with device speed in a similar fashion compared to IC. For IC, device scaling
has rigorously followed Moore’s law for decades.

3. Nanoscale III-V semiconductor photodetectors

Semiconductor photodiodes are important components for high sensitivity, low-noise receiv-
ers, and detectors deployed in the optical communication systems such as passive optical net-
work (PON) [27]. Among the photodiode portfolio, APDs are attractive devices due to their
significant improvement in photoreceiver sensitivity compared with traditional p-i-n (PIN)
photodiodes [28]. By adding the multiplication layer, the avalanche photodiodes combine the
detection and amplification properties simultaneously.

Recently, 10G and 25G APDs have drawn great interest in commercial and military applica-
tions due to their high bandwidth and low-noise performance advantages. In order to achieve
high bandwidth, a mesa structure with coplanar P and N electrodes is typically employed
[29-32]. For APD, there are two critical device parameters for the reverse bias operation. The
first parameter is the avalanche breakdown voltage associated with the multiplication layer.
The breakdown voltage is typically measured at reverse current of 10 pA. The avalanche
breakdown has been formulated to study the impact ionization coefficients of electrons and
holes [33-35]. The second parameter is the dark current that is typically measured at reverse
bias below the breakdown voltage. Since these two parameters strongly influence the device
performance of the APD, it is important to understand the temperature dependence of these
two parameters. A good knowledge of temperature dependence is critical for the design of
robust APD that can maintain stable performance when subject to temperature fluctuations.
In Sections 3.1-3.4, we discuss the avalanche breakdown voltage, dark current, and tempera-
ture dependence in detail.

Table 2 summarizes the device cross-sectional schematics and key features of 2.5G APD, 10G
APD, and 25G APD. There are several differences between 2.5G APD and 10G/25G APD. First,
planar-type design is usually employed in 2.5G APD due to the advantages of processing
simplicity and low cost. On the other hand, mesa-type structure has been incorporated in
the high-speed APD such as 10G and 25G. Second, the p-InP region of 2.5G APD is typically
formed by Zn diffusion in the intrinsic InP layer [35], while the p-InP of 10G and 25G APDs is
grown by molecular beam epitaxy (MBE) to attain more precise control [23, 24].

For 2.5G APD, the device shown in Table II is composed of p-InP/i-InP/n-InP/i-InGaAs/n-
InP. From top to bottom, the first layer is the p-InP formed by Zn diffusion. Guard ring is
formed to avoid the edge breakdown at the p-InP diffused region. The intrinsic InP under-
neath the p-InP serves as the multiplication layer. Next, a thin layer (~100 nm) of n-type InP
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Device structure Key feature
2.5G APD P-metal Zn diffused region * Planar-type
Su AR uard rin - licati
B B * Hole carrier for multiplication
¢ InP multiplication layer
. (~500 nm) determined by Zn
i-InP multiplication layer .| 500 nm diffusion
n-InP charge control layer 100 nm * Charge control layer (~100 nm)
by epitaxial growth
iInGaAs 2pm
n-InP 1pm
m-InP sub.
L N-retal
10G APD P-metal * Mesa-type
v Pameea ° Elect.ror} ca?rier for
il i multiplication
Lo ¢ InAlAs multiplication layer
1.2 pm InGaAs absorplion layer (160-200 nm) grown by MBE
Graded layer SACM active o Charge control layer (50 nm)
grown by MBE
S0nm| InAlAs charge control layer
200 nm|  InAlAs multiphcation layer JETRINER
[ &G0 nm N-InP contact [ ]
[ ~ N-InP buffer | | Koo
5.1-InP substrate
25G APD P.maetal 30 pm * Mesa-type
= ® Dual charge layer
TAII » P-mesa e Electron carrier for
430 nm InGads 2 45 um multiplication
370nm| InGaAs absorption layer - * InAlAs multiplication layer

nAlGaAs graded (80-100 nm) grown by MBE
30nm| inAlAs charge control layer |

60nml  InAlAs fald buffar | | sacM active ¢ Charge control layer (30 nm)

30 nm [ TRAIRS charge control fayer | grown by MBE
BE nm InAl&s multiplication layer M-metal
200 nm N-InAlAs contact
1000 nm N-InP contact N
M=InP buffer
S.1-InP substrate

Table 2. Structure cross-sectional schematics and key features of 2.5G APD, 10G APD, and 25G APD. The schematics are
not drawn in scale [23, 24, 35].
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is used as charge control. The intrinsic i-InGaAs of 2 um in thickness is for absorption. Below
the i-InGaAs, there are n-InP buffer and n-InP substrates.

For 10G APD, mesa-type structure with coplanar p- and n-metal contacts is employed to
enhance the speed [23, 36]. The active region is sandwiched between the P-mesa at the top and
the N-mesa at the bottom. The P-mesa consists of the p-InP window and p-InGaAs contact
layers. The p-contact is usually made by forming a metal ring immediately outside the antire-
flective (AR) window. The p-ring is connected to the outside p-pad by the metal bridge. The
active region consists of the InAlAs multiplication, InAlAs charge control, graded InGaAs/
InAlAs, and InGaAs absorption layers. Such active structure is also called separate absorption,
charge, and multiplication (SACM). The InGaAs absorption layer is undoped with a thick-
ness of about 1200 nm. The InAlAs charge control layer is p-type doped (~1.0-1.1x10" cm™).
The InAlAs multiplication layer is undoped with a thickness of about 160 nm. The N-mesa,
consisting of the N-InP buffer and contact layers, is grown on a semi-insulating (S.I.) InP
substrate. The n-metal contact is connected to the N-mesa. For the passivation, the low-k
dielectric material such as polyimide is used to reduce the capacitance.

For 25G APD, more sophisticated mesa structure such as dual charge layers has been designed
to improve the bandwidth-gain product [22, 24]. Table II shows the conceptual cross-sectional
views of a top-illuminated 25G APD device structure. The epitaxial layers are grown by
molecular beam epitaxy (MBE). From top to down, it is composed of the p*-InGaAs contact
layer, p*-InP window layer, p-type partially depleted InGaAs absorber, two p-type InAlAs
charge layers, one intrinsic InAlAs field buffer layer, one intrinsic InAlAs multiplication (M-)
layer, and n*-InAlAs/InP contact layers. The partially depleted p-type absorber, which has a
graded doping profile (top: 5 x 10" to bottom: 1 x 107 cm™) is used to shorten the hole tran-
sit time, accelerate the electron diffusion process, and increase the high-power and linearity
performances [36]. The total thickness of InGaAs absorber is 0.8 um and the ratio of depleted
versus p-doped region is chosen to balance the RC delay and internal carrier transit/ava-
lanche-delay time under low gain operation (M, <5) [24]. In order to shorten the avalanche
delay time, a thin M-layer (around 90 nm) is chosen in our device structure [22, 36].

3.1. IV characteristics of APD

Figure 2 shows the typical reverse current-voltage (IV) curve of a 10G mesa-type SACM APD
photodetector. On IV curve, there are two transitions along the reverse voltage at about 10 and
32V, respectively. When the reverse voltage is applied to the device, the InAlAs multiplication
layer begins to be depleted first. The first transition at 10 V corresponds to the punch-through
voltage at which electric field depletes the InAlAs multiplication and i-InGaAs absorption
layers [23, 37]. The punch-through voltage related to the absorption layer is denoted as V.
The second transition represents the avalanche breakdown voltage (V, ) for APD. The break-
down is typically determined by the InAlAs multiplication layer. By properly controlling the
charge density of the charge control layer, sufficient electric field can be reached to achieve
a good avalanche gain while keeping the tunneling and impact ionization away from the
InGaAs absorption layer. In this case, the breakdown voltage taken at 10 pA is estimated to
be 31.7 V. Between the two transitions, the reverse current is of technological importance for
optical detection. The dark current is usually referred to the reverse current at 0.9 V, . In this
case, the dark current is estimated to be about 12.1 nA at 20°C.
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Figure 2. Typical IV characteristics of 10G InAlAs mesa-type APD. The IV is measured in reverse bias at 20°C [23].

Figure 3 shows the typical reverse IV of a 25G mesa-type SACM APD photodetector [38].
On the IV curve, there are two transitions along the reverse voltage that occur at 3 and 26 V,
respectively. Again, the first transition at 3 V corresponds to V  at which the electric field
depletes both the InAlAs multiplication and i-InGaAs absorption layers [23]. The second tran-
sition represents V, determined by the InAlAs multiplication layer. The avalanche break-
down voltage taken at 10 1A is estimated to be about 26 V for this device. The typical range of
avalanche breakdown voltage is 24-26 V. The dark current refers to the reverse current at 0.9
V,, is estimated to be about 13.4 nA at 25°C.

3.2. Avalanche breakdown mechanism

Figure 4 shows the schematic cross-section and the internal electric field profile of a SACM
APD [39]. A top illumination is illustrated here where the absorption layer is next to the
charge control and multiplication layers.

There are two major types of junction breakdown in semiconductor diodes. The first type is
associated with the tunneling breakdown where the tunneling mechanism is dominant for the
devices with lower breakdown voltage. The tunneling breakdown process exhibits a negative
temperature coefficient [40, 41]. The second is the avalanche breakdown that is the dominant
mechanism for large breakdown voltage, as illustrated in Figure 5. At very high electric field
(~10°-10° V/cm), some electrons within the diffusion distance near the depletion layer gain
enough energy to create the secondary electron-hole pair by raising the electron from the
valence band into the conduction band. This excitation process creates an electron-hole pair
due to impact ionization. The electrons and holes created by the impact ionization are accel-
erated by high electric field. Consequently, the secondary electron-hole pair can create even
more carriers, leading to a snowball avalanche effect. The avalanche breakdown process typi-
cally shows a positive temperature coefficient.

3.3. Temperature dependence

Figure 6 shows the reverse IV as a function of temperature for the mesa-type APD. The break-
down of APD is due to the avalanche mechanism since the device is operating at high electric
field. At higher temperature, the avalanche breakdown voltage is expected to increase due to
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Figure 3. The reverse IV curve of the 25G mesa-type APD photodetector where the first transition is related to the punch-
through (V) and the second related to the avalanche breakdown (V, ) [38].
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Figure 4. Schematic cross-section and internal electric field profile of the SACM APD structure. In the illustration, the
InGaAs absorption layer is next to the InAlAs charge control and multiplication layers [39].

the effect of phonon [42]. As the temperature increases, the population of phonons increases.
Thus, a higher electric field and applied voltage are required to reach breakdown in order to
overcome the increased carrier cooling caused by phonon scattering [43].

The positive temperature coefficient of the APD has been experimentally found and theoreti-
cally described where the breakdown voltage of the Si APD followed a linear expression with
temperature [44]. Here, it is assumed that the avalanche breakdown voltage increased linearly
with increasing temperature as shown in Eq. (1).
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v.(D) =V, (T) [1 +ao(T- TO)] (1)

where V| (T) is the avalanche breakdown voltage at temperature T, V, (T,) is the avalanche
breakdown voltage at reference temperature T, and a is the normalized temperature coef-
ficient. For the sake of comparison, Eq. (1) can be rewritten as Eq. (2) where the second term
shows the temperature coefficient of the breakdown voltage.

V(D = Vbr(TO) + aVbr(To)(T - To) )]

Figure 7 shows the avalanche breakdown voltage as a function of temperature based on two
APD wafers with similar structures but from different processing runs. There are several
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contact absorbing avalanche

region region
E
Impact
Eep ionization

electrons

Figure 5. Schematics of avalanche breakdown mechanism of APD with simplified energy band diagram at the reverse
voltage of[V[>|V, |. The electron with high enough kinetic energy drifts to the avalanche region and gets accelerated to
create a secondary electron-hole pair. The secondary electron-hole pair in turn generates another electron-hole pair,
leading to snowball avalanche process [23].
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Figure 6. The reverse IV of 10G mesa-type APD as a function of temperature over a wide range of 20-145°C [23].

interesting features worth mentioning. First, the two wafers show similar breakdown voltage.
The intercepts at the reference temperature (T, =20°C) for wafers A and B are 32.8 and 31.7 V,
respectively. The similarity between the wafers from two different processing runs suggests
that the breakdown voltage is largely determined by the epitaxial structure. Second, both
wafers show the same temperature coefficient of breakdown voltage where aV,taken from
the slope in Figure 6 is equal to 0.017 V/°C. Third, the normalized temperature coefficient « is
determined to be 5.1 x 10* and 5.5 x 10*°C™, as shown in Table 3. The measured value of the
normalized temperature coefficient in the mesa-type APD is excellent, lower than the reported
value of 7.2 x 10*°C™ [45]. The superior temperature dependence of our mesa-type InGaAs/
InAlAs APD can bring performance advantage to maintain the gain when the device is
subject to temperature fluctuations. The superior temperature dependence of the avalanche
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Figure 7. The breakdown voltage of mesa-type APD as a function of temperature from 20 to 145°C. The symbols are
experimental data, and the dashed lines are fitting from Eq. (2) [23].
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vV, (T) aV, (T) o
Wafer A 328V 0.017 V/°C 51x10"*/°C
Wafer B 31.7V 0.017 V/°C 5.5x10™/°C

Table 3. The temperature dependence of the mesa-type APD measured from 20 to 145°C [23].

breakdown voltage can be attributed to the optimized design of the InAlAs multiplication
layer thickness and InAlAs charge control layer doping.

3.4. Dark current, Id

Another key device parameter of APD is dark current [46, 47]. As shown in Figure 6, the
dark current is typically referred to the reverse current below the breakdown voltage. For
different temperature ranging from 20 to 145°C, the dark current is taken from the reverse
voltage of 0.9 V, where V, increases with the temperature. Figure 8 illustrates the transport

V| <|Vor|
1
H
InGaAs InAlAs

pt i p n

contact absorbing avalanche
region region

Figure 8. Schematics of reverse depletion mechanism of APD with simplified energy band diagram at the reverse voltage
of|[VI<|V, |. The avalanche process is not operative below Vbr. At 10<|V|<|V, |, both i-InGaAs absorption and InAlAs
multiplication layers are depleted [23].
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of electrons and holes in the energy diagram at the reverse voltage below the avalanche break-
down (|V|<|V, |) and above the punch-through voltage (|V|>10). In this regime, both i-InGaAs
absorption and InAlAs multiplication layers are depleted, but the avalanche breakdown in
the multiplication layer is not activated.

It has been found that the dark current increases with increasing temperature due to the influ-
ence of bandgap energy [48]. We note that the generation-recombination component of the
dark current has temperature dependence. Therefore, the bandgap could be estimated based
on the temperature dependence of the dark current. The generation current can be expressed
in Eq. (3) where A is the area of the p-n junction, W is the width of the depletion region, q is
the carrier charge, o is the carrier capture cross-section, v,, is the carrier thermal velocity, N, is
the trap density, and ni is the intrinsic carrier concentration.

L, = A, Wqov, N,n, 3)
The intrinsic carrier concentration can be expanded in Eq. (4) where N_is the effective density
of state in the conduction band, N is the effective density of state in the valence band, Eg(T)
is the energy bandgap, k is the Boltzmann’s constant, and T is the temperature. The energy
bandgap, E (T), shows a temperature dependence where the bandgap value decreases with
increasing temperature [49].

E(D)
Ly = A, Wqov, N (N.N,)"” exp (‘ 5kT> @

Based on Eq. (4), the energy bandgap can be extracted from the plot of dark current versus
temperature. Taking the natural logarithm of Eq. (4), the temperature dependence of the dark
current can be expressed in Eq. (5). The slope in the plot of I, versus 1/kT shown in Figure 9
is equal to —E (T)/2. The energy bandgap is estimated to be about 0.71 eV, close to the value of
InGaAs where the bandgap energy of In ,Ga,, As is reported to be 0.75 eV at 295 K [50, 51].
The slight difference between our value and others is likely attributable to the variance from
junction temperature and test measurement.

a(t)-(-257) () 5

3.5. Bandwidth

Figure 10 shows the bandwidth plot of a 25G APD based on small-signal modulation response
at 25°C. The bandwidth curves measured at reverse voltage of ~17 and -21 V are shown. At the
reverse bias of —17 V, the bandwidth taken by the 3 dB roll-off can reach 20 GHz. Such band-
width is adequate for meeting the requirement of 4 x 25G ER4 Ethernet [24]. The corresponding
multiplication factor or gain at —17 V is about 2.2 (M = 2.2). As the reverse bias was adjusted to
—21V for high gain operation (M =5), the 3 dB bandwidth can be maintained at around 15 GHz.

3.6. Sensitivity

Figure 11 shows the bit error rate (BER) of a 25G APD photodetector as a function of input
optical power. At the reverse bias near V, , the 25G APD can achieve error-free bit error
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Figure 9. The natural logarithm of dark current versus reciprocal of temperature for mesa-type APD. The dark current
was measured from 20 to 145°C [23].
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Figure 10. Bandwidth plot of 25G APD photodetector measured at 25°C with the reverse bias at =17 and -21 V. For a gain
of 2, the BW can reach 20 GHz [38].
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Figure 11. BER of a 25G APD device showing that the sensitivity of -17 dBm can be achieved for BER of 107 [38].
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rate (BER) < 10? and the sensitivity of -17 dBm with a gain of 6. Such sensitivity level
can provide a good margin for photoreceiver detection over the 40 km transmission over
fiber [52, 53].

4. Reliability

4.1. Optical and electrical overload stress

In order to verify photodetector’s robustness against the simultaneous electrical and optical
stresses, fiber optic component manufacturers typically perform overload stress in burst and con-
tinuous modes, as illustrated in Figure 12. To determine the damage threshold of overload, opti-
cal stress is ramped up from —4 to +4 dBm when APD is subjected to electrical stress at V, -2 V.

In the burst mode, the optical stress of 1% pulsed duty cycle is applied to the APD for 60 s. With
robust design and process, the APD devices can achieve good survival rate under the harsh
overload stress. Table 4 summarizes the overload results indicating that no failure occurs
after being overload stressed up to +4 dBm. In the continuous mode, the damage threshold
can also sustain the stress level of +1 dBm, well exceeding the requirement for -6 dBm.

For the study of reliability physics, it is important to identify the failure location and morphol-
ogy of APD device after the overload stress. Figure 13 shows an example of the damage mor-
phology of the mesa-type APD sample stressed with an overload test of +4 dBm at burst mode.
After the stress, the APD device shows functional failure due to short circuit, likely related to
the InAlAs window. The short failure can be correlated with the metal shorting that shunts
between the top InGaAs contact layer and the InAlAs multiplication layer, punching through

Electrical stress > Optical stress
V=Vy,-2 ? <, -4 dBm fo +4 dBm

Dielectric |  p.mesa

Mesa active region

N-mesa |

N-substrate

Figure 12. Schematic of electrical and optical overload stress applied to the APD for both burst and CW modes [38].

Burst mode CW mode

Damage threshold No failure up to +4 dBm No failure up to +1 dBm

Table 4. Damage threshold of optical and electrical overload stresses of 25G APD for burst and CW modes [38].
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Figure 13. Failure morphology of a damaged mesa-type APD device after electrical and optical overload stress.
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Figure 14. The relative breakdown voltage change as a function of aging time based on the stress condition of 85°C,
100 pA [38].

the InGaAs absorption layer. In comparison, the short failure can be suppressed by employ-
ing an InP window structure. The failure morphology reveals the spatial location of the weak
spot and provides useful information about the robust overload design for the photodetector.

4.2. Reliability aging data

To establish long-term reliability performance, the APD devices are tested with temperature
and current stresses to monitor the degradation. [54]. Figure 14 shows the relative change in
avalanche breakdown voltage as a function of aging time where the mesa-type APD samples
are stressed at 85°C under a reverse current of 100 pA. The failure criterion is defined as 1 V
change in V, . All APD photodetectors pass reliability test with excellent reliability margin
after 5100 h aging.

Due to the small degradation at regular aging condition of 85°C, mesa-type APD devices are
also stressed at highly elevated temperature experimentally determine the failure times. Figure
15 shows the failure time distributions of the APD from the aging groups of 165 and 175°C. The
failure time at 50% cumulative probability shows the statistical mean-time-to-failure (MTTF).
The MTTE values for 165 and 175°C are 896 and 446 h, respectively.
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The device failure time (t,) follows the modified Black’s Eq. [55-57] which provides a good
empirical description of device degradation over time as a function of stress current and tem-
perature as shown in Eq. (6).

b= Aep(i) (6)

In Eq. (6), the first term represents the current acceleration factor where A is a constant, I is
the stress current, and N is the current exponent; the second term represents the temperature
acceleration where E_ is the activation energy, k is the Bolzmann's constant, and T is the
temperature.

For the sake of activation energy study, Eq. (6) can be rewritten in the form of natural loga-
rithm as shown in Eq. (7) where the third term can readily determine the activation energy.

E
Ln(MTTF) = Ln(A) =N  Ln(D + (7)

Figure 16 shows the plot of Ln(MTTEF) versus 1/(kT) where the slope is equal to Ea. Based on
the experimental aging data of 165 and 175°C, the E_of APD is estimated to be 1.18 eV, which
is in close agreement with other reported values [27, 58].

With the E_ establishment, the failure times from the aging test can be extrapolated to project
the device lifetimes at the operating condition by using Eq. (6). For the operating condition of
50°C, the device lifetime of the mesa-type APD is estimated to be around 6900 years as shown
in Table 5, which represents great reliability margin for the 20 year stringent requirement per
Telcordia.

4.3. Future reliability challenges

Nowadays, semiconductor devices often incorporate design-in reliability in the early devel-
opment phase [21, 59, 60]. During device miniaturization, several aspects including high elec-
tric field, Joule heating, and geometry inhomogeneity may impose reliability challenges.
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Figure 15. The failure time distributions of APD photodetectors based on the stress condition of 165 and 175°C [38].
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Figure 16. The plot of Ln(MTTF) versus 1/(kT) for the determination of E, measured by mesa-type APD devices. The E,
value was 1.18 eV [38].

Aging stress temperature Failure time at stress temperature Device operating lifetime at 50°C
165°C 896 h 6912 years
175°C 446 h 6909 years

Table 5. Projected device lifetime of mesa-type APD at 50°C operating condition based on extrapolation from the stress
condition [38].

(1) High electric field

The breakdown electric field of APD generally increases with decreasing thickness of multi-
plication layer. The increase in electric field with feature size reduction can accelerate device
degradation over long-term field use [61-63].

(2) Joule heating

As device size shrinks, Joule heating is expected to be increased at a given bias current [64-66].
The increased Joule heating would raise device junction temperature that may degrade func-
tional performance and long-term reliability.

(3) Geometry inhomogeneity

For electronic IC, the geometry inhomogeneity may induce current crowding and cause early
reliability failure [67-69]. For APD, the inhomogeneous structure is typically generated by
mesa etch [70-72]. The etched mesa interface may cause an increase in leakage current due to
the generation of surface state [70, 71].

Among the three factors mentioned above, high electric field may impose the most reliability
challenge for APD. This is because the effect of Joule heating can be mitigated by the use of mesa-
type structure. For example, the resistance of the mesa-type APD is typically lower than that of the
planar-type due to the shorter conduction path [73]. The lower resistance would result in lower
Joule heating. Regarding geometry inhomogeneity, the surface leakage from mesa structure is
expected to be similar from design standpoint. With careful processing control, the dark current
of modern mesa-type APD devices can be confined within a few tens of nanoampere [23, 38].
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Figure 17. The breakdown electric field of the multiplication layer for various APD generations. Generally, the break-
down field increases with increasing device speed [39].

Figure 17 shows the estimated breakdown electric field in the multiplication layer of commercial
2.5G, 10G, and 25G APDs. At the breakdown voltage for avalanche operation, majority of the volt-
age drop typically occurs at the absorption layer and multiplication layer [22]. Since the absorption
layer is very thick, the electric field of the absorber is usually low enough to prevent breakdown.
Due to the thin layer, the electric field is much higher in the multiplication layer as shown in the
electric field profile in Figure 4. Assuming half of the voltage drop is across the multiplication layer,
we can estimate the electric breakdown field at the multiplication layer [74]. It is shown that the
breakdown field may reach about 800 and 1300 kV/cm for 10G APD and 25G APD, respectively.

Although the breakdown field depends on the design of epitaxial doping and thickness [38],
the ballpark estimate shown in Figure 17 suggests that reliability issue may need to be exten-
sively studied for 25G APD and beyond. As illustrated in our recent studies [26, 75, 76], the
two seemingly different fields of electronics and photonics share some interesting similarities
in reliability physics. As device scaling continues to occur to attain higher speed and greater
performance, 25G APD and beyond may mark another new frontier of reliability studies.
With effort as relentless as IC industry, the reliability robustness of APD is expected to be
achieved and matured in the forthcoming.

5. Conclusions

In this chapter, we review the state-of-the-art commercial APD photodetectors. A 2.5G APD is
typically based on the planar-type structure where the p-InP is formed by Zn diffusion with
guard ring on the edge of diffused region to avoid edge breakdown. The advantages of planar-
type APD include processing simplicity and low cost. On the other hand, 10G and 25G APDs
are based on more sophisticated mesa-type structures in order to meet the speed requirements.
The common mesa-type APD photodetectors are composed of SACM where the absorption,
charge control, and multiplication layers are precisely grown and controlled by MBE.
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The important device parameters of APD include: (1) avalanche breakdown voltage, (2) dark
current, (3) temperature coefficient, (4) bandwidth, and (5) sensitivity.

1.

For the avalanche breakdown voltage, the typical V,_of 10G and 25G APD photodetectors
are about 31 and 26 V, respectively. The V, value may vary depending on the design and
process of component vendors.

The dark current of modern planar-type and mesa-type APDs is typically in the range of
a few tens of nanoampere. By plotting the dark current versus temperature, the activation
energy close to the energy bandgap of InGaAs (~0.75 eV) can be found.

. The temperature dependence of avalanche breakdown voltage shows a positive coeffi-

cient due to the effect of phonon. The temperature coefficient of the breakdown voltage
is determined to be 0.017 V/°C, corresponding to a normalized temperature coefficient of
5.1 x 10*°C™. The superior temperature dependence of the avalanche breakdown voltage
is attributable to the optimized design of the InAlAs multiplication layer thickness and
InAlAs charge control doping.

The typical 3 dB bandwidths of 10G and 25G APDs can reach around 8 and 20 GHz, re-
spectively. The bandwidth is a function of voltage bias and multiplication gain.

The sensitivity and BER are paramount to high-speed photodetection. For the BER of 1 x 1072,
a sensitivity of -17 dBm or better can be achieved.

The main reliability assessment of APD photodetector includes: (1) life test aging and (2) opti-
cal/electrical overload.

1.

For the life test aging, mesa-type APDs can pass 5000 h aging with V, change of <0.5V at
the stress condition of 85°C, 100 LA. Based on the aging data of 165 and 175°C, the activa-
tion energy of the APD is estimated to be 1.18 eV. The projected device lifetime of the APD
is extrapolated to be about 6900 years at the operating condition of 50°C.

For the overload, APD is tested for its durability against simultaneous electrical and opti-
cal stresses. In the burst mode, the APD usually shows higher level of optical stress du-
rability with a threshold up to +4 dBm. In the CW mode, the damage threshold is around
+1 dBm, also exceeding the requirement of -6 dBm.
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Abstract

Compared to their conventional three-dimensional (3D) counterparts, two-dimensional
(2D) halide perovskites have attracted more interests recently in a variety of areas related
to optoelectronics because of their unique structural characteristics and enhanced perfor-
mances. In general, there are two distinct types of 2D halide perovskites. One represents
those perovskites with an intrinsic layered crystal structure (i.e. MX, layers, M = metal
and X = Cl, Br, I), the other defines the perovskites with a 2D nanostructured morphol-
ogy such as nanoplatelets and nanosheets. Recent studies have shown that 2D halide
perovskites hold promising potential for the development of new-generation photode-
tectors, mainly arising from their highly efficient photoluminescence and absorbance,
color tunability in the visible-light range and relatively high stability. In this chapter,
we present the summary and highlights of latest researches on these two types of 2D
halide perovskites for developing photodetectors, with an emphasis on synthesis meth-
ods, structural characterization, optoelectronic properties, and theoretical analysis and
simulations. We also discuss the current challenging issues and future perspective. We
hope this chapter would add new elements for understanding halide perovskite-based
2D materials and for developing their more efficient optoelectronic devices.

Keywords: photodetector, halide perovskite, two-dimensional layered structure,
nanoplatelet, and optoelectronic device

1. Introduction to photodetectors and halide perovskites

Photodetection techniques have demonstrated many important applications in a variety of
fields or occasions, including medical X-ray imaging, ubiquitous visible light cameras, near-
infrared medical imaging and short-wave infrared surveillance and machine vision [1-5].
Current photodetection relies primarily on conventional semiconductor materials with an

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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appropriate bandgap, capable of transducing photons with different energies into electrical
signals for subsequent processing, image reconstruction and storage. Historically, silicon
and III-V semiconductors have been most commonly used as photodiodes and phototran-
sistors (Figure 1) [6-8]. However, these conventional inorganic semiconductors are broad-
band absorbers. Thus, they produce a broad spectral photoresponse that could complicate
the architecture and fabrication of devices and makes it difficult in pure color replication.
Since the discovery of electrical conductivity in doped polypyrrole in the 1960s [9] and
myriads of small-molecule and polymeric conductors and semiconductors during the 1970s
and 1980s, organic semiconductors have shown promising applications in solar cells, field-
effect transistors (FET) and photodetectors [10-12]. However, engineering organic semicon-
ductors with an optical bandgap below 1 eV remains a challenge, as well as their carrier
mobility is normally low. In addition, most organic planar photodetectors suffer from slow
response time (=10 ms), high operation voltage (=10 V) and lack of stability to UV light
(190-350 nm) [13]. This has driven the development of colloidal quantum dot (CQD)-based
photodetectors, such as CdS, CdSe and PbS [14-16], as a possible option to expand the range
of optical path difference (OPD). In most CQD-based photodetectors, however, a compro-
mise between carrier extraction and absorption efficiency is required in order to reduce
the electrical volume of the photoactive material but without sacrificing absorption. More
recently, metal-halide perovskites have emerged as new candidate materials for optoelec-
tronic devices (solar cells in particular) with the conversion efficiency reaching over 20%
[17]. It is thus expected that using metal-halide perovskites as the key material component
could construct new-generation photodetectors. In general, perovskites are optically tunable
from 390 to 790 nm via halide-exchange or quantum confinement effect (Figure 1), so that
they possess an appropriate bandgap exhibiting a steep absorption edge and demonstrate
remarkable efficiency in photo-generated charge collection [18-22]. These unique optical
properties make halide perovskites play key roles in the recent rapid development of solar
cells, which has also spawned the exploration of diverse applications of halide perovskites
across the domain of photodetectors. Metal halide perovskite-based photodetectors could

Chrganic semiconductons, |',t||:_|-||1il: dyes and |1:'|4:|\-~Jc||1::.

Cuantum dots

Figure 1. Schematic illustration of the wavelength region and potential application of semiconducting materials
including organic semiconductors, organic dyes, halide perovskites and quantum dots. These semiconducting materials
having the different applicable spectra region [8]. Abbreviation: UV, ultraviolet; NIR, near-infrared; MIR, mid-infrared;
SWIR for short-wave infrared.
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have the notable advantages such as ease of processing, tailorable optical property, good
compatibility with flexible substrates and synergistic integration with complementary metal
oxide semiconductors [23-26].

Compared to three-dimensional (3D) materials, two-dimensional (2D) materials, defined as
crystals with very high aspect ratios and thicknesses corresponding to a few atomic lay-
ers, usually exhibit unique properties [27-30]. Graphene is the first example discovered
with a true 2D atomic crystal, which is known by its high chemical stability [31] and large
specific surface area [32]. In particular, graphene has a very high electronic conductivity
[33] and absorbs the incoming radiation almost independent of wavelength [34], which can
perform synergistic functionality in optoelectronic devices. Besides, other newly emerged
2D materials, such as hexagonal boron nitride (h-BN), [35] transition-metal dichalcogen-
ides (TMDs) [36], layered metal oxides [37], and Venes (phosphorene and arsenene) [38, 39]
have also attracted broad interests in various fields. Unlike above-mentioned 2D materi-
als, however, 2D perovskites in the form of nanoplatelet (NPL) or nanosheet and layered-
structure perovskites are ionic materials. This chemical bonding nature could endow them
special properties distinguished from their 3D structures. For example, these 2D perovskites
have an increased exciton binding energy, can reduce fluorescence decay time, and enhance
absorption cross sections with respect to the bulk as well as having a notable optical non-
linearity [40-42]. Moreover, energy transfer in the stack of 2D perovskite sheets or platelets
is significantly enhanced due to the large contact area between individual platelets. Note
that the construction of 3D perovskites needs to match some critical parameters such as
Goldschmidt’s Tolerance Factor, ionic radii, charge balance and bonding/coordination pref-
erence, in order to produce stable structures. In 2D perovskites, in contrast, a remarkable
structural tunability is feasible especially for the interlayer “A” cation length. This character
provides a high flexibility for the design and synthesis of desirable 2D perovskite crystal
structures with new physicochemical properties.

This chapter aims at summarizing recent advances and discussing current challenges
and ongoing efforts in the development of 2D perovskite-based photodetectors. We first
briefly overview recent research progress in 2D perovskites before focusing on the opto-
electronic properties of 2D layered perovskite structures or perovskite nanoplatelets and
nanosheets and photodetectors. We summarize a number of popular methods for the
preparation of 2D perovskites, their structural characterizations and fabrication and tests
of photodetectors. Also included is a brief discussion on theoretical simulations of elec-
tronic structures of halide perovskites for their perspective applications in future opto-
electronic devices.

2. Design and preparation of 2D halide perovskites

To obtain desirable optical properties, the design and controlled synthesis of 2D metal-halide
perovskites is a critical step. In this section, we focus on summarizing the recent progress in
the synthesis of 2D halide perovskites.
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2.1. Solution-processed methods

Some 2D halide perovskites can be prepared via solution-processed methods, which repre-
sent low-cost, flexible and efficient approach in many cases. For example, Sun et al. recently
reported the synthesis of CsPbBr, nanostructures with different morphologies by adjusting
different groups of acids and amines (Figure 2a) [43]. In the presence of hexanoic acid and
octylamine, the nanocrystals can be tailored into spherical quantum dots. Nanocubes were
generated under the coordination effects of oleic acid and dodecylamine, while nanoplatelets
formed with the help of oleic acid and octylamine. The average size for these three types of
nanostructures is 4.3, 9 and 100 nm, respectively. Their photoluminescence (PL) decay life-
time was determined to be in the range from several tens to hundreds of nanoseconds [43].
In another approach, Bekenstein et al. prepared colloidal nanoplatelets (NPLs) of CsPbBr, at

Quantum dots

= e

C18A-C18B

Figure 2. Summary of the synthesis methods for halide perovskite nanostructures. (a) Schematic view of the formation
process of CsPbX, (X =Cl, Br, I) nanocrystals with different morphology [43]. (b) Morphology and size control of CsPbBr,
nanocrystals through varying the temperature and surfactants [45].
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elevated temperatures, in which hot Cs-oleate solution was quickly injected into the PbBr,
solution containing octadecene, oleylamine and oleic acid [44]. The shape and thickness of
CsPbBr, NPLs was roughly controllable by adjusting the injection temperature of Cs-oleate
solution. Thin NPLs, thicker NPLs, nanocubes and large nanocubes together with nanowires
were obtained under 90, 130, 150, 170-200°C, respectively. However, no nanocrystals are
generated below 70°C. CsPbBr, NPLs obtained at 130°C have a lateral dimension of ~20 nm
and a thickness of ~3 nm. PL spectra were tuned from 512 nm (5 unit cell thickness) to 405 nm
(1 unit cell thickness). For those NPLs with 5, 4, and 3 unit cell thickness, the photolumi-
nescence quantum yield (PLQY) is 84.4 = 1.8, 44.7 + 2.6 and 10 * 0.5%, respectively. The
perovskite NPLs can be further assembled into stacked columnar phases by concentrating
NPL:s solutions and large 2D sheets by diluting samples [44]. Pan et al. studied the effects of
organic acid, base and cesium precursors on the morphology of CsPbBr, perovskite nano-
crystals (Figure 2b) [45]. The use of shorter chain amines resulted in the formation of thin
nanoplatelets, while using shorter chain carboxylic acids led to large-size nanocubes at high
temperatures. Furthermore, using CsOAc as the Cs source can overcome the solubility prob-
lem that existed in Cs,CO, precursor, showing superior performance, which allows the use
of low boiling point reactants, such as acid or amine with chain length shorter than eight
carbons. These findings have demonstrated the feasibility to tune the shape, size and opto-
electronic properties of halide perovskites [45].

2.2. Vapor-phase methods

Vapor-deposition methods including chemical vapor deposition (CVD), van der Waals (VDW)
epitaxy and other related methods are effective approaches to the preparation of high qual-
ity 2D nanocrystals especially for conventional semiconductors [46, 47]. These methods have
now been attempted for the synthesis of 2D perovskites. Following is a brief summary with
some representative examples illustrated.

Ha et al. first reported the preparation of CH,NH,PbX, nanoplatelets via a gas-solid hetero-
phase reaction, [48] as illustrated in Figure 3a. By means of VDW epitaxy, lead halide nano-
platelets were initially grown on muscovite mica and then were converted into perovskites
via gas-solid reaction with CH,NH_X. The resulting nanoplatelets had the lateral dimen-
sion in the range of 5-30 um and the thickness from several atomic layers to several 100 nm.
CH,NH_PbI, nanoplatelets exhibited a large diffusion length of ~200 nm (Figure 3b) [48].
Adding phenyl-Cé61-butyric acid methyl ester (PCBM) layer onto the CH,NH,PbL, platelets
resulted in the reduction of PL lifetime from 6.8 + 0.4 to 0.278 + 0.004 ns. Besides, the electron-
diffusion length was estimated to be 210 + 50 nm, [49] which can be attributed to the high
quality perovskites prepared from vapor-phase method. Wang et al. prepared crystalline 2D
MAPDCI, perovskite thin platelets on muscovite mica using VDW epitaxy method, with the
thickness of sub-10 nm and a few tens of micrometers in the lateral dimension (Figure 3c) [50].
Weak VDW interaction and delocalized bonding characters of ionic and metallic crystals play
key roles in forming ultrathin and large-scale MAPbCI, platelets.

A single-step CVD approach was developed by Wang et al. to prepare all-inorganic halide
perovskite, CsPbX, microplatelets [51]. The two types of precursor powders (PbX, and CsX)

79



80 Two-dimensional Materials for Photodetector

(a) (b) ﬁuL[“""ie-:f;ﬁ. . D

&
'-_[]
I

| Tube Fumace |
=1 . ]
T r . 4
VU e clatelets  CHNELX source s

Thickness of Pbi; platelets
E B
T
.
£
2o

d &0 (] :21.‘! rw ﬂKI .!ilﬂ I le}
( ) Thl:tM‘S!DTCHJ_HH- Pbi; platelets

patterns

(), <3
— —~ P
H 5i0, M5m|nnv

N |

ﬂ"‘h "

Figure 3. (a) Diagram of vapor-phase-transport system setup [48]. (b) Correlation of the thickness of Pbl, and CH,NH,PbI,
platelets [48]. The inset represents the optical image of CH,NH,PbI, platelets. (c) Optical image of an individual large-size
ultrathin sheet [50]. The inset shows the thickness of the sheet by AFM measurement. (d) The procedure for preparing
CH,NH,PbI, plates on a patterned substrate [52]. (e) Self-transformation of CH,NH,PbBr, nanodots to nanoplatelets
[53]. The enlarged parts represent the corresponding TEM images of CH,NH,PbBr, nanocrystals. (f) Scheme of the
mechanochemical synthesis for the 3D, 2D and 1D perovskites [54].

were mixed in a stoichiometric ratio and reacted in a home-built CVD system under con-
trolled temperatures [51]. A quality factor up to 2863 was achieved in CsPbX, microplate-
lets-based gain medium and whispering gallery mode cavity, while the photodetector based
on a sandwiched structure of graphene/CsPbX3 microplatelets/vertically stacked graphene
displayed a high photoresponsivity >10° A/W. Similarly, Wang et al. demonstrated a two-
step wafer-scale growth of large arrays of CH,NH, Pbl, microplate crystals [52]. The SiO,/
Si substrate was functionalized by (octadecyl)trichlorosilane (OTS) forming a hydrophobic
surface, followed by a selective growth of Pbl, plates on the hydrophilic region generated by
the oxygen-plasma treatment. Finally, perovskite platelets were obtained via immersing Pbl,
plates into CH,NH.I vapor (Figure 3d).

2.3. Other synthesis methods

Besides solution-processed and vapor-phase methods, other methods have also been attempted
to prepare 2D metal halide perovskites such as self-organization synthesis and mechanochemical
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approaches. Still, more alternative methods are in progress with the aim to control the morphol-
ogy and thickness of 2D halide perovskites more effectively.

Liu et al. demonstrated the self-organization process for the transformation of CH,NH,PbBr,
nanodots (NDs) to NPLs [53]. In detail, the CH,NH,PbBr, NDs were dissolved in a nonpolar
solvent and aged in darkness (Figure 3e). The thickness of resulting CH,NH,PbBr, NPLs is
similar to the size of original NDs, but the lateral dimension is about fourfold to the origi-
nal NDs. Theoretical simulations show that the side-side orientation with the coordination
between electrostatic and van der Waals interactions is favored during the self-organization
process. The resulting NPLs loaded into a polymer matrix (4-methyl-1-pentene, TPX) dis-
played cos/sin intensity dependence on the polarizer angles for the PL emission. In addition,
this method offers a new way for controlling the shape of perovskite-based nanomaterials
with polarized emission [53]. Jodlowski et al. reported the preparation of a bi-dimensional
(i.e. 2D) perovskite (Gua,Pbl,) using a mechanochemical synthesis approach (Figure 3f) [54].
The precursors of Pbl, and MAI were mixed in a 1:1 molar ratio inside a ball mill under ambi-
ent conditions to produce polycrystalline powders. This synthesis process featured solvent-
less environment, swiftness, simplicity, reproducibility and promising potential for exploring
the alternative design of various perovskite nanostructures [54].

3. Structural characteristics and analysis of 2D halide perovskites

3.1. General structural features

In general, there are two kinds of 2D metal halide perovskites. One is the intrinsically layered
crystal structure, which are electronically “2D” due to the quantum confinement in the layers
composed of MX, octahedra separated by organic cations. The other is those perovskites with
2D nanostructured morphology but intrinsically have 3D structures.

In the 2D layered perovskites, there is no restricted size confinement for the interlayer cations,
as indicated in 3D perovskites. This structure feature allows organic cations such as butylam-
monium ion (C,H,NH,") [55], phenylethylammonium ion (C,;H,NH,") [56], aromatic biimid-
azolium dications (C.H/N,") to access to the interlayer space between inorganic layers [57]. In
(NBT),Pbl,, for example, Pbl, octahedra can link together to form a flat layer in the bc-plane.
Instead of NBT cation, EDBE cation makes (EDBE)PbI, be featured as a distorted layer, that is,
a <110>-oriented zigzag structure. Increasing the alkyl chain length can narrow the band gap
of hybrid perovskites, which is invoked by the distortion of inorganic layers and B-I-B bond
angles. Moreover, the geometrical distortion of perovskite layers can also affect the defectivity
and charge relaxation dynamics. Tan et al. reported the synthesis of (C,H,NH,),PbBr, crystals
by a solution-processed method, which have a domain size of several to tens of micrometers
and the thickness of several to tens of nanometers [58]. PbBr, octahedra are connected to each
other via corner-sharing bromide atoms forming a 2D perovskite layer in the bc-plane, as shown
in Figure 4a. Meanwhile, the space between layers is separated by C,H;NH," cations for charge
balance. (C,H/;NH,),PbBr, crystal-based photodetectors assisted with the protection and elec-
tric contact of monolayer graphene was reported to exhibit very low dark current (~ 107 A),
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Figure 4. (a) Structural illustration of 2D layered (C,H;NH,),PbBr, [58]. (b) 2D layered structure in (PEA),(MA),[Pb,I, ]
[60]. (c) [Pb,Br,]” layer in CsPb,Br, [62]. (d) The crystal structures of Cs,CuSb,Cl,, [63]. (e) AFM characterization of
individual CsPbBr, nanoplatelets with different colors [64]. (f) An optical image of CH,NH,PbI, nanoplatelets prepared
by vapor phase method [48].

high on/off current ratio (up to 10°) and a high responsivity of ~2100 A/W [58]. In addition, the
“A” moiety can be further substituted by two types of organic cations, named as Ruddlesden-
Popper family. In (BA),(MA) _Pb I, . (n=1,2,3,4, ) perovskites, the layers are composed of
tilted, corner-sharing Pbl, octahedra, propagating in the ac plane, while the inorganic sheets
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are disconnected by the organic bilayers. For such perovskites (BA),(MA)_ Pb I, ., their band
gap is 243 (n=1),2.17 (n=2), 2.03 ((n =3) and 1.91 (n = 4) eV, respectively [59]. If BA" cation
is substituted with aromatic cations, such as PEA* cation, then resulting (PEA),(MA),Pb.I
(PEA = C,H,(CH,),NH,", MA = CH,NH,") features n = 3 layers with the PEA cations sand-
wiched between layers and MA* cations situated in the layers, displaying an optical band gap

of 2.06 eV (Figure 4b) [60].

If the inorganic framework of 3D perovskites are slit along <111> axis, <111> oriented
perovskites can be obtained. Leng et al. reported a collaborative solvent- and ligand-
assisted re-precipitation method for the synthesis of MA_Bi X, (X = Cl, Br, I) quantum dots.
(CH,NH,),Bi,Br, has a distorted layered structure composed of corner-shared BiBr, octahedra
with Cs*ions filled between interlayers [61]. Also, other interesting types of layered perovskite
structures have been investigated. For instance, the tetragonal phase of CsPb,Br, exhibits a
sandwich structure consisting of [Pb,Br,] layers and intercalated Cs* as shown in Figure 4c.
In the [Pb,Br,]" layer, one Pb* cation coordinates with four Br~ forming the elongated penta-
hedron. All the Pb* ions are confined in the center of the layer, while Br~ ions are located in
both the bottom and top surface of the layer. The structural feature of the CsPb,Br, crystals
is similar to that of layered double hydroxides, the nanoplatelets of which can be steadily
prepared by a facile precipitation process [62]. Vargas et al. prepared a 2D inorganic metal
halide perovskite single crystal of Cs,CuSb,Cl , by a solution-processed method (Figure 4d).
They found that this perovskite has a direct bandgap of 0.98 eV obtained by DFT calculations
and exhibits higher conductivity than that of MAPbIL, (MA = methylammonium). Besides
this, perovskite displayed high photo/thermal-stability and also tolerant to humidity, which
makes it a promising candidate for optoelectronic applications [63].

As for the perovskites with a 2D morphology, Levchuk et al. reported the synthesis of
CH,NH,PbX, (X = Br, I) nanoplatelets via a ligand-assisted re-precipitation method, tailoring
the thickness of nanoplatelets between 1 and 8 unit cell monolayers [64]. Thanks to the quan-
tum confinement effects, the thickness-dependent PL properties of these nanoplatelets would
offer an effective method to tune the emission color of perovskites [64]. Vapor-phase methods
have also been employed for the synthesis of 2D perovskites. CVD was used to synthesize 2D
CsPbBr, nanoplatelets directly on the mica substrate via the reaction between PbX, and CsX
(Figure 4e). The growth mechanism of the nanoplatelets suggested that layered mica could facili-
tate the VDW epitaxial growth of 3D perovskites into ultrathin 2D morphology [65]. Meanwhile,
they also employed a two-step CVD procedure for the preparation of MAPDI, platelets. In this
method, Pbl, was firstly deposited on the silicon substrate, followed by the vapor-phase con-
version of the Pbl, into MAPbI, [48]. Zhang et al. reported the preparation of CH,NH,Pbl, X
(X =1, Br, Cl) nanoplatelets grown on muscovite mica, which showed triangular or hexagonal
platelets with nanoscale thickness (10-300 nm) and edge length of several to tens of micrometers
(Figure 4f) [66]. For a typical CH,NH,PbI, triangular nanoplatelet, a lasing threshold of ~37 ] cm™
is deduced; while for CHNH,PbL, Br and CH,NH,PbI, Cl, a higher threshold of ~128 uJ cm™
is achieved but with a larger cavity quality factor, Q ~ 900. Integrating onto other conductive
substrates such as Si, Au and ITO, respectively, the spontaneous emission lifetimes are 2.6, 1.2
and 1.9 ns. These emission times are much shorter than those on mica. However, the threshold
of these nanoplatelet lasers remained to be ~40 uJ cm™, because the exciton avalanche occurs
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in a much shorter time-scale than that of the carrier transfer/trapping at the surface/interfaces.
In the family of the unique perovskite nanoplatelets, they have demonstrated strong optical-
pumped room-temperature near-infrared lasing with low thresholds and wide mode-tunability
[66]. Liao et al. reported the single crystalline square microdisks (MDs) of CH,NH,PbBr, pre-
pared by using a one-step solution self-assembly method for the first time [67]. Square MDs of
CH,NH,PbBr, are highly emissive with PLQY =22% + 5%. Q value of 430 was obtained at 555 nm
presented by a transverse magnetic (TM) mode, which is smaller than the simulated one. This is
most likely due to the shape deformation of CH,NH,PbBr, MDs derivate from perfect squares.
Single mode lasing at 557.5 nm was achieved in a 2.0 x 2.0 x 0.6 um? square MD with a threshold
of 3.6 £0.5 pJ cm . Built-in whispering-gallery mode (WGM) microresonator in single-crystalline
square MDs, ambipolar charge transport and the high carrier mobility make perovskites attrac-
tive candidates to realize electrically pumped on-chip coherent light sources [67].

3.2. High-resolution characterization tools

Grazing incidence wide angle X-ray scattering (GIWAXS) has been widely used to evaluate
the lattice expansion in perovskite materials. As shown in Figure 5a, the d spacing of relative
peaks is larger than that of the bulk crystals, consistent with the transmission electron micros-
copy (TEM) measurements of single sheets [68].

Atomic force microscopy (AFM) measurements are usually employed to detect the thickness
and surface of perovskite nanosheets and nanoplatelets. Yang et al. reported that the thickness
of 2D (PEA),Pbl, NSs is measured as 2.0 + 0.1 nm by AFM (Figure 5b), showing the formation
of single-layer nanosheets [69]. According to the crystallographic model, the theoretical inter-
layer distance should be 1.64 nm. Thus, it is very close to the AFM results, given the fact that
some organic molecules adsorbed on the surface of perovskite nanosheets. Besides, a quite
smooth surface of the (PEA),Pbl, nanosheet was observed from the high-magnification height
profile (right, Figure 5b).

Transmission electron microscopy (TEM), high-resolution TEM (HRTEM) and high-angle
annular dark-field scanning TEM (HAADEF-STEM) are all-powerful tools for analysis of 2D
perovskite structures. Akkerman et al. reported the face-to-face alignment of CsPbBr, nano-
platelets with a thickness of 3.0 + 0.4 nm (corresponding to 5 unit cells) and the average lateral
dimensions of 7.9 + 1.2 nm x 40.9 £ 6.8 nm (Figure 5c¢). HRTEM images confirmed that CsPbBr,
nanoplatelets are lying flat with respect to the substrate (Figure 5d). And the high crystallo-
graphic structure of these nanoplatelets can be well characterized by Fast Fourier Transform
(FFT) images (Figure 5e) [70]. In the STEM mode, these nanoplatelets are lying flat or edge-on
on the substrate (Figure 5f).

Single crystal X-ray diffraction is another powerful technique to analyze the structure of new
materials by collecting diffraction data on single crystals. Recently, Cortecchia et al. found
that a significant deformation of the Pb — X bond length and the X - Pb — X bond angle can
result in broadened PL spectra for the two perovskites, (NBT),Pbl, [71] and (EDBE)Pbl, [72]
(NBT = n-butylammonium and EDBE = 2,2-(ethylenedioxy)bis(ethylammonium)) [73].
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Figure 5. (a) GIWAXS image of the 2D thin sheets (left) and integrated GIWAXS spectrum of the 2D thin sheets (right)
[68]. (b) AFM image (left) and height profile (right) of a typical (PEA),Pbl, nanosheet synthesized in toluene [69]. (c) TEM,
(d) HRTEM and (e) FFT images of CsPbBr, NPLs. (f) STEM dark-field image of CsPbBr, nanoplatelets [70]. Scale bars
correspond to 50 nm in (c), 2 nm in (d) and 20 nm in (f).
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4. Applications of 2D perovskites as photodetector materials

Responsivity, speed and sensitivity are three main factors for evaluating photodetectors.
Responsivity is the ratio of photocurrent/photovoltage to the incident optical power, R=1_ /P, .
Speed is derived from the rise and fall response times, respectively, of a transient photocur-
rent. Sensitivity measures the ability to detect a weak light signal and is reported as the specific
detectivity, D* =R (A-Af)1/2 I . Devices with a high responsivity and a small noise current
can achieve a signal-to-noise ratio of 1, which corresponds to the noise-equivalent intensity
(i.e. the detection limit) at a lower incident intensity. Specific detectivity is normalized to the
device area and the frequency bandwidth of the noise measurement, enabling comparison
among different device architectures, areas and measurement bandwidths.

There are three kinds of photodetectors: photoconductors, phtototransistors and photodiodes.
Charge carriers in photoconductors are re-circulated through symmetrical contacts, in which
an external voltage is applied to read out the photon-derived changes and to achieve gains
through multiple carrier re-circulation. In contrast to photoconductors, a built-in potential in
a junction of photodiodes is essential for extraction of the photo-generated carriers. In pho-
totransistors, a gate-programmable semiconducting channel is optoelectronically modulated,
which might assist or hinder the charge transport while providing gain.

In this section, applications of 2D layered perovskites and perovskite nanoplatelets or nanosheets
as the key component in fabrication of photodetectors are summarized and discussed.

4.1. Photodetectors based on 2D layered perovskites

Compared to perovskite film-based photodetectors, photodetectors made of perovskite single
crystals exhibit more efficient photoresponsivity. In 2016, Tan et al. reported a solution-pro-
cessed synthesis of (C,H,NH,),PbBr, crystals on SiO,/Si substrates under room temperature
and application in the fabrication of photodetectors [58]. Individual 2D perovskite crystal-based
photodetectors were constructed along with large-area monolayer single-crystal graphene film
used as a protection layer from dissolution into water or acetone, which has improved the
stability of this device (Figure 6a). More importantly, water was carefully excluded during
the transfer of graphene onto the perovskite crystals through a special “dry” transfer method.
Interdigital graphene electrodes were designed to improve the absorption cross section of 2D
perovskite crystals (Figure 6b). Finally, the photodetector displayed an ultrahigh photores-
ponsivity up to 2100 A/W and an On/Off ratio of 10° (Figure 6c and d). Such an efficient pho-
toresponse is most likely attributed to the strong adsorption of 2D perovskite crystals on and
enhanced carrier collection by graphene electrodes. This report represents the first time to fab-
ricate a novel photodetector based on 2D individual perovskite crystals combining graphene-
based source-drain electrodes, and the results could open a new avenue for the development
perovskite crystals based optoelectronic devices [58].

Zhou et al. reported the synthesis of three different 2D layered structures, (C,H,NH,),PbI,
(n =1, one-layered perovskite), (C,HNH,),(CH,NH,)Pb L. (n =2, two-layered perovskite) and
(C,HNH,),(CH,NH,),Pb.I,; (n = 3, three layered perovskite) [74]. Especially, the photode-
tector based on three-layered perovskite displayed higher I, /I, ratio on the order of ~10°
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Figure 6. Schematic illustration of the structure of 2D (C,H,;NH,),PbBr,-based photodetector with (a) single-crystalline
graphene film connecting the source-drain top electrodes [58] and (b) interdigital graphene electrodes [58]. (c) Current-
voltage curves obtained in the dark and under different illumination intensity using a 470 nm defocused laser [58].
(d) Transient photocurrent recorded [58]. (e) Dependence of Ihgm/l . Tatio on applied voltage [74]. (f) Photocurrents
generated by a pellet of (TMP), ,[Bi,[,CL] [75].

(Figure 6e). However, compared to 3D perovskites, these photodetectors showed much lower
responsivities, which can be attributed to their larger optical band gap, small absorption in
the UV-vis absorption spectrum as well as the limitation of charge carrier mobility from the
insulting butylammonium layers. Among three photodetectors, three-layered photodetector
displayed better performance than the others did. The reason might be that it has a narrow
band gap and its microstructure is favorable to achieve higher output current.

More recently, the first 2D and mixed-halide anion of bismuth was synthesized by Li et al. via
solution-processed method [75]. In this compound, a unique 2D honeycomb-like [Bi,I.Cl,] 3
layers are isolated by TMP* cations (N,N,N’,N'-tetramethylpiperazine). The bandgap of this
material is 2.10 eV according to optical measurements. For the electrical conductivities, pel-
lets and single crystal of (TMP), [Bi,I.Cl,] displayed higher conductivity of 1.59 x 10 S/ecm
and 2.37 x 10 S/cm, respectively. Under the illumination of 450 W Xenon lamp and external
applied voltage of 25 V, the photocurrent increased to 0.68 pA (Figure 6f). Furthermore, no
material decomposition was observed after stored in air for 1 week, showing superior stability
over commonly used APbI, [75].

4.2. Photodetectors using 2D perovskite nanoplatelets or nanosheets

Song et al. first reported the fabrication of atomically thin, 2D CsPbBr, nanosheets on ITO/PET
substrates as a flexible and ultrathin photodetector via centrifugal casting method (Figure 7a) [76].
CsPbBr, nanosheets were synthesized with a thickness of ~3.3 nm and an edge length of ~1 ym, and
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their typical shape is tetragonal. In contrast to organometallic halide perovskites, the as-prepared
CsPbBr, nanosheets are well dispersible in several organic solvents. UV-vis absorption spectra
indicated a favorable absorption capability with a direct bandgap of ~2.32 eV for the nanosheets.

Linear and symmetrical photocurrent plots further evidenced the uniform dispersion of
perovskite nanosheets on the ITO electrode [76]. A high light on/off ratio of >10° under 442 nm
laser was demonstrated, showing good light-switching behavior. And a peak value of 0.25 A W™
was obtained under 5 V at 517 nm, as shown in Figure 7b, comparable to that of commercial
Si photodetectors (< 0.2 A W). Besides, external quantum efficiency (EQE) was measured to
be 53% at 515 nm and 10 V bias voltage (Figure 7c). The rise and decay time of the CsPbBr,
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Figure 7. (a) Schematic diagram of the photodetector structure based on CsPbBr, nanosheets [76]. (b) Responsivity [76]
and (c) EQE curves of CsPbBr, nanosheets based photodetectors under different forward biases [76]. (d) I-t curves of the
flexible photodetector at different bending states with an applied bias voltage of 5.0 V. The insets show corresponding
photographs of the device under the different bending states [76]. (e) Time-resolved PL decay transient spectra for
CsPbBr, nanosheet thin films [76]. (f) Optical microscopic image of the device structure for the CH,NH,Pbl, vertical-type
photodetector [78]. (g) The band alignment for the ITO/perovskite/Au vertical heterostructure [79].
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Device component and structure Perovskite Rise-decay time On/off ratio Responsivity (A Ref.
structure (ms) W)

Au/(C,H,NH,),PbBr /graphene  Single crystal - 10° 2100 [58]
Glass/(C,H,NH,),PbI,/Au Nanocrystal 28.4/27.5 1x10? 3.00 [74]
Glass/(C,H,NH,),(CH,NH,) Nanocrystal 8.4/7.5 1x10° 7.31 [74]
Pb,1/Au

Glass/(C,H,NH,),PbI /Au Nanocrystal 10.0/7.5 1x10° 12.78 [74]
Pt/(TMP), ,[Bi,LCL,]/Pt Single crystal - 34 - [75]
ITO/CsPbBr,/ITO Nanosheet 0.019/0.024 > 10* 0.64 [76]
Si/SiO,/CH,NH,PbL/Ti/Au Nanosheet - 1x10? 22 [77]
Au/CsPbBr,/Au Nanosheet 14.7/15.2 1x10? - [78]
ITO/CH,NH,PbL/Au Nanosheet 320/330 - 0.036 [79]
Au/CH,NH,Pbl,/Au Nanosheet 230/190 - - [79]

Table 1. Comparison of the performances of 2D perovskites-based photodetectors.

photodetector were 19 and 25 us, respectively. Meanwhile, the photodetectors were resistant to
external bending stress as the photocurrents and dark currents remained unchanged at different
bending states (Figure 7d). Also, after bending and recovering for >1000 times, the photodetector
still showed high light on/off ratio, showing very high stability. In contrast to serious degrada-
tion of MAPDbBr, photodetectors, CsPbBr, nanosheet photodetector almost remained unchanged
under ambient environment. These results open up the opportunity for the practical application
of 2D perovskite materials used as photodetectors due to their high stability [76]. In another
example, Liu et al. reported a combined solution processing and vapor-phase conversion method
to synthesize CH,NH,Pbl, nanosheets as thin as a single unit cell (~ 1.3 nm), which were used
in fabrication of a field-effect transistor [77]. This device displayed enhanced photocurrent upon
illumination as well as high ratio of photocurrent to dark current, attributing to strong light-mat-
ter interaction and broad-band light-harvesting capability in a single-unit-cell nanosheet. Under
illumination of a 405 nm laser, photoresponsivity can reach 22 A W, Besides, the rise and decay
time of the photodetector shorter than 20 and 40 ms exhibited a much faster response time than
bulk films, showing potential application for optoelectronic switches and photodetectors.

Cyan-emitting CsPbBr, nanosheets based photodetector was reported by Lv et al. [78]. The
source-drain current of CsPbBr, nanosheet film in the dark was detected to be on the order of
102 A due to the existence of long-chain organic ligands on the nanosheet surface. Under illumi-
nation of a laser diode at 450 nm, a significant increase in photocurrents was observed. Besides,
excellent optical switching and stability of this photodetector were also proved under 1 Hz pulse
laser (450 nm) at a fixed light density of 13 mW cm™ with a bias voltage of 1 V. Through fitting
the photocurrent response curve (Figure 7e), the rise time was estimated to be 17.8 ms and the
decay times were determined to be 14.7 and 15.2 ms [78]. Li et al. used a combined solution-
processed and vapor-phase conversion method for the synthesis of 2D CH,NH,PbI, nanosheets
with a thickness of ~20 nm [79]. Vertical- and planar-type photodetectors based on CH,NH,Pbl,
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nanosheets were tested to evaluate their optoelectronic properties (Figure 7f). With increasing
the incident laser power, the photocurrent increased to 600 nA at the power of 98.56 uW. The
rise and decay times of the photodetector were measured to be 320 and 330 ms, respectively.
Comparable to planar-type photodetector, the vertical-type photodetector displayed higher
photoresponsivity, about 36 mA W' under excitation power of 50.82 uW, resulting from short
transmission distance of the photocarriers between the electrodes in the vertical photodetector
and appropriate band energy distribution (Figure 7g). All these results might open a new ave-
nue for the investigation of 2D perovskites including their optical, electronic and optoelectronic
properties and for potential application as practical photodetectors.

Other photodetectors based on 2D halide perovskites have also been reported. Table 1 com-
pares the structure and key performance parameters of recently reported photodetectors.

5. Theoretical analysis and simulations

First-principles calculations based on density functional theory (DFT) have been used to simu-
late the electronic structures of many body systems from atomic level quantum mechanics.
Recently, perovskite-based materials including lead-free perovskites, 3D perovskites, espe-
cially 2D perovskites have been studied using first-principles calculations, exploring their
electron/hole effective masses, band gaps, carrier mobility, theoretical absorption spectra and
other properties related to their potential applications. Besides DFT calculations, the local den-
sity approximation (LDA) and the generalized gradient approximation (GGA) functional have
also been used in many systems due to their simplicity. However, these two methods usu-
ally underestimate band gaps of solids by 30-100%. Therefore, Green-function approximation
(GWA) [80], time-dependent DFT (TDDEFT), [81] HSEQ6, [82] and PBEO hybrid functionals, [83]
and more recent Delta self-consistent-field method [84] were mainly employed in theoretical
calculations of perovskites. Spin-orbit coupling (SOC) is required to be included in calculations
with the presence of heavy atoms to achieve a more accurate prediction of electronic structures.

For lead-free peroskites, first-principles quantum mechanical calculations were used to inves-
tigate their thermodynamic stability and photovoltaic-related properties. To this end, a series
of design metrics including thermodynamic and crystallographic stability, light absorption,
carrier effective mass, dopability, exciton binding and others should be considered [85]. For
example, the latest calculations have identified 18 compounds out of ~100 possible candidates
as most-likely targets (Figure 8a). Furthermore, the structure-property relationship was also
studied and showed that changes in microscopic structures could significantly affect pho-
tovoltaic performance. Theoretical computations could serve as a roadmap for facilitating
experimental discovery of alternative solar-energy hybrid perovskites. Sn- and Ge-based
alternatives were reported to be more stable than Pb-based perovskites. However, they dis-
played poor performance in solar cells largely because of their intrinsic p-type conductivity
and decrease in photocurrent density, and fill factor. Therefore, other factors beyond intrinsic
bulk properties should be included in order to evaluate their performance more reliably.

Using DFT the electronic band structure and density of states of some 2D perovskites were com-
puted, which confirmed that these 2D perovskites are indeed direct band gap semiconductors.
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Their valence band mostly consists of I 5p states with a small amount of Pb 6 s, while their
conduction band primarily consists of Pb 6p states. For example, the band gap is 1.99 eV for
(BA),Pbl,, 1.78 eV for (BA),(MA),Pb.I, and 0.96 eV for (BA),(MA),Pb 1. (Figure 8b and c), respec-
tively. It is found that the band gap decreases with increasing the number of perovskite layers.
Besides, the structural stability of these materials was predicted by DFT, finding that non-centro-
symmetric structures in 2D perovskites with a large number of layers are favorable. However,
there is still a complex relationship between the perovskite layer thickness and lateral dimension
[59]. Akkerman et al. reported the SOC-DFT calculations to investigate the electronic properties
of CsPbBr, NPLs (Figure 8d), which is highly consistent with the experimentally observed band-
gap evolution [70]. SOC effects can determine electronic and optical properties of perovskites
as well as their quantum confinement behavior. However, deviations become obvious as the
quantum wells decreased to ultrasmall dimension. This is mainly attributed to the tunneling
of the electron/hole wave functions outside the well boundaries such as the lack of effectively
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Figure 8. (a) Screening process for the potential superior bulk-material-intrinsic photovoltaic performance by
first-principle calculations [85]. (b) Electronic band structure [59] and (c) DOS results of the polar configurations in
(BA),(MA)__ Pb I, . [59]. (d) Band gaps from experiment and SR-, SOC-DFT calculations [70]. (e) Simulations of total
potential field in a four-dot alignment [53]. (f) DOS curves of the neutral lead vacancy and isodensity plot of the defect
states in (EDBE)PbI, [73]. (g) 3D bar charts showing Monte Carlo simulation results for a square (left) and fractal (right)

seeds [50].
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infinite potential barriers at the NPL border. In addition, the effective masses and the exciton
both reduced with increasing quantum confinement, suggesting ambipolar transport occurred
in CsPbBr, crystals.

To better understand the self-organization mechanisms of CH,NH,PbBr, QDs (or nanodots
(NDs)) into NPLs, Liu et al. performed theoretical simulations based on the classical Derjaguin-
Landau-Verwey-Overbeek (DLVO) theory [53]. They suggested that during the self-organization
process, two or four coalescent QDs might be considered as stable units. Two coalescent QDs
attracted each other from bottom and top to form a four-dot alignment under dipole-dipole
attraction (Figure 8e). With a combination of VDW and electrostatic driving forces, the self-
organization of CH,NH,PbBr, QDs preferred via side-side orientation to form nanoplatelets.
Consequently, the axis size of NPLs is about four-fold that of building block QDs.

Cortecchia et al. have performed ab initio calculations to investigate the structural effects on
the defectivity and energetic landscape for (EDBE)PbI,. For the neutral Pb vacancy, forma-
tion of " trimer is preferred in (EDBE)PbI, by ~1 eV, which is driven by under-coordinated
iodine atoms at the organic/inorganic interface with partial charge stabilized by EDBE* [73].
However, iodine atoms per organic cation in (NBT),Pbl, has a stronger electrostatic interac-
tion, which prevents the vicinal iodine motion from forming I,”. Hybrid DFT calculations
including spin-orbit coupling (PBE0-SOC) was also conducted to verify the formation of I,-
trimer in (EDBE)PbI, (Figure 8f). An optical transition at 0.21 eV corresponds to the highest
occupied molecular orbital (HOMO)-Lowest unoccupied molecular orbital (LUMO) transition
of 17, leading to the emergence of Stokes-shifted, broadened luminescence according to the
relaxation mechanism for trapped charge carriers. With the templating cation assisting charge
localization, the increased structural distortions in the PbX_ octahedral coordination in (EDBE)
Pbl, lower the energy barrier for self-trapping and thus stabilize the trimer I,".

In addition, Monte Carlo calculations were used to explain the growth mechanism of 2D sheets
of MAPDbCI, on mica [50]. The VDW nucleation and growth model was proposed (Figure 8g) [50].
The competition between the VDW diffusion and cohesive energy of perovskites can in prin-
ciple increase the thickness of perovskite sheets. This means much thicker layered perovskites
could be prepared through surface passivation. Furthermore, the development of two-photon-
pumped laser combined theoretical simulations (e.g. two-photon absorption (TPA)) would
enable to study certain perovskites towards understanding their nonlinear optical properties.
For example, Chen et al. have recently revealed that the TPA process proceeds through a virtual
level and then ended in an exciton band state. This observation would lay a solid physic basis for
the development of high-performance nonlinear optical perovskite materials [86].

6. Concluding remarks and outlook

Metal halide perovskites have increasingly attracted research interests in recent years, largely
because of their remarkable optical and electronic properties such as high carrier mobility,
small exciton binding energy, high photoluminescence quantum yield, narrow bandwidth,
long charge diffusion length and broadly tunable bandgap. They can further exhibit unique
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optical properties and enhanced stability in their 2D form due to quantum confinement
effects, which has led to increasing interest in the design and assembly of 2D perovskites
for their applications in photodetectors. This chapter mainly focused on the introduction
of synthesis methods, structure characterizations for both 2D layered perovskites and 2D
perovskites in shape, along with summarizing photodetection application of these two types
of 2D perovskites.

Researchers have made tremendous progress in studying 2D perovskite-based photodetec-
tion techniques, but some challenges from both basic science and device engineering per-
spective remain to be overcome. Recent studies have shown the feasibility of preparation of
perovskite nanosheets and nanoplatelets, but the control of their morphology and thickness
needs to be improved. Due to the quantum confinement effects, the thickness of nanoplate-
lets or nanosheets is a critical factor for their optical properties. Therefore, the develop-
ment of improved synthetic methods for better controlling morphology and thickness are
indeed required, which has been well achieved in conventional semiconductors and metal
nanocrystals. With the development of two-photon-pumped laser for studying CsPbBr,
QDs, the nonlinear optical properties of perovskites have just been taken to the front of
the research, such as two-photon absorption (TPA). Although 2D metal halide perovskites
have displayed excellent optical properties, water and air stability is still a detrimental
problem towards their practical applications. Some recent researches have attempted to
solve this issue. For example, organic molecular capping, silica or AL,O, coatings were used
to improve the stability, which has been to some extent successful. However, further efforts
still need to find more general ways with broad suitability for 2D perovskites. Meanwhile,
another important issue, similar to stability, is the toxicity of Pb element, which is one of
the most insidious factors for the environment and human. Albeit with the excellent prop-
erties of lead-containing 2D perovskites, it still exposes as a detriment factor for their appli-
cations. Many attempts have been made to substitute Pb with nontoxic metal elements, but
the resulting perovskites normally do not have the same level performance. For example,
Sn-based perovskites have appropriate bandgaps for optoelectronic applications, but they
display much lower stability than Pb-containing perovskites due to the oxidation of Sn* to
Sn* under ambient conditions. For Ge- and Bi-based perovskites, they indeed display high
stability. However, these two types of perovskites possess a large bandgap, which limits
the light absorption in long-wavelength range. Therefore, it is high desirable to design
new 2D layered perovskites with appropriate bandgap and large absorption coefficient
and high stability.

In terms of photodetection applications, being comparable to conventional colloidal quan-
tum-dot-based photodetectors much improvement is needed for perovskites. For example,
perovskite-based photoconductors suffer from slow photoresponse, low sensitivity and large
electrical hysteresis. Some recent efforts have partially overcome these issues by using surface
passivation, phototransistor gating and fabricating hybrid bilayer photodetectors. Interfacing
perovskite layers with other functional nanomaterials is proposed to be an effective way for
fabricating perovskite-based optoelectronic devices. In a broader perspective, perovskite-
based materials could be tuned and engineered for fabrication of new-type devices that are
endowed with new functions such as multi-spectral sensing.
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In conclusion, in view of their novel structures and optical properties we would believe that
2D perovskites are on the way becoming promising materials for next-generation optoelec-
tronic devices.
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Abstract

The implementation of strained layer superlattices (SLS) for detection of infrared (IR)
radiation has enabled compact, high performance IR detectors and two-dimensional focal
plane arrays (FPAs). Since initially proposed three decades ago, SLS detectors exploiting
type II band structures existing in the InAs/GaSb material system have become integral
components in high resolution thermal detection and imaging systems. The extensive
technological progress occurring in this area is attributed in part to the band structure
flexibility offered by the nearly lattice-matched InAs/AlISb/Ga(In)Sb material system,
enabling the operating IR wavelength range to be tailored through adjustment of the con-
stituent strained layer compositions and/or thicknesses. This has led to the development
of many advanced type II SLS device concepts and architectures for low-noise detectors
and FPAs operating from the short-wavelength infrared (SWIR) to very long-wavelength
infrared (VLWIR) bands. These include double heterostructures and unipolar-barrier
structures such as graded-gap M-, W-, and N-structures, nBn, pMp, and pBn detectors,
and complementary barrier infrared detector (CBIRD) and pBiBn designs. These diverse
type II SLS detector architectures have provided researchers with expanded capabilities
to optimize detector and FPA performance to further benefit a broad range of electro-
optical/IR applications.

Keywords: strained layer superlattice, infrared sensors, focal plane array, thermal
imaging, type Il
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1. Introduction

Infrared (IR) sensors have been and continue to be developed for a variety of commercial
and military systems applications, which include short-wavelength infrared (SWIR), mid-
wavelength infrared (MWIR), long-wavelength infrared (LWIR), and very long-wavelength
infrared (VLWIR) detectors [1]. Conventional SWIR detectors operate over the ~0.9-2.5 um
region above the visible band [2]. MWIR sensors sensitive in the 3-5 pm region have typically
been based on InSb or HgCdTe (MCT) [3]. In addition, LWIR and VLWIR sensors for 8-12 pm
applications commonly utilize MCT or microbolometer technology [4]. Quantum well infra-
red photodetectors (QWIPs) are another relatively recent IR sensing technology, which can be
designed to operate over the MWIR to VLWIR range.

While large format III-V InSb focal plane arrays (FPAs) have been developed, the fixed band-
gap of InSb detectors restricts their operation to the MWIR, and such devices are limited
to cryogenic temperatures [5, 6]. MCT detectors are known for high quantum efficiencies
(above 90%) and detectivities, but require expensive and relatively scarce CdZnTe substrates
for optimal performance, and nonuniform growth defects are a substantial limiting factor for
MCT-based FPAs [7]. In addition, performance limitations of inexpensive microbolometers,
particularly in relation to sensitivity and speed, are well-known [8].

Since their initial development, IR photodetectors based on strained layer superlattices have
drawn much interest from research and commercial sectors in recent decades. SLS detectors
typically exploit type II band structures existing in InAs/GaSb, which constitutes an attrac-
tive material system for developing MWIR and LWIR detectors with advanced properties.
As illustrated in Figure 1(a) [9], type II superlattices are characterized by a staggered band
alignment in which the conduction band of the InAs layer is lower than the valence band of
the InGaSb layer [10]. The implementation of barrier layers in the photoconductor structure
in type II SLS detectors prevents current flow of minority and/or majority carriers, leading to
higher performance antimonide-based FPAs [11]. In such structures, varying the thickness of
the InAs layers can have a substantial impact on the spectral response (Figure 1(b)) [9].
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Figure 1. Band edge diagram of InAs/GaSb SLS, illustrating the confined electron and hole minibands which form the
energy bandgap; and (b) charted change in cutoff wavelength with InAs thickness for fixed GaSb thickness of 40 Ain
type II SLS detector [9].
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In the nearly lattice-matched InAs/AlISb/Ga(In)Sb 6.1 A family material system, type I (nested,
or straddling), type II staggered, and type II broken-gap (misaligned, or type III) energy-
band alignments are all realizable [8]. The 6.1 A family material includes wide, medium, and
narrow gap components, with GaSb, insulating AlSb, and high mobility InAs (see Figure 2)
[12, 13]. Type II InAs/GaSb SLS detectors offer broad design band structure flexibility: it is
possible in these materials to tailor the IR operating wavelength from 3 um to around 30 pum,
covering most of the practical IR wavelength spectrum [14]. For example, the effective band-
gap (and corresponding detection wavelength) of an InAs/Ga(In)Sb type II SLS can be varied
continuously (theoretically in the range of 0 to about 400 meV) by changing the thicknesses of
constituent layers and/or ternary compound composition [11]. Since the electron-hole overlap
in such detectors is controlled by the thicknesses of the constituent layers, it is possible to
fabricate small bandgap materials using “mid-gap” semiconductors.

The strain within the superlattice (SL) layers in type II SLS detectors create a large splitting
between the heavy-hole and light-hole bands in the ternary superlattices [15]. This reduces
the hole-hole Auger recombination process and increases the minority carrier lifetime, thereby
improving the device detectivity (D*) and lowering the required operating temperature [16].
By optimizing the oscillator strength in this material system, a large quantum efficiency and
responsivity can likewise be obtained [17]. In addition, type II SLS detectors based on the
6.1 A family of materials can be passively cooled, thus reducing the cryocooler burden, and
these take advantage of the relatively large installed III-V material manufacturing base [18].
These properties have enabled the fabrication of large format IR FPAs based on type II SLS
suitable for high-resolution thermal imaging applications including space-borne surveillance
systems, low-background night vision, and missile detection [19-26].

InAs/GaSb in type II SLS is the only known type of IR detector material having theoretically
higher performance than precedential HgCdTe (MCT), due primarily to longer Auger life-
times [28]. Also, the larger effective mass in InAs/Ga(In)Sb leads to a reduction of tunneling
currents in type II SLS detectors compared with MCT detectors of the same bandgap, while
high electron mobility and diffusivity is maintained [29, 30]. In addition, III-V materials offer
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Figure 2. Compositional and wavelength/energy gap dependence diagram of antimonide-based III-V material systems [12].
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much stronger chemical bonds compared to MCT, potentially providing higher chemical sta-
bility and thus better producibility [8]. Furthermore, SLS detectors can detect normal incident
IR radiation, in contrast to n-type QWIPs that are thus prevented due to polarization selection
rules of intersubband transitions that limit quantum efficiencies to 10-20% [31]. These fea-
tures, combined with the suppression of Auger recombination due in part to the decoupled
spin-orbital splitting with SL bandgap, make InAs/Ga(In)Sb SLS a very competitive material
system for next generation IR detectors and FPA technologies. Figure 3 presents a compari-

son of thermal detectivities versus temperature calculated for various detector technologies,
including SLS, HCT, and QWIP [27].

The existence of type II staggered energy band alignments in the 6.1 A material family allow
the development of many advanced heterojunction device concepts and architectures for
reduced noise IR SLS detectors, one of which is shown in Figure 4 [11]. These include graded-
gap W- [19], M- [20], and N-structures [32]; buried junction nBn [21], pBp [22], and pBn [33]
designs; and complementary barrier infrared detector (CBIRD) [23] and pBiBn [24] architec-
tures. These device implementations are the result of exploitation of the material, electrical,
and optical properties in type II SL materials for optimization of detector performance, which
can benefit and advance a diverse array of applications.

This chapter will cover the development of type II superlattice materials and detector device
architectures for next generation IR FPA technologies, primarily for MWIR and longer wave-
length applications. Section 2 discusses the progress and achievements of type II SL-based
technological development up to the present. This includes the historical development of
detector architectures for low-noise IR detection and their noteworthy performance features,
as well as a discussion of the nature and relevance of the different IR bands to SLS detec-
tors and FPAs. Section 3 presents a theoretical analysis of noise components common to SLS
detectors and their respective impact on design considerations and performance. Section 4
focuses on the compositions, features, and benefits of the various optimized type II SLS detec-
tor architectures developed. In particular, relevant aspects among individual dark current
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Figure 3. Calculated thermal detectivity as function of temperature for various MWIR (A_ = 5 pm) (a) and LWIR
(A,=10 pm) (b) photodetectors, where predicted quantum efficiencies are indicated [27].
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Figure 4. Schematic band diagram of n-i-p double heterostructure antimonide-based III-V photodiode [11].

mechanisms with respect to the material quality, operating conditions, and performance of
the type II SLS detector structures will be addressed. Finally, in Section 5, notable trends and
practical progress made in the development of type II SLS detectors and FPAs are discussed
that have had and/or are expected to have a significant impact on the status of IR sensing and
imaging technology.

2. Technological development of type II SLS detectors

2.1. Historical development of SLS detectors
2.1.1. Development of type II SLS detectors

The developmental timeline of type II SLS detector technology commenced in the 1970s when
investigations were carried out, most notably by Esaki and Tsu, of near lattice-matched InAs/
GaSb superlattices systems as alternatives to GaAs/AlGaAs superlattices [34]. The first funda-
mental superlattices structure, based on InAsSb/InAsSb and capable of achieving small infra-
red energy gaps with strong interactions between them, was reported in 1977 by Sai-Halasz
et al. [35]. A decade later, in 1987, Smith and Mailhiot proposed an InAsSb/InSb type II SLS
for IR detection applications, which was predicted theoretically to provide favorable optical
properties including small diode tunneling currents and good mobilities and diffusion lengths
[36]. By 1997, the device material quality had been greatly improved and band-to-band (BTB)
tunneling currents suppressed, enabling fabrication of devices using the molecular beam epi-
taxy (MBE) process. One early MWIR SLS detector device developed around this time dem-
onstrated a responsivity of 2 A/W, as well as Johnson noise-limited detectivity in excess of
102 cm\Hz/W, or Jones [37].

In 2007, Rodriguez et al. demonstrated the first type II SLS nBn detector that was capable of
performing up to 300 K due to reduction of both Shockley-Read-Hall (SRH) generation cur-
rents and surface recombination currents [7]. The pBiBn design (LWIR) was first introduced in
2010 by Gautam et al., which due to its unipolar blocking layers exhibited comparatively low
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(at the time) dark current density of 1.2 mA/cm? [24], and in 2012 this group demonstrated
MWIR pBiBn detectors capable room temperature operation [38]. That same year DeCuir et al.
reported a type II SLS pBiBn structure with 50% cutoff wavelength of 8.7 um that demon-
strated low dark current density of ~10 pA/cm? at =50 mV [39].

By 2014, LWIR nBn photodetectors had been developed demonstrating peak responsivity of
~4.5 A/W at 7.9 pm, corresponding to a quantum efficiency of 54%, though the dark current
density (e.g., 440 pA/cm? at 77 K) was considerably higher than that for pBiBn structure devices
[43]. Figure 5(a) and (b) compare the dark current performance of type II SLS detectors from
various groups with a “Rule 07” model providing a theoretical prediction of MCT detector
performance as a function of wavelength and over time, respectively [7, 110, 40-42]. Likewise,
Figure 6(a) and (b) chart the carrier lifetimes at 77 K for HgCdTe and type II SLS detectors oper-
ating at MWIR and LWIR wavelengths, respectively, as a function of doping concentration [11].

2.1.2. Development of type I SLS FPAs

The development of type II SLS FPAs brought a degree of practical utility that had not previ-
ously been realized to SLS device research and development. The first FPA based on type II
SLS detector pixels, reported in 2002 by Cabanski et al., was a MBE-grown, 256 x 256 pixel,
40 um pitch MWIR device that demonstrated a noise equivalent temperature difference
(NETD) of under 12 mK [44]. In 2006, the first LWIR FPA based on type II SLS material was
reported by Razeghi et al., which incorporated an M-structure SL design to enhance its wave-
length tunability [45]. That same year a dual-band FPA was demonstrated, combining spec-
tral selective detection in the 3.0-4.1 pm and 4.1-5.0 um wavelength ranges at each pixel [46].
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Figure 5. (a) Dark current densities plotted against cutoff wavelength for type II SLS non-barrier and barrier detectors
at 78 K [7, 11]. The solid line indicates the dark current density calculated using the empirical “rule 07” model, and the
circle indicates results from DeCuir et al. [39] (b) Detector dark current density as multiple of rule 07 [40-42]. The black
line represents the trend line of dark current reduction over time for single element detectors, while the red line shows
this trend for FPAs.
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detectors, at 77 K as a function of doping concentration. The dashed lines follow experimental data [11].

The first MWIR SLS FPA with megapixel (1024 x 1024) resolution was reported in 2009 by
Hill et al., from which detectivities as high as 8 x 10" Jones were measured [47]. The fol-
lowing year, Gunapala et al. demonstrated the first type II SLS megapixel FPA for LWIR
detection, which yielded a NETD of 53 mK at 80 K [48]. From 2010 to 2012, further large
format LWIR type II SLS FPAs were demonstrated; these were characterized by pixel pitches
of around 20 um and peak quantum efficiencies as high as 96% [49, 50]. In 2016, Klipstein
et al. reported a 640 x 512 type II SLS LWIR FPA with pixel pitch as small as 15 pm [51].
Figure 7(a)-(c) show the detector pixel architecture for a recently reported type II SLS MWIR
FPA featuring a p-i-n design, a top-view image of the detector pixel array, and a captured
image from the FPA, respectively [40].

2.2. Impact of IR bands on SLS performance
2.2.1. Short-wavelength infrared (SWIR)

In contrast to the longer wavelength IR bands, the SWIR range (~0.9-2.5 um) involves reflected
light rather than thermal radiation, thus producing more visible-like images [52]. The shorter

{a} L] (<)

Figure 7. (a) Cross-section schematic of type II InAs/GaSb SLS MWIR FPA detector pixel. (b) Top-view SEM image of
type I SLS FPA chip; and (c) outdoor image from FPA at 80 K [40].
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wavelengths over this range also enable smaller SWIR FPA pixel sizes. Development of SWIR
detectors based on type II SLS is comparatively challenging but has been accomplished, for
example, by adding a third AlAs layer to the superlattice allowing the effective bandgap to
be raised (Figure 8) [53], though this necessitates some degree of lattice mismatch [54]. SWIR
detection has been combined on single SLS devices with both MWIR and LWIR detection
capability to offer both active and passive multiband imaging [52]. SWIR detection applica-
tions include telecommunications, astronomical observation, remote sensing, spectroradiom-
etry, spectrophotometry, and hostile mortar fire detection [53, 55].

2.2.2. Mid-wavelength infrared (MWIR)

MWIR detection involves passive imaging of electromagnetic wavelengths in the of 3-5 pm
atmospheric transparent window. Rather than sensing reflected radiation as occurring at
shorter wavelengths, detection of MWIR and longer wavelengths involves capturing thermal
signatures, or temperature contrasts. A primary goal for MWIR detection has been to elevate
the operating temperature; however, in this regard care must be taken in temperature regimes
where carriers are close to the intrinsic, since at this point the thermally generated carrier
concentration becomes comparable to the doping concentration [56].

The MWIR and LWIR bands are both commonly utilized for thermal IR detection, but there
are significant differences between them that impact their respective detection and imaging
performance. For example, the scene contrast at 300 K is 3.5-4% in the MWIR band compared
to 1.7% for the LWIR band, resulting in higher attainable NETDs for the latter [57]. In addition,
undesirable atmospheric water vapor effects are often present for MWIR wavelengths up to
~7.5 pm that can greatly decrease contrast at significant distances and/or in humid environ-
ments [58]. MWIR detection is utilized for many applications (a number of which are also
common to LWIR), which include aerial and satellite reconnaissance, target tracking, naviga-
tion, and object identification [54].

Energy (meV)

- e InAs

(a) (b)

Figure 8. (a) Band structure of SWIR SLS design around C-point, where energy levels are referenced to the vacuum level.
(b) Superlattice structure and formation of effective bandgap, where colored rectangles represent forbidden bandgaps
of the different layers in the SL [53].
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2.2.3. Long-wavelength infrared (LWIR)

The LWIR spectral band typically refers to wavelengths over the 8-14 um range, though it can
likewise be meant to describe the 8-12 um wavelength range. LWIR detectors have tradition-
ally incorporated relatively inexpensive microbolometer technology with low power require-
ments, but associated drawbacks include higher noise and lower sensitivities and speeds [8].
Based on blackbody physics, LWIR type II SL-based imaging systems offer higher tempera-
ture dynamic range and greater in-band photon radiance for a given target temperature, as
well as improvements in speed, temperature range, uniformity, and stability over conven-
tional MWIR detectors such as those based on InSb [59].

In LWIR SL-based detectors and FPAs, the decreasing energy gaps at extended IR wave-
lengths cause the absorbing detector materials to become more sensitive not only to bulk
material properties but also to the surface states of the exposed sidewalls, so a challenge in
such detectors has been to decrease the leakage current at the sidewalls of the devices in addi-
tion to the bulk dark current [54].

Since humans emit IR radiation with a peak intensity corresponding to approximately 9.2 um,
the LWIR band is best suited for applications involving observing or monitoring people in some
capacity [60]. LWIR detection applications include industrial inspection, high-speed imaging,
capturing high temperature targets, atmospheric absorption monitoring, and enhanced night
vision [61].

2.2.4. Very long-wavelength infrared (VLWIR)

Various type II SLS detectors and FPAs have been developed capable of detection and imag-
ing of VLWIR wavelengths (~12-30 pm) involving narrower bandgaps than for MWIR and
LWIR. At present, VLWIR detector technology is dominated by MCT and extrinsic silicon
blocked impurity band (BIB) detectors. Type II SLS detectors have been shown theoretically to
offer better VLWIR performance above the 14 um cutoff (beyond this issues with nonunifor-
mity and excessive dark current arise) than MCT and BIB detectors, the latter of which require
very low operating temperatures due to high thermal ionization [62, 63].

There have been considerable improvements in the optical and electrical qualities of VLWIR
ternary SL materials in recent years, particularly lower Ga content, which has been achieved
largely through optimization of molecular beam epitaxy (MBE) growth parameters. These
have resulted in better device performance characteristics, including longer minority carrier
lifetimes (e.g., ~140 ns) for VLWIR type II SLS detectors [8].

Relatively strong dark currents and low differential resistance area products (R A) at zero
bias have limited the ability of type I SLS VLWIR FPAs to match readout integrated circuits
(ROICs) for practical imaging devices [64]. Nevertheless, much progress has been made in
recent years in the development of VLWIR SLS FPAs. For example, as shown Figure 9, a type
II InAs/InAsSb VLWIR FPA grown on a GaSb substrate was reported in 2017 that produced
sharp thermal images [64], and another recently that exhibited peak responsivity of 4.8 A/W
and detectivity of 1.4 x 10" Jones [65]. Potential applications of VLWIR detection and imag-
ing include long-range ballistic missile defense, space-based astronomy, space-borne remote
sensing, remote pollution monitoring, and meteorological monitoring [66, 67].
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Figure 9. (a) Thermal image acquired from 320 x 256 VLWIR FPA at 65 K, in which mirror image can be seen reflected on
the surface of a desk [64]. (b) Quantum efficiency spectrum with varying bias at 77 K; inset shows 50% cutoff wavelength
versus temperature [65].

3. Noise contributions in SLS detectors

3.1. Impact of noise on performance
3.1.1. SLS detectors

Although InAs/Ga(In)Sb type II SLS been investigated for the past three decades, many of
the fundamental material and physical properties are still not well understood. This can pose
challenges in identifying the major noise mechanisms for various device architectures, which
is an important step towards facilitating low-noise detector designs.

For photodetectors, dark current is basically the accumulation of current contributions from
diffusion current in bulk p and n regions, generation-recombination (GR) current in the deple-
tion region, band-to-band tunneling, trap-assisted tunneling (TAT), and surface leakage cur-
rent [68]. It was discovered that the InAs/GaSb 6.1 A material family in type II SLS detectors
reduces adverse BTB/TAT currents and GR Auger contribution to the total dark current [8]. In
such SLS detectors, the placement of barrier layers provides a means to effectively filter the
various dark current components.

3.1.2. SLS focal plane arrays (FPAs)

Among the major issues limiting the performance of IR FPAs are charge handling capacity of
the readout, residual nonuniformity of the imager, and dark current of the sensitive material
[41]. The effects of dark current and its spatial variation are more prominent in LWIR imagers
operating at the longer wavelength end of their operational range, and therefore even more
pronounced for VLWIR. The ratio of photocurrent to dark current is another major metric,
as dark current (which is very sensitive to any small detector temperature fluctuation) when
high fills the wells and forces a shorter integration time, resulting in a higher temporal (back-
ground limited) NETD. Therefore, high quantum efficiency (QE) and/or faster optics for FPAs
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are required if dark currents are not kept well below the photocurrent level. In Figure 10(a)
and (b), predicted dark current density and noise equivalent temperature difference (NEDT),
respectively, versus temperature are compared for type II SLS and MCT detectors [57].

3.2. Major dark current contributions in SLS devices

In this section the major dark current components are discussed. We have sought to address
the more relevant aspects among the individual dark current mechanisms with respect to
material quality and device operation conditions.

3.2.1. Diffusion current

Diffusion current is present at any semiconductor junction, and it contributes to detector dark
current under both forward and reverse bias. The diffusion current can be represented by the
following equation [69]:

Jg = nXD gk, T(Ni\/ﬁ’: + NlD\j‘T‘::)(qukJ— 1 1)

where 7(T) is the intrinsic carrier concentration, g is the electron charge, T is temperature, k,
is the Boltzmann constant, N . and N, are acceptor and donor densities, respectively, u s T
and y,, 7,, are mobility and lifetime for electrons and holes, respectively, and V is the applied
bias voltage.

The shorter lifetimes in the absorption regions of InAs/Ga(In)Sb SLS detectors compared to
those in IR detectors based on alternative material systems generally result in higher diffusion
dark currents. However, the diffusion current is also dependent on the doping concentra-
tion in the junction, and the doping profile may be manipulated (e.g., through in situ doping
profile engineering during material growth) with the objective of minimizing the diffusion
current.
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Figure 10. Calculated dark current density (a) and NETD (b) vs. temperature for HgCdTe and type II SLS InAs/GaSb nBn
detectors having a cutoff wavelength (A ) of 10 um [57].
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3.2.2. Shockley-Read-Hall (SRH) generation-recombination (GR) current

Shockley-Read-Hall (SRH) GR dark current is mostly contributed from mid-gap defects and
trap states inside semiconductor materials. These states can act as generation or recombi-
nation sites, particularly in narrow bandgap materials. In most experimental investigations
performed the SRH GR current remained the major dark current component, particularly at
lower operating temperatures and smaller reverse biases [38]. One means to suppress GR cur-
rent is by reducing the depletion region width.

The SRH current, which is proportional to the intrinsic carrier concentration, contributes to
the device noise in both bias regimes. The SRH dark current is expressed by Eq. (2) [70, 71]:

guW 2k, T qv
Jornt = T 9V~ V) sinh (2 k, T)ﬂb) )

fib) = L p = e T cosh E-E
b W 2bu+1 kT

where W is the depletion region width, 7, is the generation-recombination (SRH) lifetime,
V,.is the built-in voltage, E. is the intrinsic Fermi level, and E, is the trap energy level.

It is generally believed that SRH processes are the dominating factor contributing to shorter
carrier lifetimes (<100 ns) in both MWIR and LWIR type II SLS detectors [72]. For LWIR binary
SLS absorbers, the rapid increase in the Auger coefficient with increasing cutoff wavelength
results in short electron lifetimes that are typically in the range of 15-30 ns at 77 K, and even
shorter for VLWIR [15]. SRH process statistical theory suggests the occurrence of longer car-
rier lifetimes in bulk InAs than in bulk GaSb material based on the respective locations of
the stabilized Fermi level, from which it has been theorized that native Ga-mediated defects
generated during the binary SL growth are responsible for the SRH-limited minority carrier
lifetimes observed in InAs/GaSb type II SLS detectors [11].

3.2.3. Trap-assisted tunneling (TAT)

TAT current becomes the dominate current mechanism under higher electrical fields with
larger values of reverse bias [38]. It occurs at or near the depletion region, where minority car-
riers enter a trap state from the valence band and then tunnel into the conduction band. TAT
is modeled by the following Eq. [73]:

ey ()

sn(E-E) OP\™ 3qaFV)

]TAT -

®)

where m is the reduced tunneling effective mass, N, is the trap density, M is the transition
matrix element associated with the trap, h = h/2m; h being Planck’s constant, and F(V) is the
electric field.

In Figure 11(a) and (b), the contributions of diffusion, GR, and TAT currents to dark current
and dark current density, respectively, are plotted versus applied bias voltage [39, 74].
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Figure 11. (a) Dark current density versus voltage for 100 um diameter type II SLS (pBiBn) detector diode, taking into
account diffusion, GR, and TAT currents. The associated differential resistance (dR) is also shown and fitted with the
extrapolated dR [39]. (b) Decomposition of SLS structure device dark current at 130 K into different dark current
components plotted versus bias voltage [74].

3.2.4. Band-to-band (BTB) tunneling

BTB tunneling current results from direct tunneling of carriers from the valence band into
the conduction band. Like TAT, BTB is more pronounced in higher electrical field regimes
and under greater reverse bias. The BTB current is also larger for higher doping levels in the
active region [54].

An expression for BTB current is given by the following equation [75, 76]:

PFWVV [2m, 4y2m E}
Jow = T E. P\ 3gnFw )
where F(V) is the electrical field under different bias voltages. Eq. (4) indicates that the tun-

neling dark current is strongly dependent on the bandgap, and consequently plays a more
significant role in LWIR and VLWIR detectors.

3.2.5. Surface leakage current

Excessive surface leakage currents are known to limit the performance of mesa etched InAs/
GaSb SL detectors, especially for LWIR detection [68]. During the FPA pixel isolation process,
the periodic crystal structure can terminate abruptly, resulting in the formation of unsatisfied
(dangling) chemical bonds responsible for generation of surface states within the bandgap [7].
These states cause pinning of the surface Fermi level near the mid-gap, consequently enhancing
the surface leakage current [77]. Passivation, which for this purpose usually involves deposition
of a relatively thick layer of dielectric material (usually SiO,), reduces the number of surface
states and is thus critical for minimizing surface leakage currents, especially in low bandgap
materials [38, 78]. In SLS detectors, and in particular nBn structures, the placement and posi-
tion of the barrier(s) can serve as a means to effectively reduce the surface leakage current [8].
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4. Type II SLS detector design technologies

4.1. Overview

A majority of type II SLS detector structures are variations of the general double heterostruc-
ture (DH) design, such as the p-i-n detector device depicted in Figure 12 with associated
band structure [41, 79]. This type of structure comprises an unintentionally doped intrinsic
region sandwiched between heavily doped p and n layers of larger bandgap material [11].
The DH architecture was initially intended to optimize quantum efficiency while minimizing
transport barriers at the heterointerfaces [80]. It provides practical benefits over basic homo-
junction devices for type II SLS detectors, most notably the incorporation of current blocking
layers either in the conduction or valence band that reduce multiple dark current components
including GR and BTB tunneling currents.

In this section, primary classes of type II SLS detector designs are described, and in certain
cases illustrated. The present classifications for the different types of SLS detectors are some-
what ambiguous in that multiple and overlapping categories exist; however, in the following
discussion, attempts will be made to clarify potential conflicts. In consideration of space con-
straints, other less common type II SLS detectors are not covered here in detail, which include,
but are not limited to, the shallow etch mesa isolation (SEMI), a type of n-on-p graded-gap
“W” photodiode structure [8]; hybrid superlattice (HSL) structure [81]; and strain-compen-
sated InAs/AlInSb superlattice barrier (ALSL-B) [82].

4.2. Buried junction

Devices generally classified as buried junction include nBn, pBp, and pBn architectures [6]. The
pBp architecture may be considered the inverse of the nBn structure, the main distinctions
being that the minority carriers for nBn are holes while those for pBp are electrons, and the
barriers each differ in height relative to the valence and conduction bands [83]. These struc-
tures likewise belong to the unipolar barrier category, which basically describes the inclusion
of a single barrier that blocks one carrier type (electron or hole) but allows for the other to
flow unimpededly [79]. A unipolar barrier can be implemented either outside the depletion
region in the p-type layer of a SLS device, or at the edge of the n-type absorbing layer near the
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Figure 12. (a) Cross-section schematic of InAs/GaInSb SLS DH p-i-n detector [79]. (b) Corresponding bandgap diagram
typical of DH photodiode [41].
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junction [8]. To be properly implemented into a low-noise photodetector design, the unipolar
carrier blocking layers must be sufficiently thick, and the conduction band offset to valence
band offset ratio (CBO/VBO) large enough, to effectively block majority carriers and thereby
suppress thermionic emission and direct tunneling dark current.

4.2.1. nBn design

Due to the absence of majority carrier flow, the nBn detector (Figure 13) [84, 85] is essentially a
photoconductor with unity gain, in which the junction (space charge region) is replaced by an
electron blocking unipolar barrier (B) and the p-contact by an n-contact [8]. The wide bandgap
undoped barrier layer is chosen to have minimal valence band offset [86]. Compared to the
standard p-i-n design, detectors based on the nBn architecture have shown promise in sup-
pressing currents associated with SRH centers, the GR component of dark current, and mesa
lateral surface imperfections, thereby reducing the required temperature of operation [87, 88].

4.2.2. pBn design

In pBn structure devices, the p-n junction can either be located at the interface between the
heavily doped p-type material and the lower doped barrier, or within the lower barrier itself
[33]. This type of architecture is preferable when a large barrier in the conduction band offset
is not achievable, allowing for zero bias operation [89].
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Figure 13. MWIR InAsSb/AlAsSb nBn SLS detector: (a) device structure, and (b) simulated energy band diagram under
reverse bias conditions [84]; and (c) potential detector array (FPA) architecture [85].
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4.2.3. pBp design

The pMp design consists of two p-doped superlattice active regions and a thin valence band
barrier, producing electrical transport due to minority carriers (electrons) with low current
density [22]. A large energy offset in the valence band prevents the movement of minority elec-
trons but allows photogenerated majority carrier current to flow freely [29]. The higher mobil-
ity of electrons in comparison with holes in SLS pBp detectors results in greater photoresponse.
The biasing requirements for SLS pBp detectors were demonstrated to be lower compared to
those reported for nBn detectors [68, 79]. D* and QE performance of MWIR and LWIR InAs/
GaSb pBp detectors has been shown to be superior to that of comparable QWIP detectors, but
somewhat inferior to the performance of MCT detectors operating over the same bands [90].

4.3. Supercell superlattices

Structures selectively designated as supercell superlattices are further variations of the unipo-
lar barrier structure concept that constitute somewhat more complex designs than buried
junction devices. Three primary varieties of supercell SLS architectures exist: M-, W-, and
N-structures. As might be expected, these were named according to the similarities between
the shapes of the respective letters and the band alignment of the constituent detector layers.

4.3.1. M-structure

M-structure detectors, originally developed for controlling BTB tunneling and consequently
diffusion current for LWIR wavelengths, were subsequently found to accomplish this as well
for the MWIR to allow increased active region doping levels [91]. The M-structure comprises a
thin AISb barrier inserted in the center of a GaSb layer in a type II binary InAs/GaSb superlat-
tice [13]. The high bandgap AlSb layer effectively blocks the electron and hole dark currents,
thereby improving the R A and D* performance in type Il InAs/GaSb LWIR photodiodes [92].
The large carrier effective mass associated with the InAs/GaSb material in M-structure detec-
tors has been shown to provide more freedom in tuning the bandgap compared to other type
II SLS designs [93].

Two variations of M-structure SLS devices are the pMp and p-ri-M-n designs. These differ pri-
marily in their usage of the M-structure barrier, which is employed to block hole majority car-
riers in the pMp architecture [94], while in p-rt-M-n devices to suppress tunneling current [95].

The unipolar barrier pMp device concept, initially demonstrated for the VLWIR regime, was
developed to reduce dark current due to BTB tunneling and GR contributions [54]. Figure 14
shows the band structure and working principle of a pMp detector, along with key associated
performance characteristics [22, 95]. Devices comprising the pMp architecture consist of two
p-doped superlattice active regions and a thin valence band M-barrier having zero conduction
band discontinuity with respect to the p-type active regions [79]. By using the M-structure
SL as a barrier region, the band alignments can be experimentally controlled, allowing for
efficient extraction of photocurrent under applied biases of less than 50 meV [22]. It has been
demonstrated that the dark current in a pMp detector can be decreased by an order of magni-
tude by reducing the doping concentration in the contact layer [96].
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Figure 14. Band alignment and the creation of effective bandgap in (a) InAa/GaSb SL and (b) M-structure SL. (c) Schematic
diagram and working principle of pMp design: the M-barrier blocks transport of majority holes, while allowing diffusion
of minority electrons and photogenerated carriers from the active region [22]. (d) Quantum efficiency of photodetector at
77 K and -150 mV bias; (e) saturated QE at peak responsivity from 77 to 250 K; and (f) evolution of peak detectivity with
temperature, where peak detectivity crosses calculated background-limited line at 165 K [95].

The p-n-M-n design consists of an M-barrier lightly n-doped to prevent excessive quantum effi-
ciency bias dependence, inserted between thep and nregions of a standard p-mt-nstructure [8, 50].
In comparison with a basic p-mt-n type design, the electric field in the depletion region of a p-m-
M-n detector is reduced, and the tunneling barrier between the p and the n regions spatially
broadened [95]. The first reported p-r-M-n detector which comprised a 500 nm M-barrier
exhibited R A of 200 Q cm? at 77 K, approximately one order of magnitude higher than that of
a comparable p-7-n device without an M-layer barrier [94]. The dark current density ] and R A
versus bias voltage, and QE vs. wavelength, of a p-n-M-n detector are plotted in Figure 15 [54].
Large format LWIR FPAs have been realized using for this architecture, one version of which
demonstrated a QE of 78% and NETD of 23.6 mK at 81 K using 0.13 ms integration time [50].
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Figure 15. (a) Dark current density and (b) R A characteristics of a p-m-M-n SLS detector as a function of temperature. (c)
Quantum efficiency spectra of the device at different operating temperatures, where inset shows temperature-dependent
QE at a wavelength of 3.5 um for different reverse biases [54].
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4.3.2. W-structure

The W-structured type-II SLS detector architecture reduces dark current due to strong sup-
pression of BTB tunneling and GR processes [19]. Initially developed to increase the gain of
MWIR lasers [13], it was reported to offer an order of magnitude improvement in dark cur-
rent performance [12] and R /A comparable to MCT. As illustrated in Figure 16, this type of
design consists of InAs electron wells surrounding a GaInSb hole well and positioned between
two quaternary AlGalnSb barriers [10]. The barriers enhance the electron-hole overlap while
nearly localizing the wavefunctions, thereby increasing absorption near the band edge [80].
A subsequent generation W-structured LWIR detector was reported that employed a graded
bandgap p-i-n structure and featured design improvements such as optimization to the bar-
rier height that significantly increased minority carrier mobility and improved the quantum
efficiency [97].

4.3.3. N-structure

The N-structure detector design consists of a p-i-n structure comprising two monolayer AlSb
electron barriers inserted symmetrically between InAs and GaSb layers along the growth
direction [8]. In this type of structure, the AlSb barrier pushes the electron and hole wave-
functions towards the layer edges under bias [98]. By improving the overlap of the spatially
separated electron and hole wavefunctions, the absorption is increased while the dark current
is reduced, enhancing the directivity [32].

4.4. Complementary barrier

A more sophisticated class of type II SLS structures contain complementary barriers that
block both electron and holes, and are considered further variations of the double hetero-
structure design [99]. Two comparably designed representatives of this class were designated
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Figure 16. Band profile of enhanced W-structure type II SLS photodiode [10].
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complementary barrier infrared detector (CBIRD) by Ting et al. [23], and pBiBn by Gautam
et al. [19]. These types of detectors have advantages in suppressing dark currents through
blocking both majority and minority carriers, as well as circumventing technological prob-
lems arising from the need to make ohmic contacts with the widegap layers [100].

4.4.1. Complementary barrier infrared detector (CBIRD)

A CBIRD structure consists of a lightly doped p-type InAs/GaSb SL absorber surrounded by
unipolar hole and electron blocking barriers [23]. As can be seen from Figure 17(a), the electron
barrier (eB) exists in the conduction band and the hole barrier (hB) in the valence band, where
the two barriers complement one another to impede the flow of dark current [77]. A heavily
doped n-type InAsSb layer adjacent to the eB SL acts as the bottom contact layer [9]. The bar-
rier layers are designed to have approximately zero conduction band and valence band offsets
with respect to the SL absorber. The absorber superlattice in CBIRD detectors is doped lightly
p-type to improve the minority carrier (electron) mobility, and thus provide more favorable
electron transport properties leading to enhanced performance including higher directivity
[99]. Figure 17(b) plots the dark current density vs. applied bias for a CBIRD device [23].

4.4.2. pBiBn detector

The quantum-engineered pBiBn SLS detector structure [24] may be considered a hybrid
between a conventional p-i-n structure and unipolar barrier concepts [101]. Like the CBIRD
design, it was designed to mitigate the higher dark current in p-n junction and p-i-n pho-
todetectors through incorporation of two unipolar carrier blocking barriers [18]. The first
generation pBiBn detector demonstrated a significant improvement in performance over con-
ventional p-i-n designs, with a fourfold increase in detectivity in the LWIR [24].

The band profile for a pBiBn design is shown in Figure 18(a), and the detector layer structure
given in Figure 18(b) [24, 101, 102]. It consists of an n-contact layer, followed by a hB layer, an
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Figure 17. (a) Calculated zero-bias energy band diagram of a CBIRD structure, where a LWIR InAs/GaSb SL absorber is
surrounded by an InAs/AISb SL unipolar hB and shorter period eB [99]. (b) Dark current density as a function of applied
bias for CBIRD detector, measured at various temperatures ranging from 65-250 K [23].
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Figure 18. (a) Schematic drawing of band profile and (b) heterostructure schematic of pBiBn SLS detector [101, 102]. (c)
XRD pattern of pBiBn material structure [24].

intrinsic absorber i-region, followed by an eB layer, and finally a p-contact layer. The unipolar
carrier blocking layers (eB and hB) surrounding the type Il InAs/GaSb SL absorber in the pBiBn
structure comprises of heterojunctions with unique energy band alignments, for which the
CBO AE_ for the eB layer (or VBO AE_ for the hB layer) is equivalent to the bandgap difference
AE,. The pBiBn band alignment and carrier transport differ from that in DH designs: instead
of the electrons and holes being confined in the narrow bandgap material, a wider bandgap
material with only a conduction band offset or a valence band offset is adopted. Figure 18(c)
presents the X-ray diffraction (XRD) pattern from characterization of a pBiBn device [24].

The inclusion of hole and electron barriers flanking both sides of the absorber serves to lower
diffusion currents by blocking the minority carriers from either side of the junction, while allow-
ing unimpeded flow of photogenerated carriers. It also limits the voltage and substantially
reduces the built-in electrical field in the absorber region [39]. This drop in electrical potential
across the pBiBn active region is small compared to that in a conventional pin design because of
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Figure 19. (a) Current-voltage (I-V) characteristics of type II SLS pBiBn detector; inset shows temperature dependent
dark current density measured under applied bias of -50 mV [104]. (b) Measured spectral response for pBiBn detector
as a function of temperature [102].
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the eB and hB layers [103], which have wider bandgaps than the absorber region. The reduction
of electric field within the absorber in the pBiBn structure effects a smaller depletion region,
which further reduces the SRH dark current and suppresses TAT and BTB tunneling dark cur-
rent components [24, 38]. Figure 19(a) and (b) plot I-V characteristics versus applied bias and
spectral response vs. wavelength, respectively, for SLS pBiBn detectors [102, 104].

5. Type II SLS detectors: practical progress and trends

5.1. High operating temperature (HOT)

For advanced IR photodetectors and FPAs, high temperature operability is of great interest
and in high demand for many applications. High operating temperature (HOT: ~150-300 K
and above) capability enables significant advantages in cost, size, weight, and power (CSWaP)
reduction resulting from the lessening of cooling load [105]. Initial efforts for developing HOT
detectors concentrated on photoconductors and photoelectromagnetic (PEM) devices, mate-
rial improvement to lower generation-recombination leakage mechanisms, alternate materi-
als such as cascade devices, and SLS barrier structures such as nBn [106]. Type II MWIR SLS
detectors and FPAs have certain advantages for HOT operation in relation to InSb, MCT, and
QWIP devices, in many instances offering comparable performance at significantly higher
operating temperatures [107].

Type II SLS detectors based on the InAs/GaSb/AISb system have demonstrated HOT oper-
ation in both MWIR and LWIR regimes [38]. Achieving this typically requires minimizing
the residual doping level in the intrinsic region, which is highly sensitive to crystal growth
conditions [31]. Figure 20(a) compares images captured with a MWIR SLS FPA at different
operating temperatures, and Figure 20(b) plots corresponding NETD versus temperature at
different integration times [108, 109]. A MWIR pBiBn InAs/GaSb type II SLS was reported
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Figure 20. (a) MWIR images captured with type I SLS FPA over a range of temperatures [108]. (b) Corresponding NEDT
measured at 86-150 K using f/2.3 optics [109].
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that demonstrated operation up to 295 K, but the dark current density of the device was high
and the spectral response relatively low, ruling out its practical use in detector applications
at room temperature [38]. However, HOT nBn detectors were shown at 300 K to reach higher
detectivities in comparison with standard InAsSb photodiodes [84, 110].

5.2. Large format FPAs

Recent improvements in the maturation of growth and fabrication process technologies,
design of process tools and optics, reproducibility and yield, and spatial uniformity of final
FPA devices have enabled and facilitated the transition to larger format FPAs [51, 111]. FPAs
having resolutions up to 1024 x 1024 with pixel pitches 18 um and smaller have been devel-
oped [48-51]. Large format, small pixel pitch FPAs clearly possess a number of benefits for IR
imaging applications including larger fields of view and higher angular resolutions [77]. This
is particularly advantageous for target tracking and surveillance applications, for example, by
enabling longer detection ranges for a target tracking system with a fixed optical aperture [8].

A potential means of making the production of large format arrays more practical and com-
mercially viable is to employ larger diameter substrate wafers. For example, only a single
LWIR array with 18 um pitch can be processed on a 2 in. diameter wafer, while one 3 in. wafer
can allocate up to four such 1 k x 1 k arrays or one 2 k x 2 k array [113]. Consequently, in
recent years there has been heightened demand for high performance material on non-native
substrates that are cheaper and larger than GaSb despite significant (~7%) lattice mismatch
[56]. Figure 21 presents physical features [50] and a captured image [112] from a megapixel
MWIR SLS FPA.

5.3. Multiband IR detection

Multiband (or multicolor) detectors are useful for various military and civil IR imaging appli-
cations involving identification of temperature differences and determination of thermal
characteristics of objects, including remote sensing and target identification [37]. Multiband

Figure 21. (a) Cross-sectional scanning electron micrograph of etched trench between two pixels in large format (1 k x 1k)
LWIR type II n-M-mt-p SLS FPA; (b) FPA pixels with uniform indium bumps; and (c) FPA mounted on a chip carrier [50].
(d) Captured image of scene from baseball game using MWIR nBn FPA, also with 1k x 1 k pixel resolution [112].



Design and Development of Two-Dimensional Strained Layer Superlattice (SLS) Detector Arrays...
http://dx.doi.org/10.5772/intechopen.71328

SLS photodetectors have been developed that combine wavelength bands from the SWIR to
VLWIR. In addition, type II SLS multiband technology is compatible with commercially avail-
able ROICs, enabling development of many types of multiband SLS FPAs.

More conventional designs combining detection of MWIR and LWIR wavelength bands com-
monly consist of separate LWIR and MWIR superlattices separated by an AlGaSb unipolar
barrier. Such MWIR/LWIR dual-band detectors typically possess pBp architectures compris-
ing vertical designs based on two back-to-back InAs/GaSb SLS photodiodes separated by a
common ground contact layer [90]. In such devices, properly biased unipolar barriers and
thicker absorber regions block the migration of photogenerated carriers to reduce spectral
crosstalk between the different absorber regions (channels) [100]. In multiband SLS detec-
tors and FPAs, the selection of the desired band is typically achieved through alternating the
polarity of the applied bias.

Successful fabrication of multiband SLS photodetectors requires the development of separate
materials sensitive to each band, which necessitates prioritizing the optimization of the opti-
cal and electrical performance for each channel [114]. An advantage of type II SLS multiband
detectors and FPAs compared to other technologies is relative design simplicity, while low
hole mobility and limited lateral diffusion remain significant challenges [15].

Most multiband detectors and FPAs developed thus far are dual-band (i.e., dual-color). InAs/
GaSb type II SLS FPAs with separate LWIR and MWIR absorbers have been developed with
measured dark current densities in the low pA/cm? range and specific detectivities of up
to 5 x 10" Jones [30]. Figure 22(a) shows band diagrams for a dual-band MWIR/LWIR SLS
pBp detector [115], and Figure 22(b) and (c) feature corresponding MWIR and LWIR images,
respectively, from a dual-band detector demonstrating the contrast in appearance when
imaging an optical filter [91].

Recent years have seen the development of various three-color SLS detector designs [52, 100,
116]. A MWIR/LWIR/VLWIR SLS detector has been reported within the past year in which
the spectral crosstalk was reduced by controlling minority carrier transport through dop-
ing of the two active regions [116]. As seen in Figure 23, an innovative triple-band SWIR/

MWIR

(a) () (c)

Figure 22. (a) Band alignment under forward and reverse biases for dual-band type II InAs/GaSb SLS photodetector
based on a pBp architecture, showing effective optical transitions contributing to photocurrents (having dependence
on the bias polarity) [115]. Images from (b) MWIR and (c) LWIR channels of dual-band FPA, capturing 11.3 pm narrow
bandpass optical filter at 81 K [91].
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Figure 23. (a) Schematic diagram of triple-band SWIR/MWIR/LWIR photodiode structure with two terminal contacts
and schematic band alignment of superlattices in three absorption layers. (b) Plotted directivities for the three channels
at the wavelengths of interest at 77 K [52].

MWIR/LWIR device design was likewise reported recently, capable of sequentially perform-
ing as three individual single color photodetectors using only two terminals [52]. This device
employed conduction band offsets and different doping levels between absorption layers to
control the turn-on voltages for the individual channels.

5.4. High-speed imaging

The higher quantum efficiencies and reduced cooling requirements offered by type II SLS
detectors and FPAs make them well suited for high frame rate applications with low integra-
tion times. InAs/GaSb SLS devices incorporate a potentially high-speed detector material in
comparison to uncooled microbolometers, for which time constant constraints limit frame
rates to under ~30 fps [110]. These properties make certain types of SLS detectors and FPAs

Figure 24. (a) Airbag deployment imaged by SLS camera with 160 ps integration time [58]. (b) Thermal image of
munitions testing captured at 1000 fps and 640 x 512 resolution [117].
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practical for detecting rapid temperature rises in concert with rapid scene motion, particu-
larly at temperatures ~300 K and below [58].

While frame rates of 60 Hz are common for type II SLS detectors reported in recent years, for
certain applications significantly higher capture speeds are required. Combined with new
higher speed ROIC designs that are more linear across their entire dynamic range, SLS detec-
tors can now accommodate integration times below 270 ns, providing frame rates of over
180 fps at 1028 x 1024 resolution, or over 1000 fps at 640 x 512 resolution [59, 117]. Such
higher speed, faster frame rate detection capability has significant advantages in applica-
tions such as safety analysis and evaluation (Figure 24(a)) [58], ballistic and munitions testing
(Figure 24(b)) [117], and missile seekers and missile warning systems [44].

6. Summary and conclusions

Type II superlattices possess a robustness and practical utility originating from the flexibility
to control and manipulate the material system for practically any desired target of operability,
while inheriting the benefits of mature III-V semiconductor growth and fabrication process
technology [56]. The broad array of SLS detector/FPA architectures in existence today provides
researchers with wide-ranging ability to control the various noise and dark current mecha-
nisms to optimize SLS detector performance for electro-optical/IR applications. Progress and
development in areas such as high temperature operability, multiband detection, and high-
speed imaging have showcased some of the diverse and unique features of type Il InAs/GaSb
SLS devices. These have led to practical, real-world improvements in the field, many of which
would not be possible using alternative IR detector technologies and material systems.

Type II SLS detectors and two dimensional FPAs based on the InAs/GaSb material system can
theoretically provide higher performance than precedential IR detection technologies, includ-
ing QWIP and HgCdTe detectors [28]. While in general type II SLS devices have yet to achieve
such a noted benchmark, substantial progress in this area has been made and continues to be
undertaken, as discussed in this Chapter. Further future progress and technical development
in practical devices are still needed, potentially involving new discoveries and technological
breakthroughs in material and structural engineering, for type II SLS to emerge as a leading
technology. Nevertheless, these devices have had a definite and lasting impact the area of IR
detection and imaging, and expectations are that type II SLS will remain a key enabling tech-
nology in the field for years and possibly decades to come.
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Abstract

In this article, we present an overview of a focal plane array (FPA) with 640 x 512 pixels
based on the AlGaAs quantum well infrared photodetector (QWIP). The physical prin-
ciples of the QWIP operation and their parameters for the spectral range of 8-10 pm
have been discussed. The technology of the manufacturing FPA based on the QWIP
structures with the pixels 384 x 288 and 640 x 512 has been demonstrated. The param-
eters of the manufactured 640 x 512 FPA with a step of 20 um have been given. At the
operating temperature of 72 K, the temperature resolution of QWIP focal plane arrays is
less than 35 mK. The number of defective elements in the matrix does not exceed 0.5%.
The stability and uniformity of the FPA have been demonstrated.

Keywords: GaAs/AlGaAs quantum well infrared photodetector, focal plane array,
multiplexer, dark current, noise equivalent temperature difference

1. Introduction

The solution to a well-known problem of a finite rectangular quantum well (QW) indicates
that the energy position of the quantum subbands is determined by several parameters,
namely, the width of the quantum well, the height of the barriers, and the carrier effective
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masses. The possibility of a rather simple way of monitoring the wavelength of intersubband
transitions in a quantum well to create photodetectors has attracted the attention of researchers
for a long time [1]. Improving the technology of the molecular beam epitaxy (MBE) has
allowed converting these dreams into reality. The quantum well infrared photodetector
(QWIP) was first demonstrated on the basis of the AlGaAs/GaAs heterostructure in 1987 [2].
Permanent improvement of the QWIP design, epitaxial growth technologies of the AlGaAs
layers, and techniques for device manufacturing allow using the QWIP based on AlGaAs/GaAs
heterostructures not only for military purposes but also for various civilian tasks [3-7].

In this paper, we have described the current state of the manufacturing technology in the
Rzhanov Institute of Semiconductor Physics of SB RAS for the focal plane array (FPA) based
on the AlGaAs/GaAs QWIP structure.

2. The physical model of the QWIP

A typical heterostructure intended to detect the infrared radiation (IR) is shown in Figure 1.
Such heterostructures are commonly formed by a thin (4-6 nm) GaAs QW located between the
wide band gap AlGaAs barrier layers. The thickness of these barrier layers (L;) is much larger
than the width (L,,) of the quantum well and selected in a range of 40-55 nm to suppress a dark
current caused by the electron tunneling between the neighboring QWs. The barrier height
A E.is determined by the aluminum mole fraction (x) in the barriers. The energy position of the
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Figure 1. The energy structure of the GaAs/AlGaAs QW.
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quantum levels depends not only on the quantum well thickness but also on x, as the barrier
height is not infinite.

In such a structure, the electron moves from a ground quantum level Eel to the first excited
level Ee2 at the absorption of the photon with the energy /iw. In contrast to the bulk case, the
probability of intersubband transitions depends on the direction (polarization) of the electric
field in the incident electromagnetic wave. In this case, the matrix element of the intersubband
transition from the i-th level to the j-th level obtained in the first order of the perturbation
theory is proportional (jk'|e-p|ik) [8], where e is the polarization vector of a electromagnetic
wave and p is the momentum operator. In case of the polarization of the electromagnetic wave
in the QW plane (in x or y directions), the polarization vector is equal to e=(1,0,0) ore=(0, 1, 0),
whereas the operator is equal to —if9/3x or —ifd/yy, respectively. Thus, under the influence of
this operator upon the total wave function

Wi(R) = AP, (2)e” (1)

such expressions as fzkx,y(]'k/l ik) being zero at the i#j resulted from the orthogonality of the
wave functions are to be obtained. The constant A in the expression (Eq.(1)) is the area of the
quantum well.

Conversely, when the electromagnetic wave is polarized along the z axis, the operator ¢p is
equal to —if19/5z and the expression (jk'|e-p|ik) changes as:

~ o o\ 0 i(k—)-
(K epik) = —ihA™" J¢; (2) 5, 9i(2)dz Je'(k’kj TPy )
The first integral in expression (Eq.(2)) is nonzero for i and j with different parities, and the last
integral is nonzero for k=k . Therefore, optical transitions in the QW occur only in the presence
of polarization in an electromagnetic wave along the coordinate z, i.e., in the direction of the
heterostructure growth.

The concentration of the two-dimensional electron gas (2DEG) in the photodetector structures
should be large enough to locate the ground quantum level below the Fermi level. The required
position of the Fermi level is achieved at the 2DEG concentration (N,p) approximately equal to
(4—5) x 10" em 2 This electron density is distributed over the QW width in proportion to the
square of the ground state wave function. According to the Poisson equation, such a large number
of negative charges result in the appearance of a negative curvature of the conduction band bottom
in the quantum well. It is worth mentioning that the middle part of the QW is maximally distorted,
where the value of the square of the cosine is maximum. However, it is the middle part of the QW
that is commonly doped to fill the QWSs with electrons. A positive charge of the ionized donors
bends the bottom of the QW back and downward. Consequently, the quantum wells remain
almost rectangular shape under such a method of doping. The potential diagrams, the energy of
the quantum levels, and wave functions in such rectangular AlGaAs/GaAs/AlGaAs quantum
wells calculated by the nextnano program are shown Figure 2A [9].

The doping of the structure outside the GaAs QW (so-called the modulation-doped QWs)
leads to significant changes in the QW shape (Figure 2B). Actually, the separation of electrons
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Figure 2. The calculated potential diagrams and wave functions for AlGaAs/GaAs/ AlGaAs QWs: (A) doped in the
middle part of the quantum well; (B) with the one-side d-doping with the 5-nm spacer.

and ionized donors causes the appearance of an electric field and, therefore, a noticeable
bending of the band next to the quantum well region. Therefore, the energy of the quantum
levels changes. The calculated energies of the ground and first-excited quantum levels resulted
from a self-consistent calculation proved to be equal to 3.2/140.9 meV and —3.1/133.7 meV for
the QW doped in middle part and the modulation-doped QW, respectively. These values are
given with respect to the Fermi level that lies at the energy € = 0. As one can easily estimate, the
shift in the quantum levels resulted from the changes in the doping location leads to a shift in
the intersubband absorption band by 0.5 um.

The nomograms of the dependence of the intersubband transition line upon the QW width and the
barrier height were calculated by the self-consistent solution of the Schrodinger and Poisson
equations to compare the rectangular and modulation-doped QWs. Figure 3 shows the calculated

e ! 1 @ @ 1]
_ 1l \0_20_
£ 10} 22
o
=R ¢ \_’/u_m
T 9- \__/
§ i Un-zﬁ
28
7k

4.0 4.4 4.8 52 5.6 6.0
QW width {(nm)

Figure 3. The nomogram showing the dependence of the wavelength upon the quantum well width and the barrier
height (molar aluminum mole fraction) for a quantum well with the middle doped part.
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nomogram for the QW doped in the middle part. As one can see from Figure 3, Amax is weakly
dependent on the QW width in the wavelength region (8-10 um) worth examining, whereas the
required wavelength of the IR absorption is more difficult to obtain in the modulation-doped QWs.
One more parameter is added, and the energy of the intersubband transition from the ground to
the first excited level depends not only on the well width and the barrier height (or the Al mole
fraction in the barrier) but also on the doping level. Therefore, the calculation was made for the
modulated-doped QW at a fixed QW width equal to 5.6 nm (Figure 4).

The dark current flowing in the thermal equilibrium through the photodetector under a bias
is an important characteristic of a QWIP. Its value is frequently used as a QWIP quality
criterion. In QWIPs, the physical reason for the appearance of a dark current is the therm-
ionic electron emission from the ground-filled quantum level to continuum states both above
and below the energy barrier E, (Figure 1), due to its tunneling through the triangle barrier
in the electric field.

The dark current density (I;) in the structure shown in Figure 1 consists of the thermoac-
tivation and tunneling components, and it has the following general form [8]:

m* - ~ ~
J(E) = gq-v(E) (m) Lf(éa T)T(e,E)dE ©)

where v(E) = uE, /1 + (#E/ "snt)z is the average electron drift velocity in the AlGaAs barrier

layers, vy = 2.9%10° cm/s is the saturation velocity in the multiple quantum well (MQW),
ty = 10° cm?/V is the electron mobility in the AlGaAs with x= 0.3, ¢; is the energy of the
ground level in the quantum well. The fourth multiplier in (Eq. (3)) determines the concen-
tration of the carriers participating in the conductivity, f(¢) is the Fermi distribution function
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Figure 4. The nomogram showing the dependence of the wavelength upon the 2DEG concentration and the barrier
height (aluminum mole fraction) in the modulation-doped QWs.
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of the 2DEG, and T(¢,E) is the probability of tunneling of the electrons from the GaAs layer to
the states above the barrier. The electric field dependence of the T(¢,E) reflects the effective
barrier lowering for the hot electrons with a total energy ¢ = V},. We can assume with good
accuracy that for ¢ >V}, the coefficient is T(¢,E) = 1, whereas for ¢ <V, the coefficient is
T(e,E) =0.

The modeling with the help of nextnano has shown that the barrier lowering in an electric field
can be well described by the expression:

L
Vy(E) = V9 — qETW )

Thus, the current density through the heterostructure is finally obtained as:

* VO gFLw _
J(E) = gv(E) (nhz(LT:, . LB))exp ( b — g sz (e1 + SF)) 5)

where k is the Boltzmann constant and T is the temperature. To calculate the dependence of the
current density upon the donor concentration, the dependence of the activation energy

V) — (e1 + er) upon the donor concentration for the QW of 5.7 nm width and the aluminum
mole fraction in the barriers x = 0.25 was calculated by the nextnano program at T =77 K. The
doped middle part of the quantum well was 3.5-nm thick. The calculation results are shown in
Figure 5.

As one can see from Figure 5, the barrier height decreases at the enhanced doping, which is
caused by an increase in the Fermi level accompanied by an increase in the DEG concentration
from 1.4 x 10" t0 3.4 x 10" cm ™2,

Figure 6 shows the calculated dependences of the dark current density upon the applied
electric field for different donor concentrations.
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Figure 5. Dependence of the activation energy of the QWIP dark current upon the donor concentration.
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Figure 6. Dependence of the QWIP dark current upon the applied electric field for different donor concentrations. The
donor concentration is indicated in units of 10'® cm ™ in the figure.

The optimum 2DEG concentration corresponding to the minimum value of the threshold
power of the radiation (NEP) is estimated as follows. The value of NEP is given by:
NEP = Ly (6)
"R

where [, is the noise current, R is the responsivity. The noise current depends on the dark
current I; as follows [10]:

2 = 4qg, IiAf 7)

where g, is the coefficient of the noise gain and Af is the width of the noise band. As one can
see from the expression (Eq.(5)), the dark current increases exponentially at the increasing N,p.
Thus, for the degenerate 2DEG, the current depends on the 2DEG concentration N,p (which is
directly proportional to the donor concentration) as:

Iy ~ exp (Noprth® /m*kT) — 1 8)
In its turn, the responsivity is proportional to the absorption coefficient of a single QW a,
which, in turn, is proportional to the DEG concentration [10]:

R ~ a ~ N2D (9)
Thus, combining Egs. (6)—(8), and Eq. (9), we obtain [11]:

NEP ~ Ve=1/, (10)

where p=7*Nop/m*kT. The minimum value of the expression given is achieved under the
condition @ = 1.6 that is N,p = 2.7 x 10" or N=5.1 x 10" cm 2 for the quantum well of 5.3 nm
width at the QWIP operating temperature of T =70 K.
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Thus, the maximum sensitivity of the GaAs/AlGaAs QWIP is expected to be around 8.6 um to
ensure the spectral range of the detector (8-10 pum). The calculations have shown that this
condition is satisfied by such parameters of the doped QW as the well width Ly =5.3 nm and
aluminum mole fraction x = 0.25. When the ground state energy level is &; = 66.8 meV, the
energy of the first excited level is &, = 206.0 meV, and the barrier height is Vi, =211.0 meV that
corresponds to a fairly accurate coincidence of the first-exited quantum level and the edge of
the potential barrier.

3. Properties of the heteroepitaxial GaAs/AlGaAs MQW structures

Multiple quantum wells GaAs/AlGaAs were obtained by the MBE on the GaAs (100) substrate
with a buffer consisting of a 0.4-um GaAs layer. The doped GaAs layers of 1.5 pm thickness
were used as a base contact, whereas the upper ohmic contact was provided by the doped
GaAs of 1.2 um thickness.

It has been found that the best structural perfection of epitaxial GaAs layers and the greatest value
of the carrier mobility can be obtained at a growth under conditions ensuring a (3 x 6) surface
structure having a stoichiometric composition on the growth surface and being intermediate
between the “As-stabilized” (2 x 4) and “Ga-stabilized” (4 x 2) surfaces. At the growth under
such conditions, the concentrations of the gallium and arsenic vacancies on the surface are mini-
mal, which provides a minimum concentration of the intrinsic point defects in the crystal.
The deviation of the growth conditions toward the gallium or arsenic stabilization leads to the
enrichment of the epitaxial layers by the defects of anion or cation sublattices, respectively.
Since the (3 x 6) surface is observed in the narrow ranges of the substrate temperature and
V/II flow ratio, the growth conditions around the transition from (2 x 4) to (3 x 6) surface can be
recommended in order to obtain good process reproducibility.

Such growth conditions being applied, the necessary homogeneity and concentration of the
growth defects across the wafer can be achieved. The distribution of the growth defect (“oval”
defect) density is shown in Figure 7. One can see that the average density of the defects of
100-200 pcs/cm? can potentially lead to defectiveness of the photosensitive element matrix by
no more than 0.2% (The number of pixels in the array of the photodetectors is 100-300
thousands). A small size of the growth defect in 4-6 microns suggests that even if one pixel is
damaged, the neighboring pixels will remain unaffected.

The structure of the samples was examined by the method of studying the cross section of
structures by the transmission electron microscopy (TEM). The studies were performed by the
JEM-4000EX electron microscope by JEOL (Japan). The samples for the TEM were made in the
geometry of the cross section by grinding them with their subsequent thinning during etching
by Ar+ ions with an energy of 3-4 keV. The survey was conducted at an accelerating voltage of
400 kV. Figure 8 shows the results of the TEM AlGaAs/GaAs heterostructure. The image
represents no structural defects, which indicate a high quality of the heterostructures under
study. The measurements carried out by the TEM methods demonstrate a good correspon-
dence of the heterostructure layer thicknesses planned and obtained. Sharp changes in the
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Figure 7. Distribution of surface defects of the epitaxial QWIP structure. The distribution of the density of defects (left)
and defect sizes (right).
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Figure 8. The cross section of the QWIP heterostructure.

intensity at the quantum well heterogeneities testify to fairly sharp and smooth transitions
from one material to another.

The spectra of the piezomodulated reflection of the MQW structure in a visible spectral range
at a liquid nitrogen temperature were measured to control the aluminum mole fraction in the
AlGaAs barrier layers. Mechanical vibrations of the ceramic plate caused the modulation of the
mechanical stresses in the structure, the modulations of the real Ae, and the imaginary Ag;
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parts of the dielectric constant, and as a consequence, the modulation of the reflection coeffi-
cient. The reflection variances AR are related to the variation of the dielectric constant by the
Seraphin ratio [12]:

AR
R - ale, + BAg; (11)

where a and 3 are Seraphin coefficients. The energy position of the peaks in the piezoreflection
spectrum corresponds to the electronic transitions in the structure under study. Typical
piezoreflection spectra of the MQW structure are shown in Figure 9A. The aluminum mole
fraction in the barrier layer is calculated from the peak energy. The peak at the 1.484 eV
corresponds to the transitions from the levels of residual acceptors (neutral carbon atoms) to
the conduction band in the GaAs substrate. The band gap of the GaAs at the 77 K is
E,(GaAs) = 1.508 eV [13], and the binding energy of the carbon atom is A = 25 meV. Therefore,
the calculated transition energy is expected to be E,(GaAs)-A = 1.483 eV, which is in a good
agreement with the experimental results. The peak at the 1.839 eV (or 674 nm) corresponds to
the bound excitons in the AlxGa;_xAs barrier layers. The intermediate peaks between the 1.484
and 1.839 eV energies correspond to the transitions between the hole (light and heavy) and
electron quantum levels in the MQWs [14]. Thus, the aluminum mole fraction in the barriers is
determined from the energy position of the 1.839 eV line by a well-known relation between the
bandgap width of the AlGaAs layer and the aluminum mole fraction (x) as Eg(x)=E,(0)
+1.427x +0.041x° [15].

The measurement of the QW width was carried out by means of the photoluminescence (PL)
spectroscopy at a liquid nitrogen temperature along a line corresponding to the transition from
the ground electron level to the ground level of the heavy holes e1-h1. According to calcula-
tions in the approximation of a rectangular quantum well of a finite depth for a quantum well
with a width of 5 nm and an aluminum mole fraction of 0.26, the energies of the electron and
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Figure 9. (A) The spectra of the piezomodulated reflection of the MQW structure. (B) The photoluminescence spectra of
the MQW structure. The YAG laser was used to excite the PL.
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hole ground quantum levels are 70 and 15 meV, respectively. Consequently, the energy of the
el-h1 transition at a room temperature is expected about 1.6 eV. As one can see from Figure 9B,
the measured maximum of the PL band el-h1 is located at 1.61 eV, which indicates the grown
thickness of the layers being sufficiently accurate.

To control the electron concentration in the grown structures with MQWs, the C-V characteristics
were measured. Those measurements were carried out with the specially fabricated Schottky
barriers of the TiAu with a diameter of 200 pm and a C-V bridge operating at frequencies of
1 to 100 kHz. The upper contact layer had been previously etched and then measured. According
to the measured C-V dependences, the concentration dependences upon the depletion region
depth N,p(W) are determined from the relation:

o -1
Nao(W) = YyecoS? (%) (12)
where g is the electron charge, C is the measured capacitance, V is the applied voltage, S is the
area of the Schottky barrier, € and ¢, are the permittivity of the semiconductor and vacuum,
respectively. The depth W, where the concentration of free carriers is determined, is W=¢¢,S/C,
whereupon, the dependence of the sheet concentration with precision to constant upon the
depletion region depth AI'(W) was obtained by integrating N,p(W) (Figure 10). As one can see
from the figure, all the experimental data obtained from different sample points agree with a
high accuracy, which indicates a high uniformity of the electron density in the quantum wells
over the wafer area. It should be noted that this method can be duplicated by a capacitive
method where the mercury probe and profilometer operating at a frequency of 1 MHz are
applied to measure the derivative.
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Figure 10. Distribution of the sheet concentration of the charge carriers AI' in the quantum wells for six different points.
These points are located along the wafer radius.
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Figure 11. Field dependences of the dark current in the QWIP structure (the donor concentration is 2.5 x 10" ecm™?) for
various current directions at the 77 K temperature.

To calculate parameters of the multiplexer (capacitance and integration time), it is necessary to
know the field dependences of the dark current. The measured dependencies of the dark
current upon the bias for the QWIP structure made up of 30 periods of QW and barriers
(Lp = 40 nm) with the pixel area 20 x 20 um are presented in the Figure 11. As one can see
from the figure, the current asymmetry is observed, which results from the segregation of the
impurity atoms during the structure growth.

4. Selecting the parameters of the FPA on the basis of the GaAs/AlGaAs
QWIP

While choosing a number of QW periods in the QWIP structure, the following must be taken
into account: (A) an increase in a number of structure periods leads to an increase in the
absorption coefficient, but, in turn, (B) the overall probability of capturing photoexcited elec-
trons back into the QW, (C) the growth time of the heterostructure, (D) the mesa depth, and (E)
the magnitude of the voltage applied to the structure increase as well. As a result, the sensitiv-
ity of the QWIP increases very weakly with an increasing number of the GaAs/AlGaAs layer
periods [11]. Therefore, a heterostructure with 30 periods of the GaAs QW has been chosen.

A 2D diffraction grating with the parameters determined by the spectral range and properties of
the dielectric applied is required to provide the absorption of a normal-incident light and
increase the quantum efficiency of the QWIP [16]. The required etching depth of the lattice (d) is
determined by the relation d = A/4n, where A is the radiation wavelength and n is the refractive
index of the GaAs. These parameters are A = 8-9 um and d = 0.7-0.75 um for the wavelength
range applied. The period of the diffraction grating L =2.8 um was chosen so that the direction of
the first diffraction order was an angle of 60° with the normal to the sample wafer.
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The thickness of the upper contact layer of n+ doped GaAs was increased up to 1200 nm to adapt
the fabrication technology for ohmic contacts. At a lower thickness of the contact layer, the metal
may penetrate into the QW region as a result of diffusion during a long (5 minutes) annealing.

The multiplexer capacity and integration time of the signal were estimated by the dependency
dark current upon the bias at the 77 K (Figure 11). The current at the bias voltage equal to 0.5 V
is about 107'° A, which, in the presence of the capacitance in the multiplexer equal to 6 x 10°
electrons, allows integrating the signal during 10 ms.

5. The fabrication technology for the FPA on the basis of the
GaAs/AlGaAs QWIP

The focal plane arrays on the basis of GaAs/AlGaAs QWIP structures were fabricated by the
complex of coordinated technological operations based on photolithography processes using
functional dielectric and metallic layers, etching processes, and chemical treatments of the
heterostructures in the regimes determined by the physicochemical properties of the MQW
layers. The technology development was carried out at the FPA with 384 x 288 elements with
the 25 microns pitch. The structure control was carried out by the optical and scanning electron
(LEO-1430, SU8220) microscopes.

5.1. Formation of the diffraction grating and mesa structure

A diffraction grating and mesa structures were formed by dry anisotropic etching of the GaAs
layer in a remote gas-discharged plasma (ICP RF) of the BCl;, argon, and nitrogen. The obtained
diffraction grating holes are square shaped with rounded corners and vertical walls (Figure 12A).
The view of the mesa structure walls formed by etching the GaAs at a given depth (2.4 um) at the

Figure 12. SEM images of (A) the diffraction grid and (B) the gap (2 um) between the mesa structures of the FPA 384 x 288
elements obtained by dry etching with the 0.5-um SiO, layer.
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optimum ratios of reagent gases, the power of the RF and ICP generators, the reactor pressure,
substrate temperature, heating, and etching time are shown in Figure 12B.

5.2. The fabrication of ohmic contacts

The ohmic contacts to the base and upper n+ doped GaAs layers (on the mesa surface) were
fabricated by the Ge/Au/Ni/Au (20/20/20/100 nm) deposition [17] after the removal of the
native oxide layer from the semiconductor surface by HCI:H,O (1:8) and annealing during
5 minutes at the 385°C in a hydrogen (Figure 13).

5.3. The mesa structure surface passivation

The SiO, dielectric layer was deposited by a low-pressure chemical vapor deposition (LP CVD)
method at temperatures of 195-250°C to passivate and protect the mesa structure surface. The
low temperature of this process excludes the disorder of the surface stoichiometric composition
due to the evaporation at high temperatures of the fifth group element. Depending on the
synthesis conditions, the layers of LP CVD SiO, (refractive index 1.46) have a dielectric constant
of 5.9-6.5 and leakage currents of 6 x-10"%-9-x 10~”A/cm? (E = 2-10° V/cm) at the room temper-
ature with a water content of 2.5-3.3 volume percent, respectively. The SiO, formation at the
semiconductor surface results in coating the vertical walls of the mesa structures (Figure 12B).

5.4. Production of indium bumps on the FPA and silicon multiplexers

To assemble a FPA by cold welding, indium bumps were fabricated both on the GaAs/AlGaAs
QWIP structure and silicon multiplexers. The Tl xLift photoresist was used to produce indium
bumps (height of ~5 um) by inverse photolithography. The view and cleavage of a separate mesa
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Figure 13. SEM image of the mesa structure of FPA 384 x 288 elements with a diffraction grating and the Ge/Au/Ni/Au
(20/20/20/100 nm) metallization layer.
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structure with an indium bump of the FPA of 384 x-288 elements produced by the developed
technology on the GaAs/AlGaAs heterostructures are shown in Figure 14.

5.5. Hybrid assembly of the FPA

The FPA modules were assembled by cold welding of the indium bumps under pressure [18].
The FPA and multiplexer crystals were docked on the M9 setup of Laurier company. The fusion
of the indium contacts was performed by heating the module up to the indium melting temper-
ature with the succeeding cooling. The surface autoplanarization is provided during the crystal
compression process, which is achieved by installing polyamide stoppers along the perimeter of
one of the module elements—an array or multiplexer. The maximum limit mechanical load is
determined experimentally from the measurement of the curves of the plastic flow of the indium
bumps, their height, and area. The pressure required for the plastic flow of the contacts ranges
from 0.3 to 0.9 kg/mm?. The total height of the indium bumps after the FPA assembly is 6-8 pm,
which satisfies the requirements of the durability of the FPA hybrid assemblies [19].

5.6. The GaAs substrate removal from the FPA assembly

The technology of the substrate removal after the assembly of the FPA consisted of the successive
processes of the mechanical grinding aimed at removing the main thickness of the GaAs sub-
strate, chemical mechanical polishing and chemical dynamic polishing, in order to obtain a
mirror-smooth surface of the array crystal. The processes of the chemical selective etching of the
GaAs and heterostructure layers were applied to remove the GaAs substrate from the FPA
surface completely (Figure 15) [20-22].

5.7. Technical characteristics of the multiplexer

The silicon multiplexers by Integral Joint Stock Company (IZ640FD format 640 x 512) made by
the CMOS technology and meeting the QWIP requirements were used as a part of the FPA
assembly [23].

Figure 14. SEM images (A) of the mesa structure and (B) mesa structure cleavage of the FPA with 288 x 384 pixels on the
basis of GaAs/AlGaAs QWIP structures with indium bumps.

153



154 Two-dimensional Materials for Photodetector

Figure 15. The photo of the FPA assembly with 384 x 288 elements (A) before and (B) after the removal of the GaAs
substrate (650 pm).

The storage capacitance in every cell of the IZ640FD multiplexer was approximately 8 x 10°
electrons with a reading noise of 1000 electrons. The adjustable integration time could vary
from 100 microseconds to the entire duration of the frame scanning. The electric power con-
sumed at a frame rate of 100 Hz did not exceed 120 mW. The electric power consumed at a
frame rate of 100 Hz did not exceed 140 mW in the four output mode and 90 mW at a switch
into one output mode, respectively.

The schematic diagram of the input block of the multiplexer is shown in Figure 16, where D is
the photoresistor (detector), VD is the detector supply voltage, VB is the voltage specifying the
detector bias voltage, VA is the voltage specifying the level of anti-burglary, VS is the skimming
voltage, C1 is the integration capacitance in pixel, C2 is the storage capacity in pixel, C3 is the
storage capacity in column, K1, K2, and K3 are the keys, A is the amplifier with a controlled gain,
and B is the buffer. The signal integration occurs simultaneously on all the array elements, and
then, the voltage from the capacitances C2 is line-by-line read out by connecting the key K2 to
the column capacitance C3 and the column amplifier A.
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Figure 16. Schematic diagram of the input multiplexer for the FPA.
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6. Opto-electronic characteristics of the FPA assembly

At the final stage, the opto-electronic characteristics of the fabricated FPA assembly were
determined. For this purpose, the assembly was placed in a nitrogen cryostat with an entrance
window made of the ZnSe. The operating temperature of 65 K was achieved due to the
pressure pumped down by a vacuum pump. A cooled diaphragm provided a relative aperture
of 1:2. To measure the sensitivity of the FPA, the module illumination was made by an
extended-type absolutely black body. It should be noted that the high parameters of the FPA
assembly both the absolute values of the signals and their homogeneity with respect to the
array elements are supposed to be essential.

The distribution histogram of the total current (dark + photo signal from the 300 K back-
ground) for the FPA assembly thinned up to 170 um is shown in Figure 17A. The integra-
tion time of the signal was chosen to be 9 ms. Figure 17B shows the distribution histogram
of the temperature sensitivity of the St at the 300 K background upon the pixels of the FPA
module BM20. Its average value is rather high and equal to 23.2 mV/K. Figure 17C shows
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Figure 17. (A) The histogram of the total current distribution of the 640 x 512 FPA module BM20. (B) The histogram of the
temperature sensitivity at a background of 300 K of the 640 x 512 FPA module BM20. (C) The histogram of the noise voltage
of the 640 x 512 FPA module BM20. (D) Experimentally measured NEAT histogram of the 640 x 512 FPA module BM20.
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the distribution of the noise voltage V,, at the output of the photoreceptor module BM20
at a background of 300 K. All the histograms are rather narrow, which demonstrates
the high uniformity of the array parameters. The noise equivalent temperature difference
NETD = V,/St of the FPA module BM20 is shown in Figure 17D. The average value of a
NETD for nondefective pixels at the FPA temperature of 67 K is 22.2 mK. A number of
defective elements with a NETD over 70 mK is 0.15%. A typical spectrum of photosensitiv-
ity of a 640 x 512 FPA is shown in Figure 18. An example of the IR image detected by a
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Figure 18. Photosensitivity spectrum of the FPA.

Figure 19. The example of an IR image. The temperature is 65 K. The integration time is 6 ms. The working elements are 99.6%.
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640 x 512 FPA assembly module equipped by the germanium lens with D/F = 1:2 aperture
is shown in Figure 19.

The developed technology for the FPA assembly is reproducible and has a rather high yield
percentage of the suitable products well seen from Figure 20 showing the scatter of the noise
equivalent temperature differences and a number of defective elements for the 640 x 512 FPA
assembly manufactured on the 5 MBE grown heterostructures.
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Figure 20. (A) Scatter of NETD and (B) a number of defective elements in the 640x512 FPAs produced on the five grown
QWIP structures.

Figure 21. The photo of the QWIP IDCA.
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ISP SB RAS (Russia) Sofradir (France)
BM20 SIRIUS-LW
Array format 640 x 512 640 x 512
Pixel pitch, um 20 20
Peak sensitivity, pm 8.5-8.6 8.5
FWHM, um 0.8-1 1
NETD, mK <35 <35
Operability, % >99.5 99.9%
Integration time, ms 6 7
Operating temperature, K 72 70-73

Table 1. Comparative characteristics of the GaAs/AlGaAs QWIP IDCA by the ISP of the SB RAS (Novosibirsk) and
Sofradir (France).

6.1. Integrated detector cooler assembly

The fabricated and tested 640 x 512 FPA were installed in the body of a vacuum cryostat
integrally coupled with a microcryogenic system. Resulted integrated detector cooler assembly
(IDCA) is showed in Figure 21. A vacuum cryostat performs thermal isolation of the array
from the environment to guarantee effective cooling of the photodetector up to the operating
temperature (T = 68-72 K). The radiation from the detected objects is fed to the FPA through an
input window made up of the germanium with the antireflection in the range of 8-10 um and
a cooled diaphragm with a relative aperture F/2 designed to reduce the background illumina-
tion. A low pressure in the vacuum cryostat is provided by a getter, whose reactivation is
carried out by passing an electric current through it. Typical operating temperatures for the
FPA based on the QWIP with the wavelength range 8-10 um are 68-72 K. Thus, the powerful
microcryogenic systems ensuring a cooling capacity at an operating temperature of 70 K not
less than 0.4 W and the power consumption not more than 20 W are needed to provide the
required temperature in a full range of climatic conditions.

As one can see from Table 1, the parameters of the developed 640 x 512 QWIP IDCA are
comparable with those of the Sofradir products.

7. Conclusions

The technology of manufacturing the AlGaAs/GaAs QWIP FPA has been discussed. The
parameters of a FPA of 640 x 512 format with a 20-um pitch for a spectral range of 8-10
um have been described. At an operating temperature of 72 K, the temperature resolution
of the QWIP FPA is less than 35 mK. The frame rate is 100 Hz. A number of defect
elements in the array do not exceed 0.5%. It is shown that the parameters of the QWIP
FPA fabricated by Rzhanov Institute of Semiconductor Physics of SB RAS meet the world
class standards.
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Abstract

This chapter focuses on characterization, modeling, and simulation about the type-
II superlattices photodetector application. Despite dramatic improvements in type-II
superlattices in the past 15 years, challenges still exist in InAs/GaSb and InAs/GalnSb
superlattices: The diffusion current, Shockley-Read-Hall (SRH) recombination current,
tunneling current, and surface leakage current at elevated temperature. To establish a
set of modeling and simulation input parameters, in-depth materials and device charac-
terization at different conditions are carried out for initial materials and device models.
Based on input parameters, we will describe the development of analytical and numeri-
cal models of InAs/GaSb and InAs/GalnSb type-II superlattice-structured materials and
device systems. At the end of this chapter, the fitting of modeled and simulated data will
be performed to compare empirical data and modeling results at a set of temperature,
which will provide guidance to achieve the higher performance.

Keywords: photodetector, superlattices, type-II, infrared detectors, modeling

1. Introduction

In the last decade, the type-II superlattice has been proposed as a promising candidate for
the next generation of IR photodetectors in the long wavelength IR (LWIR) range. The InAs/
GaSb and InAs/GalnSb type-II superlattices are considered to be equivalent to HgCdTe with
superior cutoff wavelength beyond 15 pm which offers better stability and leverage [1, 2].
Moreover, InAs/GaSb and InAs/GalnSb type-II superlattices provide numerous advanta-
geous optoelectronic properties such as high absorption coefficient, higher effective mass of
electrons and holes, slower Auger recombination rate with a proper design of the valence

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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band structure, a lower dark current, and higher operating temperatures. These make InAs/
GaSb and InAs/GalnSb type-II superlattices comparable to established HgCdTe IR photode-
tectors with the high quantum efficiency [3-6].

The effective band gap of InAs/GaSb and InAs/GalnSb type-II superlattices can be engineered
with great flexibility to match mid to far infrared photon energies by selecting appropriate
thicknesses for the alternating InAs and GaSb (or GalnSb) layers during crystal growth [3].
Hence there are different performance levels which demonstrate the possibility of multiple
band detectors with short wave infrared (SWIR), mid-wave infrared (MWIR), and long wave
infrared (LWIR) detectors. In particular, MWIR InAs/GaSb superlattice photodiode applica-
tion to a focal plane array (FPAs) shows the successful operation at 77 K [7]. The electronic
band structure of InAs/GaSb and InAs/GalnSb superlattices enables a spatial separation of
holes and electrons localized into different quantum wells. Furthermore, the alternating InAs
and GaSb (or GalnSb) layers enable strain in InAs/GaSb and InAs/GalnSb type-II superlattice
systems which reduces the Auger recombination rate and therefore, improves the detectiv-
ity of the photodetectors [8]. Since the current detector technologies including InAs/GaSb
and InAs/GaInSb superlattices require significant cooling to be provided to the detectors, for
example, down to 4 K, this implementation makes the photodetector system complicated as
a whole which makes it impractical due to the high cost and, most of all, a major hurdle to
be overcome before market commercialization. At room temperature, detectors can be used
only in active mode with external source due to low sensitivity. Hence, the operation at higher
temperatures with high quantum efficiencies remains a major challenge for long wavelength
IR range detectors. The major sources that contribute to the dark current of InAs/GaSb and
InAs/GalnSb are diffusion current, Shockley-Read-Hall (SRH) recombination current, tunnel-
ing current, and surface leakage current.

The goal of this chapter is to develop sustainable analytical and numerical models of device
and materials which serve as a set of parameters for modeling and simulation. The estab-
lished parameters will identify the entitled parameters to achieve maximized device perfor-
mance. To optimize the performance of InAs/GaSb and InAs/GalnSb superlattices devices, the
optoelectronic characterization methods will be carried out to provide basic materials input
parameters and device key modeling parameters for the modeling and simulation. Based on
established theoretical and empirical models, the baseline device and materials will be set up
and provide the guidance for the new design concept to develop higher performance devices
at elevated operating temperature.

2. Modeling

One of the major advantages of type-II InAs/GaSb and InAs/GalnSb superlattice systems is
the ability to tailor the band gap by changing the thicknesses of InAs and GaSb (or GalnSb)
layers. Additionally, the superlattices system provides the ability to hetero-engineer the band
structure of the devices. As of now, a number of band gap engineered superlattices architec-
tures, such as W-structure, M-structure for heterostructures (pMp or nBn) and complemen-
tary barrier infrared detector have been proposed with the improved performance compared
to a homojunction design [9-12].
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Figure 1 shows the band structure of type-II InAs/GalnSb (also similar to InAs/GaSb) super-
lattices system grown by MBE on GaSb substrates [13]. The bottom of the conduction band
of InAs is below the top of the valence band of GaInSb in a periodic manner. In this periodi-
cally alternating InAs and GalnSb layers, this typical band alignment separates the electrons
and holes into these two different layers. The effects of coherent strain facilitate compressive
stress in GaInSb and tensile stress in InAs layers, which results in splitting the light (LH)
and heavy (HH) hole bands. Hence, the phenomena enhance the staggered band alignment.
Consequently, the energy gap of the superlattice is formed between the localized hole states
(Ey;y,) in GaInSb and the electron states (E_,) in InAs layers. The energy gap decreases mono-
tonically while increasing the concentration of Indium and this is primarily due to increased
strain (larger lattice constant of GaInSb).

The need to accurately predict type-II InAs/GalnSb photodetector performance through mod-
eling and simulations becomes important due to the expensive fabrication cost and complex-
ity of quantum sized materials and devices parameters, and lack of appropriate expertise
and skill sets. The traditional choice of theoretical study for electronic transport modeling
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Figure 1. The superlattices energy gap Eg is E.-E, . Energy band structure, electron (E_ ) and hole (E,,) states and
corresponding wave functions (W2) in a strained, InAs/GalnSb superlattices grown on GaSb substrate. Shaded parts
indicate the forbidden gaps in InAs and GalnSb. The peaks of electron and hole wave functions are situated in different
layers [13].
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and simulation is governed by two important factors which are the critical spatial dimen-
sion of the simulated object (nano-scale alternating film layers) and the physical mechanisms
of device operation such as SRH recombination, tunneling, thermionic emission, and tem-
perature effect. The commonly used computational modeling and simulation for transport
is described as below. Among these approaches, the drift-diffusion method obtained by
using the first moment of the Boltzmann transport equation is the wide-spread methodol-
ogy in commercially available technology computer aided design simulators (TCAD) such as
Synopsys Sentaurus and Silvaco ATLAS. Figure 2 shows the hierarchical overview of com-
monly used electronic transport solver for modeling and simulation for the TCAD. These
prove an accurate description of carrier transport for the optoelectronic devices. However, the
materials and device input parameters need to be precisely calibrated in order to predict the
device behavior accordingly.

Over the last decade, there have been similar efforts in a photodetector community such as
the k p method [15]. The k p method is used to investigate optical properties of quantum
wells, superlattices, heterostructures, and direct-bandgap semiconductors for calculating the
electronic structures [14]. The main advantages are to provide,

a. A reasonable compromise in time and model-complexity between simpler approaches
such as effective-mass Hamiltonian and tight-binding, ab-initio;

b. Model parameters such as band gap, effective mass, optical matrix elements can be in-
ferred from experiments;

¢. An effective way to include strain and spin-orbit interactions;

d. Analytical description of band dispersions near high-symmetry points in Brillouin zone.

I Quantum Approaches I

Boltzmann Transport Monte Carlo Particle
Equation Based Approaches
Moments of BTE
(Hydrodynamic and
Energy Balance)
Drrift-Diffusion
Approaches

Figure 2. Hierarchical overview of commonly used electronic transport solver for modeling and simulation such as
commercial technology computer aided design (TCAD) [14].
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For example, Grein et al. [15] described the analytical expression by using this k p method. As
a similar effort, Roslan et al. [16] investigated InAs photodiode by using the advanced version
of modeling and simulation with 2D Silvaco simulators. To accurately model and simulate, a
set of accurate input materials and device parameters should be acquired by optoelectronic
characterization such as lifetime, mobility, etc. through a multiple revision processes.

3. Fabrication and characterization methods

The initial step to establish the accurate models is to characterize a set of materials and device
input parameters of type-II InAs/GalnSb superlattices, which will be the basis of design param-
eters for fabricating the device. To achieve their design parameters, there have been a number
of approaches to growing InAs/InGaSb superlattices, focusing on the interface layer quality,
growth temperature optimization, III-V flux ratios, and substrate effect, etc. [17]. Concurrently,
there is a similar amount of efforts to improve GaSb wafers and polishing processes. Although
various research groups try to grow the type-II superlattices on Silicon and GaAs substrates,
GaSb substrates are able to provide less lattice mismatch related defects than other substrates.

The InAs/GalnSb superlattices samples are typically grown in a molecular beam epitaxy (MBE)
system (or MOCVD) equipped with elemental In and Ga solid metal sources and valved As
and Sb cracker sources providing As and Sb, [13, 15, 18]. The solid metal sources for In and Ga
are SUMO cells designed to reduce spitting and the sources for As and Sb are valved cracker
source. The cracker temperature for As and Sb is typically between 800 and 900°C to achieve
As, and Sb, main fluxes over As, and Sb,. The reason for valved cracker design is to ensure the
control of As, and Sb, fluxes at the stage of superlattices growth without further tuning of the
cell temperature, which enables the sharp interfaces and the reduction of cross contamination
across the layers during switching source flux changes.

The other important processing parameter is the optimization of growth temperature. Based
on extensive researches so far, the typical growth temperature is typically between 390 and
430°C to focus on the effects of substrate temperature on superlattices. In this temperature
range, superlattices can be optimized to achieve better interface roughness, smoother inter-
faces at the higher temperature, and residual background carrier concentrations, and so on.
To improve further, there have been attempts to utilize short in-situ anneal at higher tempera-
ture such as 450°C under a high As flux, which can possibly reduce point defects.

Another important parameter that affects film growth is the film layer growth rate which is
very thin compared to other applications. Due to unique thin film growth of superlattices
such as a multiple of monolayers (ML), the growth rate is required to be slow to ensure a good
quality of the very thin film (<8 nm). Typical growth rates are less than 1 monolayer per sec-
ond for each layer. With slow growth rates, precision control of the SL period and individual
widths has been demonstrated. The samples are grown on n-type (100) GaSb substrates which
consisted of a GaSb buffer layer, multiple periods (for example, 40) of superlattices layers, and
a GaSb cap layer. The growth is performed with a reflective high-energy diffraction (RHEED)
system on a static GaInSb surface [13, 15, 18].
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High-resolution x-ray diffraction and atomic force microscopy can be used to confirm the struc-
tural quality, composition of the InAs/GalnSb superlattices layers, and the surface morphol-
ogy. More importantly, the optical properties can be characterized with photoluminescence,
absorption spectroscopy, electroluminescence, cathodoluminescence, temperature-depen-
dent I-V, C-V, and deep level transient spectroscopy. Having all the required characterization
of input parameters, the initial analytical/numerical modeling and simulation are carried out
with MATLAB (k-p in Section 4.1), TCAD (Section 4.2), and Ab-initio methods.

4. Design and modeling of superlattices

The optoelectronic properties of type-II InAs/GaInSb superlattices depend on the energy gap
determined by the bottom of the conduction band (CB) of InAs and the bottom of the valence
band (VB) of Ga,_ In Sb, where CB maximum of InAs is lower than VB minimum of Ga,_In Sb.
Due to this typical band alignment, the band gap energy of superlattices is smaller than either
constituent material, which separates electron (InAs) and holes (Ga,_ In Sb) into the different
layers. Moreover, the unique periodic film structure of superlattices allows the separation of
heavy and light hole bands by compressive stress (Ga, In Sb) and tensile strain (InAs). This
staggered band structure of superlattices provides the smaller band gap and spatial separa-
tion of electron and hole, which requires spatial indirect transition across the band gap. To
achieve good optical transition with sound oscillator strength (hence, good absorption coef-
ficient), the wave functions of the first heavy hole state (E,,) and the first electron states (E.,)
are required to overlap each other. Consequently, the optical absorption of the superlattices is
determined by the overlap of the wave function between the localized hole states (E_, in Ga,_
In Sb) and electron states (E,,, in InAs). The overlap of the wave function is strongest in the
superlattices design structure due to the enhanced electron and hole wave function overlaps
by the repetition of each thin layer. As the thickness of each layer increases, the wave function
overlaps rapidly decreases.

In Figure 3, the critical thickness by the number of monolayers (ML) is calculated with respect
to the Indium composition (x) at 400°C, based on the mechanical equilibrium theory [21].
The composition dependent-strain due to the lattices mismatch is inserted on the top. The
critical layer thickness is the maximum strained Ga, In Sb thickness which is dislocation-free.
Consequently, the energy gap of superlattices can be modulated between 0 and 300 meV by
adjusting the layer width and the alloy composition. In Figure 4, the energy gap changes are
described as a function of the width of InAs monolayers with respect to Indium concentration
at fixed 8 monolayers of GaInSb on the left. Similarly, the variation of energy gap is plotted
against the width of GalnSb monolayers at different Indium concentration on the right.

Narrow energy band gap superlattices with good optical properties (in particular, infrared
absorption) require designing of thin film layers with the corresponding higher concentration
of Indium. This can facilitate the reduction of the layer widths and the energy band gap as
well, which enables the application beyond a wavelength of 15 um or very long-wave infrared
(VLWIR) detection [18]. The typical indium percentage in the GalnSb layer has not been less
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Figure 3. The calculated critical layer thickness in monolayers, ML (solid line) of Ga,_In Sb grown on GaSb at 400°C vs.
indium concentration, x in Ga,_ In Sb biaxial compression while InAs biaxial tension which lowers the conduction band
and raises the heavy hole band. The experimental data are inserted in the figure (square) [19, 20].
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Figure 4. Band gap energy modification in InAs/Ga,_ In Sb superlattices against the fixed width of Ga,_In Sb (left) and
InAs (right) monolayers. The film thickness of Ga,_In Sb is fixed at 8 monolayers while varying the number of InAs
monolayers at different indium concentration, x = 0.35 and 0.40 (left). For 14 monolayers of InAs, the film thickness of
Ga,_In Sb changes with respect to indium x = 0.35-0.40 (right) [13].

than 30% to avoid the strain imbalance between these superlattices with high Indium con-
centration and GaSb lattice constant. The absorption coefficient spectra for various Indium
concentration in superlattices are demonstrated in Figure 5.

4.1. Theoretical modeling: k-p methods

Since there are a number of input parameters that can be modulated to achieve designed super-
lattices at any given cutoff wavelength, it is imperative to provide a theoretical description
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by modeling chosen type-II superlattices system with the proper band gap energy, band
structure, absorption spectra, and carrier lifetimes. The widely accepted method of the energy
band description is the effective-mass approximation, which is also known as superlattice k-p
method. It is a popular method for calculating the electronic structure of superlattices because
of using a minimal set of parameters to describe and simulate heterostructure electronic prop-
erties independent of the number of atoms in the system [17]. The number of energy bands
in the k-p Hamiltonian expands from the simple 4-band model to the 14-band model, which
provides a continuation in the wave vector k of the energy bands near high-symmetry extre-
mum points in the Brillouin zone such as I', X, L points. The simple 4-band model provides
the accurate prediction of zone-center transition energies between the conduction and valence
band whereas the 14-band model successfully describes the electronic structure throughout
the Brillouin zone with the envelope function approximation, which discriminates crystal
periodicity from the heterostructure energy envelope [17]. The k-p method is an efficient
model to perform the simulation with material level properties up to the device-level proper-
ties without atomistic details.

The simulated energy band structure of 14 monolayers of InAs/8 monolayers of GaIn ,Sb
in [001] direction is demonstrated in Figure 6. To be consistent with the reported data, a set
of material input parameters are taken from the Ref. 22 by using strain-dependent k-p model,
including energy gaps, valence band offsets, deformation potentials, lattices constants, and
elastic constants.

The superlattice is designed to target the energy gaps between 0 and 50 meV by considering
the target layer thickness and alloy compositions. The 14 monolayers of InAs and 8 mono-
layers of Ga, In ,Sb strained layer superlattice is simulated and compared to the fabricated
samples. The MBE grown samples are fed back to the superlattice modeling and design to
achieve the target goal of energy gap around 9 meV. The superlattice energy gap is 4 meV,
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Figure 6. 8-band k-p model, calculating [001] in-plane (left) and growth direction (right) dispersion relations for the

strained layer superlattice with 14 monolayers of InAs/8 monolayers of Ga, In Sb. The period of the superlattices, d is

6.73 nm and the valence band edge of GaInSb happens to be located at zero energy level [13].

which is equivalent to the energy difference between the minimum of the electron energy
state (E_,) and the maximum of the heavy hole energy (E ) at the zone center. As previ-
ously reported [8, 18], a large splitting between heavy hole and light hole energy states sup-
presses the hole-hole Auger recombination processes when compared to the energy gap
along the growth direction (E,,,—E, ,, < Eg) and thus, greatly improves the minority carrier
lifetime, leading the improved device detectivity (D*) and operating temperature. Based on
minimizing the Auger recombination, Grein et al. [15] calculated a strain-balanced VLWIR
superlattice structure by using 14-band k-p method (a.k.a. superlattice k-p) to calculate states
throughout the zone [8, 15], which is a reformulation of superlattice 14 band k-p method
trying to explain Auger recombination and carrier lifetimes of type-II superlattice [15, 23].
In their calculation, a heterostructure restricted basis formalism is used by employing 14
bulk bands non-perturbative calculation [24], which successfully explained the optical prop-
erties, carrier recombination rates while incorporating interface bonding effects. The com-
o751, ,:0b demonstrated a radiative
lifetime of 140 ns whereas Auger-1 and Aguer-7 lifetimes were calculated to be more than
1 s, which could provide a theoretical limit of device detectivity of 6.0 x 10" Johns at 40 K
[18]. This long hole-hole Auger lifetime is caused by energy conservation forcing the most
probable carriers into regions of lower occupation probability further band edges. Figure 7
shows the simulated band structure of strained 4.70 nm InAs/2.15 nm Ga,__In . Sb superlat-

0.757770.25
tices, indicating the greater strain splitting between the uppermost valence bands, which

puted superlattice structure of 4.70 nm InAs/2.15 nm Ga

increases the device detectivity in an order of magnitude. The positions of electrons (open
circle) and holes (closed circle) indicates lower occupation probabilities at zone center which
lowers the Auger recombination.



170 Two-dimensional Materials for Photodetector

8OO R m—
e s |
500 ! r— s |
r '
3 /
E 200} »
& il
o 0 N
E’ ‘t“‘-‘-&n&u? e
w200 ———

g e —— e
0.05 0.00 0.05 —0.1_'5] -0.15 0.20
I(qn.uwlll axs Kill-plmlu(A JIII

Figure 7. 14-band k-p model, calculating band structure of [001] strained 4.70 nm InAs/2.15 nm Ga,,In ,.Sb superlattices
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4.2. Modeling of devices: TCAD

As 8-band k-p envelope function approximation model is used to calculate the band struc-
ture, the advantage is the flexibility of the model that can introduce an arbitrary number
of layers per superlattice. After the analytical calculation, the resulting band structure can
provide input parameters for the electrical device model such as band edge energy and
effective masses. Furthermore, absorption coefficient spectra and tunneling coefficient can
be modeled and simulated [25, 26]. With type-II InAs/GaSb superlattices, the goal of this
section is to provide the TCAD simulation and computation of the electrical performance, in
particular, dark current and complete device band structure with various sets of parameters
such as composition, doping, and thickness of each layer. As reported in a recent report
[27], choosing different period compositions for a given wavelength demonstrates the strong
influence of the InAs/GaSb superlattice period thickness and composition on can boost the
photodetector performance and material properties [27]. With an asymmetric superlattice
period with thicker InAs layer than GaSb layer, the dark current can be reduced by a factor
4 compared to a symmetric superlattice period (equivalent thickness of both films), showing
the same cut-off wavelength at 5 um at 77 K.

4.2.1. Modeling of dark current simulation

The main contributor to the dark current at moderate reverse bias is the generation-recom-
bination at low temperature and diffusion current at high temperature. Furthermore, the
other main contributors are the trap-assisted tunneling (TAT) via traps and residual dopant,
the band-to-band tunneling currents (BTB), and Shockley-Read-Hall (SRH) Generation and
Recombination (GR).
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The diffusion of thermally generated minority carriers is expressed with a well-known drift-
diffusion equation.

]n,p = q(n’ p) #n/p E * q Dn,p Vn/p’ (1)
where ] is the current density, g is the charge, u is the mobility, E is the electric field, D is the
diffusion coefficient, and n, p subscripts are to clarify electron and hole components.

SRH recombination rate with trap states (E,) and intrinsic energy level (E) is as below.

—pn2
np - n;

Ropyy = E-E E-E\| (2)
T+ mexp| e ||+ T n et exp| G

P

where ni is the intrinsic carrier concentration, 7, & T, are the electron and hole life times, and
T, is the lattice temperature.

The generation-recombination density is the integration along the simulating direction of
thickness (W), .

Jor = 4 f R, dy, and integrate upon film thickness, W 3)

Estimating tunneling current is not trivial but if we follow Hurkx [28], the trap-assisted tun-
neling (TAT) current can be modeled with an additional term, a field effect factor I in SRH
recombination equation in Eq. (2) [28]. If we modify the lifetime in SRH recombination, the
Hurkx model about the field effect enhancement of the trap-assisted current is finally deduced

with the net recombination rate (R.,,,) as below.
pn-n?
RSRH = T, E-E T, —Ermp (4)
71*'11, [n+niexp<7kTL )] +71+ - n+niexp( kTL >
AE, AE, .
r,= KT, hexp\ 77 T u=K, u¥|du 5)

where AE, is the energy range where the tunneling of carriers happens and u is the integra-
tion term [29, 30]. Kn,p is defined as below.
4 2m, AE:J1

KW S ee— (6)
where m, is tunneling mass, E is the electric field, and / is Plank’s constant.

As you can see from the above equation, the field effect term considers the phonon-assisted
enhancement of the carrier emission from a trap, which is enhanced under accelerated field
circumstance. This model combined with GR and TAT current is a set of the simulation and
computing in the following sections.
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4.2.2. Input parameters for InAs/GaSb superlattices

The basic simulation structure is described in Figure 8. The simulated p-i-n device structure
of InAs/GaSb superlattices is comprised of p-type GaSb buffer layer (200 nm), p-type 7 mono-
layers (ML) InAs/4 ML GaSb (1 x 10" ecm™), intrinsic 7 ML InAs/4 ML GaSb superlattices,
n-type 7 ML InAs/4 ML GaSb superlattices (5 x 10" cm™). The simulation is performed as a
bulk material where the electronic transport inside mini-bands is ignored. To keep the consis-
tency with the recent literature, modeling materials parameters for InAs and GaSb are listed
as reported earlier [29-33].

4.3. Modeling and simulation results

Firstly, the band energy diagram is simulated at 77 K with the band gap energy and doping con-
centration (Table 1). As in the recent report [28, 30-33], residual doping is added as mentioned
in the previous section. With reference to E, at 0 eV location, the band diagram is demonstrated
in Figure 9. The intrinsic doping level is experimentally determined as 2.8 x 10" cm™ [29].

(20 nm) Cap InAs, n* =5x10"7 cm?

(200 nm) Buffer GaSb p* =1x10"% cm-?

Figure 8. Simulated 7 monolayers (ML) InAs/4 ML GaSb superlattices p-i-n diode structure. Buffer is p-type GaSb,
1 x 10" cm™ and cap is n-type InAs, 5 x 107 cm™ for the simulation [29].

Parameter Symbol Value Unit (or multiple of)
Electron effective mass m, 0.0254 m,

Hole effective mass m, 0.245 m,

Electron mobility K, 2.6e4 cam’/V-s

Hole mobility M, 680 cam’/V-s

Electron affinity X 4.73 eV

Permittivity € 15.34 €

Lifetime at 77 K T 100 ns

Table 1. Input parameters for InAs/GaSb TCAD simulation.
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The simulation of dark current curves is carried out at the various temperature from 77 to
237 K in Figure 10 [29]. On the left hand side (Figure 10a), the simulated dark current curves
are color-coded whereas empirical data are overlapped on the simulated curves with good
matches, in particular, at the lower temperature. On the right hand side (Figure 10b), the
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Figure 9. Energy band diagram calculated at 77 K with E, located at 0 eV. The intrinsic InAs/GaSb superlattices are
slightly n-type with 2.8 x 10'> cm™ [29].
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Figure 10. Empirical (open circle) and simulated dark currents (solid line) at different temperatures (a) and Arrhenius
plot for the simulated data (solid line) at 50 mV reverse voltage, overlapped with empirical data (open circle) [29].
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Figure 11. Fitting lifetime curves with power-law of T* as a function temperature (star) [29].

Arrhenius plot of dark current at 50 mV reverse bias, considered to be a turn-on voltage
is illustrated which well agrees well empirical data. The fitting of Arrhenius plot consists
of the summation of diffusion component and generation-recombination plus trap-assisted
tunneling components in the modeling and simulation. Figure 11 shows the lifetime that is
calculated from the simulation as a function of temperature. As you can see in the plot, the
lifetime ranges from 50 nm to 100 ns from 77 to 230 K. The fitting of the lifetime is performed
with temperature power-law, T-% which is the signature of SRH generation-recombination as
mentioned by Connelly et al. [34].

5. Summary

In this chapter, we have discussed characterization, modeling, and simulation for the type-
I superlattices photodetector application. By modeling with the k-p method, the super-
lattice band structure is modeled to serve as a set of input parameters for the following
TCAD modeling and simulation. The theoretical modeling about Auger lifetime provides
the insight about the dramatic reduction of Auger recombination. Furthermore, TCAD sim-
ulation and modeling are performed about the band the dark current. The dark current is
theoretically characterized under the field effect enhancement of the trap-assisted current
as well as SRH recombination and generation. The net recombination rate is finally deduced
following a Hurkx model to compute the dark current. Having a tremendous amount of
progress in the area of design, growth, and development over the past 15 years, has allowed
the modeling and simulation of the type-II superlattices, this will provide new opportuni-
ties and guidance to the development of the next generation superlattice photodetector
application.



Type-Il Superlattice Heterojunction Photodetector with Optoelectronic Characterization...
http://dx.doi.org/10.5772/intechopen.71327

Author details

Sanghyun Lee™ and Kent J. Price?

*Address all correspondence to: sanghyun.lee@indstate.edu

1 Department of Electronics and Computer Engineering Technology, Indiana State
University, Terre Haute, IN, USA

2 Department of Physics, Morehead State University, Morehead, KY, USA

References

(1]

(2]

Smith DL, Mailhiot C. Proposal for strained type II superlattice infrared detectors.
Journal of Applied Physics. 1987;62:2545-2548

Rogalski A, Antoszewski ], Faraone L. Third-generation infrared photodetector arrays.
Journal of Applied Physics. 2009;105:091101

Nguyen BM, Razeghi M, Nathan V, Brown GJ, Nguyen BM, Razeghi M, Nathan V,
Brown GJ. Type-II M structure photodiodes: An alternative material design for mid-
wave to long wavelength infrared regimes. Proceedings of SPIE. 2007;6479:64790S

Kim HS, Plis E, Rodriguez JB, Bishop GD, Sharma YD, Dawson LR, Krishna S, Bundas
J, Cook R, Burrows D, Dennis R, Patnaude K, Reisinger A, Sundaram M. Mid-IR focal
plane array based on type-II InAs/GaSb strain layer superlattice detector with nBn
design. Applied Physics Letters. 2008;92:183502P

Delaunay, B. M. Nguyen, D. Hoffman, M. Razeghi. High-performance focal plane array
based on InAs-GaSb superlattices with a 10-um cutoff wavelength. IEEE Journal of
Quantum Electronics. 2008;44(5):462-467

Grein CH, Flatte ME, Olesberg JT, Anson SA, Zhang L, Boggess TF. Auger recombination
in narrow-gap semiconductor superlattices incorporating antimony. Journal of Applied
Physics. 2002;92:7311

R. Rehm, M. Walther, J. Schmitz, J. Fleissner, ]J. Ziegler, W. Cabanski, R. Breiter. Dual-
colour thermal imaging with InAs/GaSb superlattices in mid-wavelength infrared spec-
tral range. Electronics Lett. 2006;42:577-578

Grein CH, Young PM, Flatte ME, Ehrenreich H. Long wavelength InAs/InGaSb infra-
red detectors: Optimization fo carrier lifetimes. Journal of Applied Physics. 1995;78(12):
7143-7152

Kim CS, Canedy CL, Aifer EH, Kim M, Bewley WW, Tischler JG, Larrabee DC, Nolde
JA, Warner JH, Vurgaftman I, Jackson EM, Meyer JR. Molecular beam epitaxy growth
of antimonide type-II “W” high-power interband cascade lasers and long-wavelength
infrared photodiodes. Journal of Vacuum Science and Technology B. 2007;25:991

175



176  Two-dimensional Materials for Photodetector

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

Nguyen B-M, Hoffman D, Delaunay P-Y, Huang E, Razeghi M, Pellegrino ]. Band edge
tunability of M-structure for heterojunction design in Sb based type II superlattice pho-
todiodes. Applied Physics Letters. 2008;93:163502

Nguyen B-M, Bogdanov S, Pour S, Razeghi M. Minority electron unipolar photodetec-
tors based on type II InAs/GaSb/AlSb superlattices for very long wavelength infrared
detection. Applied Physics Letters. 2009;95:183502

Maimon S, Wicks GW. nBn detector, an infrared detector with reduced dark current and
higher operating temperature. Applied Physics Letters. 2006;89:2360235

Patrashin M, Hosako I, Akahane K. Type-II InAs/GalnSb superlattices for terahertz
range photodetectors. Proceedings of SPIE. 2001;8188:81880G-818801

Ganapathi K. Tunneling in Low-Power Device-Design: A Bottom-Up View of Issues,
Challenges, and Opportunities. Technical Report No. 2013;UCB/EECS-2013-164

Grein CH, Lau WH, Harbert TL, Flatte ME. Modeling of very long infrared wavelength
InAs/GalnSb strained layer Superlattice detectors. Proceedings of SPIE. 2002;4795:39-43

Roslan P, Roslan PS, Ker PJ, Ahmad I, Pasupuleti ], Fam PZ. Modeling and simulation
of InAs photodiode on electric field profile and dark current characteristics. Applied
Physics Letters. 2016 IEEE-ICSE Proc. 2016;1:188-191

Brown G. Type-II InAs/GaInSb Superlattices for infrared detection: An overview.
Proceedings of SPIE. 2005;5783:5783-5783(13), Infrared Technology and Applications
XXXI. DOI: 10.1117/12.606621

Haugan H, Olson B, Brown G, Kadlec E, Kim ], Shaner E. Significantly enhanced car-
rier lifetimes of very long-wave infrared absorbers based on strained-layer InAs/GaInSb
superlattices. Optical Engineering. 2017;56(9):091604

Kuramochi E, Yoshifumi T. Strain effects in InGaSb/AlGaSb quantum wells grown by
molecular beam epitaxy. Journal of Applied Physics. 1995;77(11):5706-5711

Nilsen T, Brevik M, Selvig E, Fimland BO. Critical thickness of MBE-grown Ga,_In Sb
(x<0.2) on GaSb. Journal of Crystal Growth. 2009;311:1688-1691

Matthew JW, Blakeslee AE. Defects in epitaxial multilayers: I Misfit dislocations. Journal
of Crystal Growth. 1974;27:118-125

Vurgaftman J, Meyer R, Ram-Mohan LR. Band parameters for III-V compound semicon-
ductors and their alloys. Journal of Applied Physics. 2001;89(11):5815-5875

Youngdale ER, Meyer JR, Hoffman CA, Bartoli FJ, Grein CH, Young PM, Ehrenreich
H. Auger lifetime enhancement in InAs-Ga,_ In Sb superlattices. Applied Physics Letters.
1994;64:3160

Olesberg JT. Design and Characterization of the Electronic and Optical Properties of
Materials for Mid-Infrared Laser Diode Active Regions. [PhD thesis]. Iowa City, lowa:
University of lowa; 1999



[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

Type-Il Superlattice Heterojunction Photodetector with Optoelectronic Characterization...
http://dx.doi.org/10.5772/intechopen.71327

Asplund C, Wiirtemberg RM, Lantz D, Malm H, Martijn H, Plis E, Gautam N, Krishna
S. Performance of mid-wave T2SL detectors with heterojunction barriers. Infrared
Physics & Technology. 2013;59:22-27

Ashplund C, Wurtemberg RM, Hoglund L. Modeling tools for design of type-II super-
lattice photodetectors. Infrared Physics & Technology. 2017;84:21-27

Taalat R, Rodriguez JB, Delmas M, Christol P. Influence of the period thickness and
composition on the electro-optical properties of type-II InAs/GaSb midwave infrared
superlattice photodetectors. Journal of Physics D: Applied Physics. 2014;47:015101

Hurkx GAM, Degraff HC, Kloosterman W], Knuvers MPG. A new analytical diode
model including tunneling and avalanche breakdown. IEEE Transactions on Electron
Devices. 1992,39:2090

M. Delmas, ]-B Rodriguez, P. Christol. Electrical modeling of InAs/GaSb superlattice
mid-wavelength infrared pin photodiode to analyze experimental dark current charac-
teristics. Journal of Applied Physics. 2014;116:113101

Callewaert F, Hoang AM, Razeg M. Generation-recombination and trap-assisted tun-
nelling in long wavelength infrared minority electron unipolar photodetectors based on
InAs/GaSb superlattice. Applied Physics Letters. 2014;104:053508

Svensson SP, Donetsky D, Wang D, Hier H, Crowne FJ, Belenky G. Growth of type II
strained layer superlattice, bulk InAs an GaSb materials for minority lifetime character-
ization. Journal of Crystal Growth. 2011;334:103-107

Murray LM, Lokovic KS, Olson BV, Yildirim A, Boggess TF, Prineas JP. Effects of growth
rate variations on carrier lifetime and interface structure in InAs/GaSb superlattices.
Journal of Crystal Growth. 2014;386:194

Nguyen BM, Hoffman D, Delaunay PY, Huang E-K, Razeghi M. Very high performance
LWIR and VLWIR type-II InAs/GaSb superlattice photodiodes with M-structure barrier.
Proceedings of SPIE. 2008;7082:708205

Connelly BC, Metcalfe GD, Shen H, Wraback M. Direct minority carrier lifetime mea-
surements and recombination mechanisms in long-wave infrared type II superlattices
using time-resolved photoluminescence. Applied Physics Letters. 2010,97:251117

177






Chapter 8

Graphene-Based Acousto-Optic Sensors with Vibrating
Resonance Energy Transfer and Applications

Burhan Gulbahar and Gorkem Memisoglu

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.73618

Abstract

Graphene as a two-dimensional planar material has numerous advantages for realizing high-
performance nano-electromechanical systems (NEMS) such as nanoscale sensors including
strain sensors, optical modulators or energy harvesters. Large Young’s modulus (1 TPa for
single layer graphene), ultra-low weight, low residual stress and large breaking strength
properties are important properties as two-dimensional (2D) ultrathin resonators. Graphene
resonators are recently utilized for low complexity design of nanoscale acousto-optic sensors
based on a novel theoretical model describing vibrating Forster resonance energy transfer
(VFRET) mechanism. Proposed system combines the advantages of graphene with quantum
dots (QDs) as donor and acceptor pairs with broad absorption spectrum, large cross-sections,
tunable emission spectra, size-dependent emission wavelength, high photochemical stability
and improved quantum yield. Device structure supporting wide-band resonance frequencies
including acoustic and ultrasound ranges promises high-performance applications for chal-
lenging environments. Remote sensors and acousto-optic communication channels are formed
for in-body applications, wireless body area sensor networks (WBASNSs), space and interplan-
etary systems, microfluidics and visible light communication (VLC)-based architectures.

Keywords: nano acousto-optic sensor, graphene resonator, nanoscale acousto-optic
transduction, vibrating Forster resonance energy transfer, energy harvesting,
interplanetary communications, in-body sensor network, microfluidics, visible light
communications

1. Introduction

Graphene has important advantages in significantly many application areas of physical, chem-
ical and biological sciences with advanced engineering system designs including sensors,

I m EC H © 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIEN
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modulators and two-dimensional (2D) ultrathin resonators. Mechanical designs utilizing gra-
phene achieve high-performance nano-electromechanical systems (NEMS) with large Young's
modulus (1 TPa for single layer graphene), ultra-low weight, low residual stress and large
breaking strength, i.e., graphene strain allowing 25% without breaking [1]. Unique optical,
electrical, physical and mechanical properties of graphene allow the designed resonators to be
utilized in challenging applications, e.g., strain sensor, mass sensor, nanogenerators, transduc-
ers, photodetectors and novel NEMS devices [1-8].

Nanoscale photonic solutions with a novel design for sensing, energy harvesting or commu-
nication purposes are recently presented in [3-5, 8] with significant performances and rich set
of applications. They utilize unique and unexploited features of graphene and quantum dots
(QDs) combined with a special mechanical design. QDs are future promising as donor-acceptor
couples in next generation nanoscale devices [3-5, 8, 9]. More specifically, passive acousto-optic
nanoscale optical modulator design is presented by exploiting high performance mechani-
cal properties of graphene resonators and radiating photon emission from QDs with a novel
method denoted by vibrating Forster Resonance Energy Transfer (VFRET) [4]. It promises high
performance applications in biomedical, space and microfluidic monitoring and tracking areas
while utilizing energy harvesting, low complexity and all-in-one acousto-optic transducer
mechanical design.

VFRET mechanism uniquely exploits important properties of graphene resonators having
wideband spectrum covering acoustic and ultrasound frequencies combined with special
features of QDs, and FRET which is a nanoscale energy transfer process between two mol-
ecules denoted as donors and acceptors [4]. FRET utilized in a rich set of biological, physi-
cal and chemical applications such as monitoring cellular activities has also been utilized
for nanoscale communication channels [10-12]. Semiconductor nanocrystal QDs form a
unique cooperation with graphene resonators by utilizing high performance properties
such as sharp and broad absorption spectrum, large absorption cross-sections, tunable
emission spectra and wavelength, photochemical stability and photoluminescence quan-
tum yield [13, 14]. In [4], a modulator is designed to be utilized in challenging applications
for communications, sensing and energy harvesting with a scalable range including both
nanoscale and macroscale dimensions. Ambient light sources with low power levels are
utilized instead of laser sources in a nanoscale hybrid acousto-optic platform while peri-
odically modulating nanoscale distance between donors attached on vibrating graphene
and acceptors fixed on a support. Therefore, a design combining flexibility without requir-
ing special laser set-ups, energy efficiency with low power ambient sources and wideband
resonance frequency including ultrasound levels is presented as a future promising tool.
In addition, it is emphasized that graphene vibration can also be generated by thermo-
acoustic or opto-acoustic methods by proposing the tool beneficial in significantly chal-
lenging environments.

VERET system design promises important application areas as discussed in detail in Section 5
by combining unique properties of QDs and graphene including its biocompatibility. Various
application areas are listed as follows presenting biomedical, space, microfluidics and com-
munication purposes:
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1. Biomedical applications:

a. In-body: hybrid acousto-optic noninvasive communication channels inside body by uti-
lizing external acoustic excitations.

b. Wireless body area sensor networks (WBASNSs): wearable sensors such as heart rate
monitoring or any sensor transmitting data with optical sequences.

2. Space applications:

a. Interplanetary remote sensing: sensing atmospheric events remotely.

b. Optical wireless communications: realizing optical channels between devices in space
environment.

3. Microfluidics: cell and particle monitoring and tracking.

4. Visible light communications (VLC): generating visible light sequences with advanced
geometrical design to produce modulated data sequences.

In this Chapter, VFRET mechanism and nanoscale acousto-optic sensor design are briefly
introduced in Sections 2 and 3, respectively, as fundamental novel tools described in [4].
Then, Section 4 discusses applications in biomedical sensing, interplanetary and space, micro-
fluidics and communication networks. Finally, Section 5 concludes the Chapter with a brief
summary of VFRET-based sensor design and its applications.

2. Vibrating FRET mechanism

An illustration describing the basics of VFRET mechanism is given in Figure 1. Vibrating
multi-layer graphene membrane has height #, radius 4, tunable donor-acceptor (D-A) dis-
tance of d,, and resonance amplitude d. Three phases of VFRET are denoted by phase-a,
phase-b and phase-c. Phase-a corresponds to the position at rest. FRET or VFRET occurs
in phase-b at the shortest distance between D-A pairs and phase-c has the largest distance

YFRET

@: Acceptors @ : Donors “==: Graphene resonator

Figure 1. Nanoscale acousto-optic transduction mechanism with VFRET mechanism where mechanical vibration is
converted to optical emission (adapted from [4]) with the phases denoted by a, b and ¢ showing the relative positions of
acceptors and donors in a single resonance period.
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between the pairs without any FRET emission. QD donors are attached on graphene mem-
brane firmly, while acceptor molecules are either the QDs or fluorescent dyes, and attached
on top of the modulator frame.

Radiated light is controlled by modulating acoustic pressure on graphene resonator while
donors are continuously excited by visible light sources. The number of photons emitted is
modeled as follows [4]:

N,

rer = 81, Dy o, (DAEND/(hpfg) (1)
where At is the photon counting time interval which is much larger than the total time
t, =ty + tyep + 1, fOr acceptor emissions summing the donor excitation time denoted by ¢,
FRET time t_ . and acceptor emission time ¢, I and D, are the light intensity in (W/m?*/nm)
and bandwidth in (nm), respectively, for donor excitation, o = D _x3.825x10™ denotes
absorption cross section of donor excitation in (m?), D, is donor extinction coefficient
in (M cm™), @, is the quantum yield of acceptors, E is FRET efficiency, N_ is the number
of donor molecules, f7 = c/A? is donor excitation frequency, c = 3x10° (m/s), A} is the donor
excitation wavelength, and /i =6.62x10*  (1xs) is Planck’s constant. FRET efficiency E is
defined as follows [4]:

k, RS
E= TR @
where k, denotes the number of acceptors corresponding to each donor, d is the donor-accep-
tor distance, and R is Forster distance.

In the next section, proposed model is utilized to design an acousto-optic sensor composed of
mainly vibrating multi-layer graphene membrane and D-A molecules.

3. Nanoscale acousto-optic sensor design

The proposed design is improved by including lenses, supports and special enclosure design
to be utilized in challenging environments as shown in Figure 2 as described in detail in [4].
Donors absorbing incoming light energy transfer the energy to acceptors while received and
emitted light are filtered by a combination of optical lens and filter to prevent unintended
acceptor emission and to intensify incoming and emitted light.

Graphene layer acoustically vibrates with minor change on the resonance frequency due to
the weight of donor molecules. The distance between D-A pairs is tunable with respect to the
desired vibration amplitude. An example is shown in Figure 3 where multi-color emission
capability is realized by including an array of resonators with different color emissions tuned
to different sound pressure levels (SPLs). The set of D-A pairs in [4] is extended in Table 1 to
include multiple colors, and a diversity of D-A pair selections with different diameters and
types, i.e., dyes, QDs and proteins [13, 14]. Excitation wavelengths of donors and acceptors,
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B ——

" SR Aperture for acoustic waves

@ : Acceptors @ : Donors
72+ Acoustic signals === : Graphene resonator

Figure 2. Physical structure of the acousto-optic transducer where QD donors on resonating graphene membrane transfer
energy to QD acceptors on the support with VRET mechanism [4]. Acceptors have filtering interfaces for incoming and
emitted light sources while resonators are vibrated by acoustic waves entering through aperture. Sidewalls and special
geometrical design protect the device and provides durability (adapted from [4]).

o — I Il I
¢ — Il I In
b — 50 B B

—

Acoustic Signal (Amplitude)

Array resonators tuned ta
Time (t) varying SPLs

Figure 3. Resonators tuned to varying sound pressure level (SPLs) with different colors at the corresponding SPLs and
arrays of resonators enhancing emission intensity.

Ref# Donor and diameter Ay AP Acceptor and diameter AL AR R, @,

[13]  CdSe/ZnS (2.5 nm) 475 500 Dye (fluorescein27) 505 548 (green) 34 06

[14]  CdSe/ZnS (2.9 nm) 540 555 CdSe/ZnS (3.7 nm) 560 580 (yellow) 6.6 0.6

[14]  Cyan fluorescent 430 495 Yellow fluorescent protein 500 525 (green) 45 04
protein

[14]  CdSe/ZnS (3.7 nm) 555 570 Fluorescent protein mCherry 575 615 (red) 58 0.6

[14]  CdSe/ZnS (3.3 nm) 510 550 CdSe/ZnS (3.3 nm) 555 590 (yellow) 6.1 0.6

CdSe/ZnS: cadmium selenide/zinc sulfide.

Table 1. Extended set of D-A pairs to utilize in acousto-optic sensor and modulator.
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i.e, A¢ and 1!, respectively, and emission wavelengths denoted by A”" and A", respectively, are
tuned with changing diameters and types of molecules.

In addition to QDs, dyes and proteins are candidates to be utilized in various application
environments depending with respect to the requirements. In the next section, applications of
the proposed sensor and modulator devices are discussed.

4. Applications

The application areas of the proposed VFRET device include a diverse set of domains with vari-
ous tasks of the device such as an acousto-optic sensor, modulator and hybrid communication
transmitter. In-body hybrid sensors, WBASN applications with wearable sensors and transceiv-
ers, microfluidics, space, on-chip communication transceivers and visible light communications
(VLC)-based applications are the most promising ones as discussed in the following sections.

Bio-compatibility of graphene and QDs gives opportunity for further improving the pro-
posed design suitable for in-body applications [2, 15, 16]. More promising future applications
include biomedical ultra-low power communication networks, acoustic sensors and trans-
ducers, and nanophotonics. In addition, array structures utilizing multiple resonators in hori-
zontal and vertical dimensions improve light emission power.

VFRET-based nanoscale sensor/modulator architecture allows high performance future
applications by exploiting important features of the special design with graphene and QDs.
The proposed device brings unique advantages by exploiting the following features:

¢ Planar architecture to be attached on varying objects

¢ Lightweight design

* Broadband spectrum capability supporting ultrasound and acoustic waves

* Energy efficient design operating with low level of light sources such as ambient light lev-
els for day time and LED sources for night time operation

¢ Passive and energy harvesting design by combining vibration and external light sources

* Hybrid acousto-optic architecture allowing utilizing ultrasound and acoustic signals for
challenging environments such as creating optical communication links inside body by
using external ultrasound vibrations

¢ Tuning to different frequencies, SPLs, light levels and applications by varying device ge-
ometry, graphene resonator and the number of QD molecules

¢ Flexible system design without requiring complicated laser set-ups having strict orientations

* Adaptability to different application areas including in-body communications, wireless
body area networks (WBANSs), nanoscale and microscale communication networks, mi-
crofluidic monitoring and tracking applications, space and aerial applications, and VLC.
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Next, various application areas including biomedical sensing, interplanetary remote sensing
and space applications, microfluidics and VLC are discussed in detail.

4.1. Biomedical sensing and communications applications

Biomedical sensing is an emerging and future promising topic with various applications
including wearable sensors, wireless body area networks (WBAN), and in-body sensing and
communications applications [16]. Proposed lightweight and energy efficient device struc-
ture is a low complexity and all-in-one alternative to the existing radio frequency (RF)-based
WBAN sensor solutions [17]. Potential applications include heart tracking, mobility or any
movement related monitoring of body parts. In Figure 4, an architecture is provided where
acoustic vibrations of heart within specific frequency bands reaching hundreds of Hz are
converted to optical emissions with tuned device geometry as indicator of heart rate signaling
[18]. It provides a passive heart rate monitoring device without requiring battery and, sepa-
rate modulator and coding blocks with complicated architectures.

In disaster scenarios, heart rate monitoring device provides a method to track and to monitor
the health condition of the people remotely. In addition, multiple people including highly
crowded groups can be tracked by monitoring emitted periodic sequences. A simple and
remote personal monitoring device is proposed.

Besides that, it allows to realize communication channels inside body, e.g., for hybrid commu-
nication links for intra-bone communication architectures as discussed in [19] and as shown
in Figure 5. Remote signal transmission and communication with in-body region by using
transceivers outside the body are highly difficult with RF and optical signals. On the other
hand, ultrasound signals easily penetrate through body. A hybrid communication channel
is formed by modulating the device inside the body, e.g., bones, with an external ultrasound
excitation while emitting optical signals inside the bone region for optical communication.
Therefore, optical communication channels anywhere inside the body are easily formed by
exciting externally with ultrasound waves.

\
—_—

r—

e

Device
3

Adhesive
plaster

Figure 4. Biomedical sensing for heart rate monitoring where acousto-optic transducer device is attached on the surface
of the heart with an adhesive plaster.
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Figure 5. Hybrid in-body sensing and communication scenario for realizing optical communication links inside the body
with external acoustic excitation. Photodetectors detect acousto-optic signals inside the bones as a challenging medium
to realize communication networks.

In-body applications are realized by exploiting acousto-optic transduction properties, energy
harvesting, low power operation and unique features of graphene and QDs. Hybrid commu-
nication links are formed such that graphene resonator is vibrated remotely without requiring
contact by using ultrasound waves for creating optical in-body networks. Noninvasive design
promises to improve opto-genetics with capability to operate inside different parts of the
body [20]. In-body system design requires low power LEDs to be available with the proposed
device. This is feasible compared with high power laser operations requiring strict orienta-
tions and complicated set-ups. Scalability of the geometrical design, planar structure, flexible
and simple system design, and all-mechanical structure make VFRET design with graphene
resonators more promising for challenging optical in-body nanonetworks.

Information is externally generated and transmitted to photodetectors inside the body by
using external acoustic modulation and hybrid acousto-optic transduction in the VFRET
device as a solution for significant challenges of the optical or RF signals to penetrate inside
the body [16].

4.2. Interplanetary remote sensing and space applications

Long range acoustical sensors are utilized for passive sensing of vibrations, flutter, atmo-
spheric turbulence, and terrestrial and planetary sounds remotely [21]. Utilization of reflective
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surfaces with the light shining on the diaphragm limits the practicality of these devices. On
the other hand, proposed acousto-optical system architecture allows nanoscale architec-
tures, flexible design with a controlled light source without any reflection-based positioning
requirements and multi-color light modulation. Atmospheric events and space-based envi-
ronmental sensing applications of vibrations are easily tracked with optical signal detection
where the light energy is harvested from high power and line-of-sight radiation of the sun as
shown in Figure 6. Hard-to-reach areas where vibratory events occur are monitored with a
sensor network composed of energy harvesting transducers with significantly high lifetimes,
durability and low complexity design allowing long duration space travel.

On the other hand, energy harvesting nature and optical emission capability are utilized for cre-
ating optical wireless communications channels in space. Simple device mechanism and array
forming capability provide a unique opportunity to utilize in challenging environments in space.

4.3. Microfluidic applications

Multi particle tracking (MPT) or single particle tracking (SPT) with labeling by observing flu-
orescent molecule emission are common tools for monitoring cellular processes for in-vivo
nano-biological and in-vitro microfluidic systems [3, 5]. Special fluorescing tags attached on
molecules are tracked and digital image processing tools allow nanometer (nm) resolution in
positioning. Image processing methods and algorithms are developed in significantly many
studies for particle and cell tracking in microscopic platforms [22, 23]. However, there are
important challenges for collection capability and analyzing high complexity imaging data.
Tags do not have signaling capability to support a signaling-based tracking compared with
traditional imaging-based tracking systems like fluorescence lifetime imaging for cell tracking.

Recently, a novel nanoscale acousto-optic radar and particle tracking system design using chirp
spread spectrum (CSS) sequences with special geometrical design of acousto-optic transducers
[5]. The design denoted with the name CSSTug promises signaling-based tagging in microfluidic
environments by generating unique tags as shown in Figure 7. CSSTag system utilizes spread

S Ady
-
o)
R &S T
Atmospheric ¥¥
turbulance
effects
RET-GQD Modulated signal
device with atmospheric excitations

Figure 6. Space application for interplanetary remote sensing where energy is harvested from sun to track acoustic
vibrations of atmospheric effects in space or planetary environments.
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Figure 7. Multiple optical sequence generation for tagging different cells where the first two cells are tagged with the
same color but different sequences while K cell is tagged with same sequence with the first cell but with different color.

spectrum modulation, time difference of arrival (TDOA)-based positioning and cell specific
signaling sequences by exploiting the theoretical design providing nanoscale acousto-optic
transduction with VRET and graphene resonators. Ultrasound carrier vibrated graphene reso-
nators with specially placed multi-layer geometrical design to produce different optical emis-
sion sequences which are detected by a set of photodetector arrays with color filters.

4.4. Visible light communications

The capability to generate modulated optical signals in visible frequency band allows to real-
ize nanoscale VLC transmitter at the resonance frequency of the membrane utilizing various
modulation structures [24]. Multi-color emission capability and spatial diversity support gen-
eration of more advanced modulation methods such as color shift keying (CSK) as one of the
important standard methods in VLC. The proposed device is embedded either into on-chip
platforms for intra-chip hybrid communications or can be utilized externally in free space
communication channel.

Future works promise novel modulation/demodulation methods for generating data by opti-
mizing geometry and material selection with specific colors and donor-acceptor pair arrays.

In addition, nanophotonics is another important area where the proposed device as a VLC
modulator promises novel optical devices such as in applications utilizing single photon
devices, quantum communications, plasmonics and electro-optic modulator structures. A
simple, nanoscale and hybrid acousto-optic VLC modulator is designed without complicated
device architecture and potential with high speed modulation capability [25]. The proposed
system design is a future promising VLC transmitter with significantly many application
areas.
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5. Conclusion

In this chapter, VFRET mechanism-based nanoscale acousto-optic sensor, acousto-optic wireless
communication modulator and transducer converting the vibrations of multi-layer graphene
resonator to multi-color photon emission are described. Graphene resonators achieve vibra-
tion frequencies ranging from acoustic to ultrasound ranges while significant advantages of
graphene such as lightweight and 2D planar structure, large Young’s modulus, low residual
stress and large breaking strength. The device structure combined with QDs includes unique
advantages of broad absorption spectrum, large cross-sections, tunable emission spectra, size
dependent emission wavelength, high photochemical stability and improved quantum yield.
Hybrid nanoscale acousto-optic system design promises important applications in sensing and
communications for in-body networks and WBANSs, space and interplanetary applications,
microfluidics and VLC-based systems.
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Abstract

In recent years we have witnessed an explosion of interest in two dimensional (2D)
materials, due to their unique physical properties. Excitement surrounds the promise of
replacing conventional bulk photodetectors with devices based on 2D materials, allow-
ing better integration, flexibility and potentially improving performance. However, the
low inherent light absorption of 2D materials is an outstanding issue to be solved. In this
chapter we review two independent approaches to tackling this problem, which have
the potential to be combined to find a robust solution. The first approach involves pat-
terning the substrate with a rod-type photonic crystal (PhC) cavity structure, which is
shown to increase the light absorption into a 2D material flake coupled spatially to the
cavity mode. Secondly, we review 2D-compatible solid immersion lenses (SILs) and their
ability to increase both the optical magnification of the structures they encapsulate, and
the longevity of the material. SILs have been shown to reduce the requirements for com-
plex optics in the implementation of 2D materials in optoelectronic devices, and also in
preserving the photodetector’s optical performance over long periods of time. Finally,
we show how by combining rod-type PhC cavities with SILs, we can improve the perfor-
mance of 2D material-based photodetectors.

Keywords: rod-type photonic crystals, quality factor, solid immersion lenses, epoxy

1. Introduction

Two-dimensional transition metal dichalcogenides (TMDs) are a class of semiconducting
materials, which can be exploited for a range of diverse applications [1]. Their ultra-thin
dimensions and novel properties can provide unique advantages in fields such as energy
[2, 3], computing [4-6] optoelectronics [7, 8], sensing [9, 10] and security [11, 12]. Current
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bottlenecks in commercialising devices formed from TMDs are their relatively poor quantum
yield, low optical absorption and high rate of degradation in ambient conditions. The quan-
tum yield of TMDs, namely the number of excitons generated divided by the number of pho-
tons impinged on the device, is typically between 0.01 and 6% [13], which is exceptionally low
in comparison to other emitters such as III-V based structures that can have quantum yields
reaching close to 100% [14, 15].

TMD monolayers such as MoS, have excellent absorption characteristics [16], and high photo-
responsivity [9] relative to their dimensions. However, their extreme thinness of just 0.65 nm
means that the absolute absorption is usually relatively low (typically less than 6% at 450 nm)
[17] severely limiting the efficiency of TMDs in real implementations such as detectors and
solar cells. This value can be increased by using multiple monolayers, [17] or by careful prepa-
ration of the incident light [18]; however such methods may not be practical for specific opto-
electronic applications.

Multiple existing approaches have been developed to circumvent these limitations. One
method involves the use of superacid treatment to obtain near a 100% photoluminescence
quantum yield from these materials [13, 19]. Currently, reports of superacid treatment have
all involved using Bis(trifluoromethane) sulfonimide as the superacid material for treating
MoS,. The photoluminescence intensity of MoS, monolayers have been shown to increase
up to 190-fold after treatment [13]. While the explanation of the enhancement in light emis-
sion as a result of superacid treatment is still not very clear, recent studies demonstrated that
enhancement could be caused by the transformation of trions into neutral excitons combined
with a reduction in the density of mid-gap trap states for CVD grown monolayers [20].

Improved monolayer absorption can be achieved by coupling TMD monolayers to an
engineered structure that confines plasmonic modes such as gold nanostructures [21, 22],
nanoparticles [23] and nanorods [24, 25]. This phenomenon stems from the fact that plasmonic
resonance couples to both excitation and emission fields, hence boosting the light-matter
interaction at the nanoscale. For example, Johnson et al. have observed a giant enhancement
in the luminescence intensity of tungsten diselenide (WSe,) by coupling it to plasmonic struc-
tures, resulting in an increased light absorption [26]. They report achieving an enhancement
factor of up to 200 using silver nanotriangle arrays coupled to the monolayers. Sobhani et al.
in [23] have observed that by tuning plasmonic core-shell nanoparticles to the direct bandgap
of monolayer MoS, and depositing them sparsely onto the monolayer’s surface, the photocur-
rent achieved through the monolayer increases 3-fold, hence promising a model for more
sensitive TMD based photodetectors. Other structures such as nanocubes [27] and bowtie
antennae [28, 29] have also been utilized for enhancing light emission, resulting in up to 2000
fold increase in material’s absorption.

Absorption of TMD monolayers can also be increased when they are coupled to photonic
crystal (PhC) structures such as cavities, which can greatly aid in improving the efficiency of
photodetectors [30, 31]. Like plasmonic structures, the strong localization of electromagnetic
radiation in photonic cavities increases the light-matter interaction, leading to higher absorp-
tion efficiency. For example, by monolithically integrating graphene with a Fabry-Perot
microcavity, the optical absorption can be enhanced by 26-fold, reaching absorption values
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greater than 60% [32]. Combining graphene with hole-type PhC cavities, has been shown
to increase light reflectivity from graphene by 4.0x [33]. A photodetector can be realized by
fabricating metal contacts above sheets, through which a circuit current can be amplified and
measured when the device is illuminated.

An alternative method for enhancing monolayer light absorption using PhCs was proposed
by Noori et al. in [31]. In this method, a rod-type PhC is used to achieve an increased light to
monolayer coupling. This PhC can be combined with a high refractive index solid immersion
lens (SIL) [34, 35], which is placed directly above the cavity. This has two effects: the first is
to act as a reflective interface to redirect any leaking light back into the cavity, increasing the
chance of light absorption by the monolayer. The second is to increase the coupling of light
into/out of the cavity, increasing the probability that an applied photon gets into the cavity,
which SILs are considered especially effective at [36, 37]. SILs are commonly made out of glass
[36], which can pose a problem when integrating into delicate structures such as PhCs and 2D
materials. Recent work forming SILs out of photopolymers, has shown progress in solving
this issue [38—-40].

For the rest of this chapter, we will focus on the concept of a rod-SIL photodetector. We will
review the rod-based PhC structure and compare it to the more common method of coupling
monolayers to uncapped hole-type PhCs. We will then look at photopolymer based solid
immersion lenses, and their effectiveness at both coupling light into/out of a material, as well
as protecting it from the ambient environment. Finally, we discuss how the combination of
the two structures can provide an efficient optical package for use in photodetection.

2. Enhancing light absorption using photonic crystal cavities

2.1. Coupling 2D materials to photonic crystals

In 1987, Yablonovitch proposed the theoretical concept of using periodic optical structures
to create photonic bandgap systems, now popularly known as photonic crystals [41]. A PhC
structure comprises of a series of periodic changes in refractive index that creates a range of
disallowed states for a photon, effectively forming a photonic bandgap. This effect is very
similar to electronic bandgaps experienced by electrons in an atomic lattice, thus PhCs are
sometimes describes as ‘optical lattices’.

Experimental realization of manmade PhCs occurred a decade later [42, 43]. Ever since that
time, PhCs became a potential platform for making integrated photonic components such as
cavities, waveguides, mirrors and wavelength/polarization multiplexers [44, 45]. This allows
the realization of technologies such as single photon sources, lasers, filters, interferometers,
modulators and slow light waveguides.

Coupling 2D materials to photonic cavities can lead to substantial improvements in the mate-
rial’s absorption efficiency, opening the doors for their use in the development of ultrathin
but highly efficient detectors. TMD monolayers have also been coupled to hole-type PhC cavi-
ties, resulting in lasing and enhancement in the spontaneous emission rate for light emitted
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from these 2D materials [46-50]. Hole-type PhC cavities can have high Q-factors due to their
reduced mode losses in the vertical direction due to the refractive index contrast at the bridge-
air interface. However, the hole-type PhCs have distinct disadvantages when being used with
non-embedded emitters such as 2D materials, because the cavity mode is confined within
the bridge structure; a region where the TMD monolayer cannot realistically be placed. This
causes reduced coupling between the photo-absorber monolayer and the cavity mode’s maxi-
mum, leading to a reduction in light-matter interactions. Secondly, the large dielectric-to-air
volume ratio that exists in the structures of hole-type PhCs results in undesirable light absorp-
tion by the dielectric material. This becomes critical when a high absorption material, such as
GaAs, is used with an operating wavelength that lies in the visible regime. However, a lot of
these issues can be solved by changing the PhC structure from a hole-type to a rod-type [31].

2.2. Photonic crystal cavity design

PhC structures are commonly formed from a hexagonal array structure, rather than a square
array because, they are easier to fabricate in practice [51]. For rod-type cavities, square lat-
tice arrays exhibit a transverse magnetic (TM) bandgap with Q-factors that may exceed 1000.
However, confining light in the visible wavelength range using the square lattice PhC requires
the structure to have feature sizes that may be difficult to fabricate using conventional lithog-
raphy techniques. For example, assume a square lattice PhC is designed for the optical band-
gap of monolayer molybdenum disulfide (MoS,), i.e. approximately 660 nm [52]; Villeneuve
et al. in [51] showed that for a rod-type PhC lattice with material index »n = 34,2 = 1and r =0.24,
a H1 cavity would have its cavity mode at A = 2.56a. In other words, a PhC cavity with a mode
at A = 660 nm, requires its lattice constant to be, a = 258 nm and the radius to be, r = 52 nm, with rod
heights of at least 660 nm. Designing rods with such dimensions is challenging and requires
extreme controllability of the fabrication process. Furthermore, small fabrication uncertain-
ties that change the rods’ radius, the lattice constant, sidewall roughness and/or their vertical
height can shift the cavity mode and change its Q-factor. An H1 hexagonal lattice PhC cav-
ity of similar dimensions has its cavity mode at a much smaller wavelength. Hence, a cavity
designed to have a mode wavelength at 660 nm will have larger dimensions, making it less
dependent on fabrication limitations. The cavity that will be discussed in this chapter can
achieve this goal using a = 595 nm and r = 95 nm, which are easier to achieve in practice.

The PhC studied here consists of a hexagonal lattice of rods surrounded by air for, optimum
index contrast. Since MoS, has an absorption wavelength at 660 nm, due to its direct band-
gap, rods made from common substrates such as silicon or GaAs can have a refractive index
that exceeds 3.5 at this wavelength. To make the photonic cavity, a rod is omitted from the
PhC lattice allowing a photonic state to be created within the lattice’s photonic bandgap. The
confined wavelength of the cavity is also known as the cavity mode. In previous work by
Kay et al. [53], 2D materials have been shown to dip when transferred onto hollowed regions
such as etched trenches on a substrate. Through exploiting the flexibility of TMD monolayers,
spatial coupling between the cavity and the material is possible by suspending the mono-
layer over the rods; Figure 1 illustrates this concept. Having a sufficient lattice separation,
the cavity region, can allow the suspended flake to sag within the cavity such that the flake’s
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topological minimum spatially matches the cavity mode’s antinode. Optimized alignment in
both position and energy optimizes absorption by the 2D material. The PhC hexagonal lattice
is surrounded by air for optimum index contrast. MoS, is the material considered here for
this work because of its large neutral and charged exciton binding energies, making it a great
candidate for room temperature photodetection. Nevertheless, the PhC design is universal, as
the normalized parameters may be scaled and adjusted to match any light absorptive TMD. It
consists of rods with a lattice constant, 4 = 1, and a radius, r = 0.165s, where the rods are made
by etching the silicon substrate.

2.3. Cavity performance

2D PWE simulations of the PhC structure (Figure 2a), have shown that a bandgap exists in the
frequency range 1.052 < A < 1.17a. Once the photonic band diagram was simulated, a H1 cavity
was formed in the centre of the array. Subsequently, FDTD is commonly used to test the cav-
ity’s performance. 2D simulations can confirm the presence of the cavity mode and used to
analyze its central wavelength. Performing 2D simulations at this point can usually save a lot
of computation time and power that may be spent with exhaustive 3D simulations. Q-factor
measurements from 2D simulations typically show astronomical values since leakage in the
vertical direction is not included.

3D FDTD simulations of the cavity mode are shown in Figure 2b and c. Initially, an E_pola-
rised source was placed at the center of the cavity, with a central wavelength A of 1.1z and
a full-width at half maximum (FWHM) of 4A = 0.1a. Using Meep, a visual image of the light
propagation can be produced. After allowing enough time to pass following initialization of
the dipole, to allow edge states and propagating modes to leak, the cavity standing mode’s
field was observed on its own, as shown in Figure 3a. The cavity is later simulated with an Ey

TMD mona

ST .
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51 Substrate

Figure 1. Cross-sectional illustration of a silicon rod PhC cavity with a monolayer transferred on top. Declining of the
monolayer within the cavity region can increase coupling between excitons and the cavity modes.
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Figure 2. (a) An x-y cross-section of the simulated PhC cavity structure. x-y (b) and y-z (c) screenshots of the simulated
structure from Lumerical FDTD package showing the PM layers and flux region.
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Figure 3. 3D FDTD simulation of the photonic cavity mode showing time slice images of the confined E, (a) and E_ (b)
components. (c) Cross section of the Ey field within the microcavity. Red (blue) represents positive (negative) components
of the electric field.

polarised dipole, which showed an electric field distribution for the cavity mode, as shown in
Figure 3b. Using the harmonic inversion (harminv) tool embedded in Meep, the cavity mode
was found to have a wavelength A = 1.122 with a Q-factor of 300. On the other hand, Figure 3¢
shows the field distribution for a cross-sectional slice along the x-direction through the cav-
ity. Unsurprisingly, the PhC rod’s height also influences the mode’s confinement. If the rods
are too short, the cavity mode’s shape can extend into the air above the PhC. This results in
a reduction in the spatial interface between the mode and the rods, lowering the light collec-
tion ratio. Conversely, if the rods are too long, higher order and propagating modes can form
within the cavity structure. Furthermore, etching high aspect ratio rods will always require
complex dry etching techniques to achieve the desired degree of anisotropy. It has been
revealed that maximum gap size for a square-lattice rod-type PhC is achieved for rod heights
of approximately 2.3s, corresponding to approximately two cavity modes wavelengths [51].

The Q-factor of a cavity can be defined as the ratio of the energy stored in the resonating cavity
to the energy dissipated per cycle. For a cavity with a Q-factor of 300, such as the rod-type PhC
cavity discussed here, a resonating photonic mode inside a cavity is expected to oscillate 300
times before it leaks half of its energy outside the cavity. For a MoS, monolayer with an absorp-
tion coefficient of 0.05, coupled to a rod-type PhC cavity the absorption of the monolayer can
be enhanced to almost unity [52]. This can be calculated using the following equation:
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aC = 1 - (am)Q‘ (1)

where «_is the absorption of a monolayer that is coupled to a cavity, a_is the absorption of
a monolayer that is not coupled to a cavity and Q is the cavity’s Q-factor. Note that in this
approximation, absorption due to the dielectric host material (in this case considered silicon)
was not taken into account. It is expected that absorption due to the material can reduce the
cavity’s Q, however this becomes less critical for cavities designed to have low-mid Q-factors
such as the ones shown here where light is allowed to leak into the cavity to enhance absorp-
tion for optimized photodetection.

A series of simulations were carried out with a source inside a PhC cavity containing rods
with different radii. The aim is primarily to investigate the robustness of this design to fabrica-
tion imperfections that are likely to occur due to the relatively small structure. Causes of shifts
in the radius of the fabricated rods could be due to the inaccurate selection of exposure dosage
in the electron-beam (e-beam) writing process. Other reasons could be due to non-anisotropic
sidewall profile development of the exposed regions of the resist, due to temperature varia-
tions of the developing solution and/or the samples themselves. Hence, the radius was varied
between 0.1551 and 0.170a. Figure 2b and ¢ show screenshots taken directly from Lumerical’s
user interface for the simulation cell. The mesh resolution used in this simulation is 20 ele-
ments per one lattice constant, 4, in every dimension. Corresponding to approximately one
element per 30 nm in real units. To measure the cavity mode, a flux region was setup above
the cavity, collecting light from the cavity mode radiated vertically upward. A maximum
Q-factor of 341 was achieved for a PhC cavity having rods with a radius, r = 0.161s, where the
cavity mode’s central wavelength is A = 1.1044, as shown in Figure 4. As the radius deviates
from r = 0.1614, the collected power flux starts to decrease, which results from a decrease in
the Q-factor, recording a minimum of 155 at A = 1.138 for r = 0.170a. It is clear from Figure 4 to
note that reducing the radius of the rods tends to blue-shift the cavity mode’s energy, hence
reducing its wavelength. This is expected, as the relationship between the PhC’s cell radius
(hole-type or rod-type) and the cavity mode’s wavelength was anticipated through previous
studies [54]. Figure 4 plots a comparison between the obtained fluxes for two cases. The first
case is when a flake is exfoliated directly onto a flat substrate. The second case is when the
flake is transferred on top of the PhC structure, dipping to half the height of the rods where
the cavity’s field maximum exists for rods with » = 0.161a. Later, the effect of having the source
away from the cavity’s centre will be discussed.

Throughout the scope of this work, the simulations were made with the assumption that
the flake is dipped to about half the height of the rods. This is expected to be the ideal case
since the flake will be coupled to the field’s antinode, creating maximal spatial coupling to
the cavity. Performing simulations to anticipate the amount of dipping of a monolayer over
a typical structure depends on many factors. These include the monolayer material, the rods’
surface roughness, temperature, etc. These typically require setting up finite element simula-
tions while taking into account the van der Waals, Coulombic and gravitational forces, which
is very exhaustive. Hence, a series of simulations were run to investigate the effect of dip-
ping of the monolayer emitter on the monolayer-cavity coupling. These simulations are done
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Figure 4. The effect of changing the rods’ radii r from 0.155a to 0.170a on the cavity mode, showing a maximum Q for
r = 0.161a and an increase in the cavity’s central wavelength when r is increased, and vice versa.
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Figure 5. Comparison of the flux spectra for emission from the cavity as the dipping of the material is varied along the
z-axis. The drawing on the right illustrates the degrees of bowing of the 2D material from the surface of the structure into
the cavity for each of the cases shown on the left.

by placing the dipole at different heights along the vertical direction inside the cavity. Even
though the source position in the vertical direction was changed along the height of the cav-
ity, it is important to mention that the flux region height above the photonic structure was
not changed. The cavity spectra for the different heights are shown in Figure 5. It is expected
that maximum absorption of the monolayer should be achieved when the source is spatially
aligned with the cavity mode’s electric field maximum. This exists at the center of the cavity,
one wavelength above the substrate, as was previously shown in Figure 3c. The intensity of
the cavity mode was found to decrease as the source is moved toward the top of the rods due
to reduced spatial coupling between the dipole source and the cavity mode’s antinode, which
exists in the center of the cavity.



Increasing Light Absorption and Collection Using Engineered Structures
http://dx.doi.org/10.5772/intechopen.73079

Compared to H1 cavities, L3 cavities are usually favored for better coupling to PhC wave-
guides and tend to have lower confinement quality factors of roughly 150. In L3 cavities, the
Q-factor is expected to reduce due to increased coupling of the cavity mode to radiative modes.

Having an engineered structure that can improve absorption of monolayers is essential, in the
next section we will describe how a different structure such as a micro-lens can help increase
the light collection efficiency to these monolayers/cavity systems.

3. Enhancing light collection using photopolymer lenses

A solid immersion lens (SIL) is an optical element with a high refractive index that can be
placed on the surface of a semiconductor to increase the optical extraction efficiency of a sur-
face/subsurface emitter. SILs are typically formed from high index glass [55] and are placed
directly on the surface of an optical structure to increase the light being coupled into and/
or out from it. SILs can also be formed from photopolymers such as UV-curable epoxy [40],
which gives the SIL unique properties such as easy tunability and mounting. The rest of this
section will focus on these types of SILs.

Two different geometries of SIL have been predominantly studied; those with a hemispheri-
cal shape (h-SILs) and those with a Weierstraf$ shape (s-SILs) [55], as shown Figure 6. S-SILs
have a higher magnification than h-SILs, scaling as the refractive index of the SIL squared as
opposed to a direct linear relationship for a h-SIL. In subsurface emitters such as quantum
dots (QD’s), s-SILs have a higher input/output coupling efficiency over h-SILs, due to them
being able to refract a higher number of rays at the SIL-air boundary, thus collecting/deliv-
ering a greater solid angle of light (¢s) to and from a device. In the case of a surface emitter
such as a 2D material this SIL-air boundary refraction in the s-SIL is essential to increase the
input/output coupling, as there is no contribution to light coupling from the substrate-SIL
boundary.

Figure 6. Diagram showing the difference in shape between a s-SIL and h-SIL on a sample with embedded emitters
(quantum dots) in the above case (yellow features). The dashed lines highlight how a larger angle of emitted light is
collected in the s-SIL relative to the h-SIL.
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3.1. SIL fabrication

The process of creating an epoxy SIL onto a 2D material is described in this chapter. The
sample containing the 2D material is immersed into a glycerol bath, which provides the lig-
uid phase medium needed to enable the formation of droplets with high contact angles, such
as the SILs those shown in Figure 6. This arises due to a modification of the surface tension
experienced by the droplet, and can be explained by considering the Young equation given in
(2) [56] and illustrated in Figure 7.

Vs Va

Cosey =7 2)

where Vs Vs and y, are the solid-filler, solid-liquid and liquid-filler surface tensions, respec-
tively. When the filler solution is air, y_ is greater than both y , and Yy This makes cos(gy) > 0,
resulting in a small equilibrium contact angle (¢y). However, when a filler solution such as
glycerol is used, y reduces dramatically, allowing cos(6y) < 0; this allows droplets with a con-
tact angle over 90 degrees to form. Glycerol is an ideal filler solution due to it being relatively
inert with respect to the epoxy. Other filler solutions such as water are less ideal as they are
known to be absorbed by the epoxy, leading to a significant reduction in the SIL’s transpar-
ency [40].

The dispensed UV-curable polymer can be tuned, using one of two methods. The first and
most simple is to exploit the polymer’s relatively strong attraction to the substrate to create a
larger than required SIL with the correct sized base. The SIL can then be tuned by withdraw-
ing epoxy from the center of the dispensed droplet, allowing the volume to reduce whilst
the base’s dimensions stay relatively constant. Another method of tuning the shape involves
applying a bias between the needle and sample, and using the principle of electro-wetting to
change the droplets shape [38—40]. Once the desired shape is obtained the SIL can be cured
by exposure to UV light, permanently fixing its location, and shape. The sample can then be
removed from the glycerol bath and washed with deionized water to remove any remaining
glycerol. Further details on the fabrication process of an epoxy SIL, can be found from [39].

Figure 7. Diagram illustrating Young’s equilibrium contact angle (0 y), due to the balancing of the solid-liquid (y sl),
liquid-filler (y If) and solid-filler (y sf) surface tensions.
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3.2. Enhanced light coupling

Figure 8a shows how a SIL enhances the coupling of light out of a TMD based device. The SIL
on the RHS of the blue dashed line refracts the light rays produced by the TMD at the SIL-
air boundary closer to the normal leading to more rays entering the lens (shown as a double
ended red arrow).

The increase in the coupling of light can be used to increase the light output of a TMD by
increasing the solid angle of light that can be observed rather than lost to the environment.
Figure 9a shows the measured photoluminescence (PL) spectra for a monolayer at 10 uW of
excitation power. Comparing the integrated intensity of the flake both before and after the
application of a SIL, an increase in PL intensity of 4.0x is observed. This enhancement arises
from the SIL refracting light at the SIL-air boundary. A SIL with the dimensions shown in
Figure 8b should increase the solid angle of light emitted vertically by 1.33x, the SiO, layer
underneath it will also reflect light back, creating a virtual source which will, in turn be
enhanced by the SIL. Calculating these values, we find that the theoretical solid angle of the
reflected light would be increased by 3.15%, which when scaled to take account of the percent-
age of light that would be reflected and added to the vertical emission we get a total enhance-
ment of 2.0 x .

The theoretical enhancement value calculated is only half the power of the experimental
results, however, this only considers the coupling of light out of the SIL, and does not con-
sider what happens to the excitation source entering the SIL. A beam of light travelling in

Figure 8. (a) A ray trace simulation demonstrating how the SIL increases the coupling of light, (b): A render of the SIL
in c and d from the side with dimensions, (c and d): Microscope images showing an isolated TMD flake both before (c),
and after (d) being magnified by a SIL.
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Figure 9. (a) Graph showing the room temperature photoluminescence of a WSe, monolayer both with and without a
SIL, demonstrating the influence of the SIL in improving light collection efficiency. (b and c) Photoluminescence map
of the same flake as (a) both without a SIL (b) and with a SIL (c), the intensity scale in these maps are identical, and the
orange square in b shows the area in c that has been magnified by the SIL.

air is normally diffraction limited in terms of its size, and can be described by the Rayleigh
criterion. When considering a beam being focused through a lens onto a surface we can use
the following equation to describe the half-width at half-maximum (FWHM) of the resultant
airy pattern:

0.52A4

FWHM = ;N4 €)

where 7 is refractive index of the medium above the TMDC, NA, is the numerical aperture
of the uPL system and A is the excitation wavelength [57]. For a 532 nm laser travelling
through the air we get a FWHM of 0.42 nm; in contrast a SIL with refractive index of 1.56
(such as the one demonstrated in Figure 8) has a FWHM of 2.7 nm. Assuming light is not
lost due to scattering/reflection from the SIL then the incident optical power is unchanged,
meaning that the power density of the laser spot increases due to the same optical power
being focused into a smaller area. This change in power density for the aforementioned SIL
translates to a 2.4x increase in light per unit area. Unfortunately, this will not lead to a 2.4x
increase in light output of the monolayer WSe,, as the quantum efficiency of WSe, is typi-
cally low [13, 58, 59]. However, the increased excitation will lead to an increase in PL inten-
sity (providing the excitonic ground state does not become saturated), and may explain the
difference observed between theory and experimental observations.

Figure 8c and d show a 2D flake before and after being magnified through the application of
a SIL. This magnification increase arises from the SIL creating an optical lever effect [60] (i.e.
moving the focal position laterally across the SIL produces a smaller lateral movement under
the SIL). The magnification allows maps to be made with a higher number of measurements
per unit area. This can be easily observed from Figure 9b and ¢ which show PL maps of the
emission of a flake without and with a SIL, respectively. Note that both maps have the same
number of pixels despite Figure 9c showing a map of a smaller area. This increased resolution
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is especially important, when pushing the limits of micro-photoluminescence, and can have
many optoelectronic applications. In the example of a photodetector, the increased magnifica-
tion can enable the size of the detector to be reduced, whilst maintaining the same collection
area, giving potential reductions in response times and jitter.

The magnification increase from Figure 8c-d was found to be 1.8%, indicating that the SIL
has a shape between that of a hemisphere (linear dependence with n giving 1.56x) and an
ideal super-sphere (quadratic dependence with n giving 2.43x). This result shows that SILs in
between the h and s-SIL geometries (shown in Figure 6), can give optical properties that are a
combination of the two, with the studied SIL showing a greater magnification than an h-SIL
without introducing strong chromatic aberrations.

4. Improved device longevity

We have up to this point considered the properties of an epoxy SIL in terms of its optical
performance, which although considerable is limited by the epoxy’s refractive index. SILs
formed from materials like glass can have higher refractive indices, and thus can cause bet-
ter optical enhancement, and indeed are well suited to coupling light into/out of embedded
structures with a flat surface over them. However, due to being solid and having a large
hardness, glass SILs are unsuitable for coupling light into/out of sensitive photo-absorbers/
emitters like 2D materials, as their presence risks damage to the flake and is likely to leave
an air gap that will significantly degrade its optical performance. Epoxy formed SILs do not
suffer from this problem as the SIL can be formed over the sensitive structure as a liquid, then
hardened into a solid to fully encapsulate the emitter. This hardening process causes no dam-
age to the emitter and fully seals the emitter away from any physical or chemical harm, giving
the epoxy SILs a significant advantage over other types of SILs.

Encapsulation can be essential for materials that have finite lifetimes in an ambient environ-
ment. The photoluminescence of emitters such as colloidal quantum dots (CQD’s) [61, 62] and
monolayer TMD’s are strongly suppressed when exposed to oxidants and organic contami-
nants present in the air [63-65]. In the case of TMD'’s this strong suppression of PL is accompa-
nied by a large change in the flake’s structure and morphology especially at grain boundaries
[66]. Strategies such as encapsulation with hexagonal boron nitride (h-BN) have been shown
to be effective at preventing this oxidization [67] however, this form of encapsulation adds
complexity and cost to the potential manufacturing processes. Photopolymers such as UV
cured epoxies are commonly used in the mass-manufacture of products [68] and should also
seal the TMD from oxygen. To test this hypothesis, a monolayer of WSe, was encapsulated
within a SIL and its appearance and PL intensity measured over several months in ambient
conditions (a time period known to cause a reduction in PL [69]). The results of this experi-
ment are shown in Figure 10, the total integrated PL of the peak was found to stay constant
within error over 5 months. In addition, the inset microscope images show that there are no
visible changes in the monolayers appearance, suggesting that the SIL encapsulation helps to
prolong the emissive lifetime of a monolayer in ambient conditions.
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Figure 10. Graph showing the change in photoluminescence intensity with time, for a flake of WSe, immersed within an
epoxy SIL (the dashed blue line shows the peak intensity before application of the SIL).

The enhanced light coupling provided by a SIL combined with the tunability and protective
nature of the liquid epoxy that forms makes it an efficient, cheap and scalable solution for the
capping of 2D TMD based optoelectronics. Their obvious use is to improve the emission of
light emitting devices such as TMD based LED’s [8]. Their high magnification and ability to
focus light into a structure as well as out of a structure make them valuable for photodetector
applications. PhC cavities as we have previously explored are ideal for coupling light into a
2D material based detector; however, they require high NA objective lenses to focus incoming
light to a tight enough spot that they can be effectively coupled into the crystal by the output
coupler. Mounting a SIL on-top of the PhC, and centered on the coupler can allow much sim-
pler optics to be used as the SIL is providing some of the required magnification.

5. Conclusions and outlook

2D materials have shown great promise for replacing conventional bulk semiconductors in
optoelectronic applications such as photodetectors and light emitters [8, 70]. Unfortunately,
their low absorption due to their inherent atomic thickness presents limitations in adapting
the material for photodetection applications. Here we have reviewed a rod-type PhC cavity
structure which increases the light absorption of a 2D material flake coupled spatially to a
cavity mode. Coupling the flake to a cavity with a Q-factor of 300 has been shown to be able
to increase the material absorption to almost unity which has the potential to eliminate the
absorption limitation of 2D material based photodetectors.

Directing collimated light to such a small structure for photodetection applications requires
complicated optics such as expensive, high-NA objective lenses. SILs formed using
UV-cured epoxy have been shown to magnify a 2D material based structure, this can enable



Increasing Light Absorption and Collection Using Engineered Structures
http://dx.doi.org/10.5772/intechopen.73079

simpler coupling optics to be utilized. The higher refractive index of the SIL can also help
reduce the diffraction limit of a focused spot, helping to couple more light into one area.
Hence for optimum efficiency, our proposed scheme for a 2D material based photodetector
involves the transfer of a flake on top of a rod-type PhC cavity, and spatial coupling of the
monolayer and the cavity mode maximum via the flake’s declining into the cavity structure.
A UV-curable epoxy SIL is then dispensed on top of the cavity. Dispensing the SIL above the
cavity provides three advantages. The first is to help collimate light into a tighter focal spot
and magnify the 2D flake to simplify coupling optics. The second is providing an encap-
sulation of the 2D material to isolate it from the external environment, thereby increasing
its longevity and improving its optical performance. The third advantage of dispensing a
UV-cured epoxy SIL over the PhC cavity is enhancing the Q-factor of the cavity by reflect-
ing vertically leaking light back into the cavity due to the refractive index contrast between
the air and epoxy.

Recent work by Bie et al. [30] has shown that TMDs can be used to form a waveguide-inte-
grated light source and photodetector based on a p-n junction. This novel scheme enables
the photoresponsivity of the detector to be tuned and the scheme reversed for realizing a 2D
material coupled to hole-PhC LED. The advantage of this scheme is that one device can per-
form two roles. Using this concept with rod-type PhC coupled to SILs can provide an increase
in material’s absorption for a photodetection mode as well as greatly increasing the light out-
put of the LED mode. Opening new doors to niche applications and technologies.
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Abstract

Ultrafast dynamics of carriers and phonons in topological insulator Bi,Se, Cu Bi Se, (x =0,
0.1, 0.125) single crystals were studied by time-resolved pump-probe spectroscopy. The
coherent optical phonon (A, ') is found via the damped oscillation in the transient reflec-
tivity changes (AR/R) for Cu Bi,Se,. The observed red shift of A, ! phonon frequency sug-
gests the intercalation of Cu atoms between a pair of the qumt’uple layers of Bi,Se, crystals.
Moreover, the relaxation processes of Dirac fermion near the Dirac point of BiZSe3 are stud-
ied by optical pump and mid-infrared probe spectroscopy through analyzing the negative
peak of the AR/R. The Dirac fermion-phonon coupling strength was found in the range
of 0.08-0.19 and the strength is reduced as it gets closer to the Dirac point. The ultrafast
dynamics and fundamental parameters revealed by time-resolved pump-probe spectros-
copy are important for designing the optoelectronics in the mid-IR and THz ranges.

Keywords: topological insulators, ultrafast dynamics, pump-probe spectroscopy,
Dirac fermion

1. Introduction

Recently, topological insulators (TIs) [1-8] and two-dimensional (2D) materials such as gra-
phene [9], MoS,, WS, and MoSe, [10] are of great interests because of their unique physical
properties and applications. These materials have a band structure that is linearly dispersed
with respect to momentum, in which the transportation of electrons in these materials is
essentially governed by Dirac’s (relativistic) equation with zero rest mass and an effective
“speed of light” —c* = 10° m/s [9]. In TIs, a novel electronic state called the topological surface
state (TSS) has been predicted and observed [1-8]. Unlike the trivial insulator, TIs have a spin
degenerate and fully gapped bulk state but exhibit a spin polarized and gapless electronic
state on the surface [8]. This metallic surface state has a linear energy-momentum dispersion
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relation in the low-energy region, which is known as a Dirac cone. Unlike the Dirac cone of
graphene, the Dirac cone of a TI is protected by the time-reversal symmetry. This robust TSS
can survive under time-reversal invariant perturbations, such as surface pollution, crystalline
defects, and distortions of the surface [6]. Additionally, because of the fully spin-polarized
characteristics of the surface state, TIs have a high potential for the development of spintronic
devices and quantum computation [6, 11].

The optoelectronic properties of TIs are important subjects for the development of optoelec-
tronic devices. Therefore, the issues associated with electron—phonon interaction, carrier
lifetime, carrier dynamics, energy loss rate, and low-energy electronic responses are very
important for optimizing device performance. These ultrafast dynamic properties of the mate-
rials can be resolved by pump-probe spectroscopy. This chapter provides a brief introduction
to the materials, time-resolved pump-probe spectroscopy, and some ultrafast dynamic prop-
erties of Bi-based topological insulators.

2. Bismuth-based topological insulators

Bismuth chalcogenide compounds (Bi,Ch,, Ch = Se, Te) have been extensively investigated in
material science and condensed-matter physics because of their intriguing properties regard-
ing thermoelectricity [12-14] and three-dimensional TIs [15-18]. Bi,Ch, is a narrow bandgap
semiconductor with a rhombohedral crystal structure belonging to the D?(R3m) space group.
The Bi,Ch, crystal structure is constructed from repeated quintuple layers (QLs) arranged
along the c-axis. The unit lattice cell of a Bi,Ch, crystal is composed of three QLs. Each QL is
stacked in a sequence of atomic layers Ch(1)-Bi-Ch(2)-Bi-Ch(1) and is weakly bonded to the
next QL via Van der Waals interaction. The crystal structures of Bi,Se, and Bi,Te, are shown in
Figure 1. For convenience, these crystal structures are also described by a hexagonal lattice,
where the a-axis and c-axis lattice constants of Bi,Se, (Bi,Te,) are 4.138 A (4384 A)and 28.64 A
(30.487 A), respectively [19].

In 2009, Zhang et al. predicted that the Bi,Ch, crystal is a strong TI [15]. A calculation of the
electronic structure with spin-orbit coupling in the Bi,Se, crystal has also been performed
[15]. By tuning the spin-orbit coupling in the system, band inversion occurred around the I’
point. As these two levels, which are closest to the Fermi energy, have opposite parity, the
inversion between them drives the system into a TI phase [15]. Figure 2 shows the calculated
energy and momentum dependence of the local density of states (LDOS) for Sb,Se,, Sb,Te,,
Bi,Se,, and Bi,Te,. All of these materials have the same rhombohedral crystal structure with
the space group D;(R3m). Zhang et al. predicted that Bi,Se, Bi,Te, and Sb,Se, are candidates
for a TI, whereas Sb,Se, is not because the spin-orbit coupling effect of Sb,Se, is not strong
enough to induce band inversion [15]. Following this prediction, Xia et al. [20] and Hsieh et al.
[4] investigated the existence of the TSS in Bi,Se,, Bi,Te,, and Sb,Se, through angle-resolved
photoemission spectroscopy (ARPES).

Figure 3(a) and (b) shows the ARPES results of the surface electronic structure on a Bi,Se,
(111) surface [20]. Around the T point, the clear V-shaped band is observed to approach the
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BiSe, @B Bi,Te,

Figure 1. (a) The crystal structures of (a) Bi,Se, and (b) Bi,Te,, in which 5-atomic-layer-thick lamellae of —(Se-Bi-Se®-
Bi-Se)— or —(Te-Bi-Te®@-Bi-Te")- is called a quintuple layer (QL).
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Figure 2. The calculated energy and momentum dependence of the LDOS for (a) Sb,Se,, (b) Sb,Te,, (c) Bi,Se,, and (d)

Bi,Te, on the (111) surface. The TSSs are clearly seen around the I' point as a red line in the Sb,Te,, Bi,Se, and Bi,Se,
graphs. No TSS exists in Sb,Se, [15].
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Figure 3. The ARPES measurements of the electronic structure on Bi,Se, near the I point along the (a) T -M and
(b) T - K directions. (c) The bulk 3D Brillouin zone and the surface 2D Brillouin zone of the projected (111) surface.
(d) The Fermi surface of the surface state [20].

Fermi level. The slopes of this V-shaped band along the I'-M and I'-K directions are nearly
equivalent [20]. The U-shaped bands near the Fermi level and below the V-shaped band are
the bulk conduction band (BCB) and bulk valence band (BVB) of Bi Se,. This result matches
the prediction that the surface state exists between the BCB and the BVB. The detail of the sur-
face state is shown in Figure 3(d). The ring-like Fermi surface formed by the Dirac cone-like
surface state is centered at the I point. The unique spin-momentum lock behavior can also be
observed in this figure.
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3. Principle of femtosecond spectroscopy

3.1. Degenerate pump-probe spectroscopy

Highly temporal resolution is one of the unique characteristics in femtosecond optics. By the
pump-probe technique, the photoexcited carrier dynamics and phonon dynamics in solid
state materials can be clearly resolved. Additionally, the interband and intraband relaxation
processes can be also obtained.

The basic understanding of time-resolved pump-probe spectroscopy is introduced as follows.
The pump pulses are served as a perturbation which leads to the changes of the electronic pop-
ulation in materials. The probe pulses are used for the detection of the optical property changes
of the materials. By controlling the time interval between the pump and probe pulses, the
transient changes of the optical properties can be recorded. In pump-probe spectroscopies, the
transient reflectivity changes (AR/R) or transient absorption changes (AA/A) can be measured.

Here, we explain more experimental details about the detection of AR/R. As shown in Figure 4,
the pump-induced reflectivity changes are plotted as R(t). The f_ . . is the modulation fre-
quency of the chopper. The f, _is the repetition rate of femtosecond laser pluses. The period of
the R(t) is correlating to the period of the I (f) pulse train. Since the reflectivity of material,
R(t), is modulated by the I (t) pulse train, the intensity of reflective probe beam I, . (t)is also
pump ,probe

modulated by the I (f) pulse train. Thus, the I, . (t) can be described by the superposition of

pump ,probe

the DC intensity signal I, ; and AC intensity signal Al, with the specific frequency f (=, .00
Typically, the Al, is much smaller than the I, , in the order of 10°-10°. By using the phase-lock
technique, the amplitude of AC intensity signal Al, can be extracted out by providing the refer-
ence frequency f, ... for the lock-in amplifier. Because the Al is small compared to the [, , the
(L) = L+ AL/2 = 1 . Thus, the I can be obtained by using a multimeter for the measurements

of (I ®). The measured AR/R can directly relate to the A1/1, via the following relationship.

AR _ AL/ AL

i,probe

AR _ R ek TR 1

R IR,O/ Ii,probe IK,O ( )
where the I is the intensity of the incident probe beam. Thus, the time evolution of AR®/R
can be measured by swapping the time interval At between the pump pulse and the probe
pulse.

3.2. Optical pump and mid-infrared probe spectroscopy

The plasma edge of the doped n-type semiconductor usually lies in the mid-infrared (MIR)
regime. By measuring the reflectivity around the plasma edge, many characteristics of carriers
such as scattering rate and carrier concentration can be obtained [21]. The development of a
pulsed mid-infrared light source provides the opportunities for understanding the dynamics
of carriers. The mid-infrared pump-probe spectroscopy has been already applied on various
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Figure 4. The scheme for the principle of the pump-probe technique. The details are described in the text.

materials (i.e., oxides, semiconductors, superconductors, graphene, and topological insulators)
[22-28]. In the reflection-type mid-infrared pump-probe spectroscopy, the effect of multiple
reflections should be considered in the analysis, and the dynamical characteristics of carriers
can be further obtained through modeling the measured data with the Drude-Lorentz model.

Figure 5 shows a schematic diagram of our optical pump and mid-infrared probe (OPMP) spec-
troscopy. The light source of the pump-probe system is a regenerative amplifier with 800 nm

Sapphire Laser

sripbeen ProTEiBer
A5 18 @800 ni

Beam
Splitter

Lock-in
Amplifier

Sample

polarization « Ge filter — =
-2 polanzation
Telescope GaSe M2
type-l

Figure 5. Schematic diagram of the optical pump and mid-infrared probe (OPMP) system.
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central wavelength, 5 kHz repetition rate, and 30 fs pulse duration. The beam is split into a pump
beam (40% of the incident light) and a probe beam (60% of the incident light). The probe beam
passes through a 0.7-mm-thick GaSe crystal to generate mid-infrared (MIR) pulses, in which the
MIR wavelength can be tuned from 9.0 pm (138 meV) to 14.1 pm (88 meV) through differential
frequency generation (DFG). The optical pump beam with the fluence of 68 uJ/cm? and a spot
size of 485 um (in diameter) is focused on the sample using a 150 mm lens. An Au-coated off-axis
parabolic mirror with f =200 mm is employed to focus the probe beam on the sample surface
with a spot diameter of 392 um. It is ensured that the spot size of the pump beam is larger than
that of the probe beam. The probe beam is further collimated and refocused onto a MIR detector
(e.g., liquid nitrogen-cooled HgCdTe) using an Au-coated off-axis parabolic mirror (f=50 mm).

4. Ultrafast dynamics in topological insulators

4.1. Time-resolved spectroscopy in a topological insulators

The dynamic properties of photoexcited TIs have attracted a great deal of attention. For exam-
ple, the relaxation behavior of a carrier near the Fermi surface has been observed by the time-
resolved angle-resolved photoemission spectroscopy (Tr-ARPES) [29-32]. Figure 6(c) shows
that the 1.55 eV photons excite the electrons from the bulk valence band to a higher-lying state
in the bulk materials. Then, the photoexcited carriers fall into the bulk conduction band (BCB)
and the surface state within 1 ps [31]. In Figure 6(a), we can see the rise time of curve 10 is
~1 ps. This means that after photoexcitation, the carriers in the higher lying band are rapidly
relaxed into the BCB, then cooled to the bottom of the BCB via intraband scattering. These
interband transitions and intraband scattering are shown in Figure 6(d) and (e) [31].

Furthermore, the relaxation time of curve 10 in Figure 6(a) is longer than 10 ps. This slow
relaxation indicates the metastable behavior of the population of carriers in the BCB [30, 31].
Meanwhile, as curves 6-9 shown in Figure 6(b), the population of surface states also exhibits an
unusually long-lived existence [31]. Here, the relaxation bottleneck is attributed to the scattering
processes between the BCB and the surface state [31]. As Figure 6(f) shows, the photoexcited car-
riers first relax via surface-bulk scattering and then cooling via surface-state intraband scattering.
This scattering channel is mainly in response to the acoustic phonon-mediated surface-bulk cou-
pling and the acoustic phonon scattering of the surface-state Dirac fermions [32]. The Tr-ARPES
can directly deliver information about the population changes of the electronic state near the
Fermi level. However, reports on the transition processes occurring in the early stages after pho-
toexcitation are rare. To fully understand the photoexcited carrier dynamics, studies for the inter-
band transition and the intraband cooling are needed, which can be revealed using optical pump/
optical probe spectroscopy (OPOP) and optical-pump/mid-infrared probe (OPMP) spectroscopy.

4.2. Interband relaxations in topological insulators

The interband relaxation of photoexcited carriers in topological insulator (TI) single crystals
is examined by the optical pump and optical probe spectroscopy [33]. In this section, we pres-
ent the phonon and carrier dynamics in doped TI Cu Bi Se, (x =0, 0.1, 0.125) single crystals.
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Figure 6. (a) The normalized population within the integration windows indicated in (b). (b) The integration windows
over the BCB and the surface state. (c)-(f) Schematics of carrier dynamics over the transition energy range [31].

(c)t=0ps.(d)t~0.5ps.(e)t~25ps.(f)t>5ps.

Figure 7(a) shows the typical AR/R signals as a function of delay time for Cu Bi,Se, crystals
at room temperature. Generally, different energy-transfer processes can be unambiguously
extracted from the time evolution of AR/R curve. After pumping, the thermalization between
electrons and optical phonons which occurred in a sub-picosecond timescale is characterized
by the fast component in AR/R. A subsequent slow component in a timescale of several pico-
seconds is assigned to the thermalization between electrons and acoustic phonons [34]. After
these electron-lattice relaxation processes, the heat diffusion out of the illuminated area on the
sample is further revealed by the quasi-constant component in AR/R [35]. Furthermore, all of
the AR/R curves show two damped oscillation components with different periods.
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Figure 7. Temporal variations of AR/R signals for Cu Bi,Se, crystals (x =0, 0.1, 0.125) at room temperature by using the
1.55 eV degenerate pump-probe spectroscopy, shown (a) in the full timescale and (b) in short timescale.

The slow oscillation components, as shown in Figure 7(a), are attributed to the coherent acoustic
phonons (CAPs) generated by ultrafast laser pulses. This damped slow oscillation in AR/R is
generated by the interference between two probe beams, respectively, reflected from the sample
surface and the strain pulse that propagate longitudinally with the sound velocity. The rela-
tionship between the period r_, of the slow oscillation and the longitudinal sound velocity v is
7., = M(v*~sin’ 0), where A is the probe wavelength, 7 is the refractive index at A, and 6 is the
incident angle of the probe beam [33]. Consequently, the sound velocity can be estimated by mea-
suring the CAP oscillations when the refractive index of the material is known. The frequency
of the CAP for the Bi,Se, crystals is ~0.033 THz (~ 30 ps in period). Additionally, it completely
decays within ~60 ps. The disappearance of the CAP (slow oscillation) around 60 ps, according
to the strain pulse model, is determined by the penetration depth of an 800 nm probe beam in
Bi,Se, crystals. Taking the refractive index of Bi,Se, crystals reported in [36], the sound velocity is
estimated to be 1996 m/s at room temperature [33]. Figure 7(a) also reveals that the periods of the
slow oscillations in Cu Bi,Se, (x =0, 0.1, 0.125) crystals vary slightly from 29.9 to 30.2 ps.

The fast oscillation components of Cu Bi,Se, crystals are presented in Figure 7(b), which can
be extracted by removing the relaxation background from the AR/R signals. The results are
presented in Figure 8(a). The frequency of the component is 2.148 THz, which can be further
assigned as the A, ' coherent optical phonon (COP) mode of Bi,Se,, based on comparison with
the steady-state Raman spectroscopy [37]. Interestingly, the frequencies of the fast oscillations
considerably vary with Cu content (x) of the Cu Bi,Se, samples and are associated with the
changes in the chain length of the QL and in the lattice constant of c-axis.

Figure 8(a) shows the fast oscillation component for Cu Bi,Se, (x =0, 0.1, 0.125) crystals. In order
to quantitatively analyze these oscillations, a damped oscillation function, A__cos(2nf_t+ ) e s,
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Figure 8. (a) High-frequency temporal variations of AR/R signals for Cu Bi,Se, (x =0, 0.1, 0.125) crystals extracted from
Figure 7(b). (b) Phonon frequency (red squares), dephasing time of Alg1 phonon mode (blue circles) and changes in lattice
constant of c-axis (green triangles) in Cu Bi,Se, crystals as a function of Cu doping concentrations.

was used to fit the original data in Figure 8(a) to get the dephasing time (¢, ) and the phonon
frequency (f ) for the Cu Bi Se, crystals. As shown in Figure 8(b), both dephasing time and
phonon frequency shrink as Cu concentrations increase (x). This indicates that an additional Cu
atom deforms the Se-Bi-Se-Bi-Se chain in Cu Bi Se, crystals. Furthermore, the lattice constant
of c-axis increases slightly with increasing Cu concentrations [Figure 8(b)], implying that the
QL chain in Cu Bi,Se, is stretched by introducing Cu atoms. Thus, the scenario of stretching
the QL chain length is that the Cu atoms (form a mediated layer) are intercalated between QLs
to strengthen the interaction between QLs. Moreover, the QLs are further deformed by these
intercalated Cu atoms.

4.3. Intraband relaxations in topological insulators

The femtosecond snapshots of the relaxation processes and Dirac fermion-phonon coupling
strength of 3D TI Bi,Se, were revealed by OPMP spectroscopy [26]. In this study, several selected
Bi,Se, single crystals withawiderange of carrier concentrations (1) from 51.5x10"t0 0.25x 10" cm™
were studied. Table 1 summarizes the doping levels of samples (#1: n = 51.5 x 10'® cm™, #2:

Code EE e point Carrier concentration et d)
(meV) e e
(10" cm™) (10* cm™)
#1 422 -51.5+0.84 -1.45 0.11
#2 325 -13.9+0.26 -0.83 0.20
#3 284 -5.58 +0.25 -0.72 0.35
#4 260 -0.25+0.01 -0.47 0.89

Table 1. Fermi energy and carrier concentrations of bulk and surface states of various Bi,Se, single crystals. All samples
are n-type. “d =23.5 nm” is the penetration depth of 800 nm pumping light.
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n=13.9x10% cm, #3: n=5.58 x 10" cm™, and #4: n=0.25 x 10'® cm™). The OPMP spectra and the
corresponding ARPES images of the samples are shown in Figure 9(a) and (b) [26]. The OPMP
spectra clearly show a positive AR/R peak for high > 13.9 x 10" cm™ (Bi,Se, #1 and #2). In con-
trast, this positive peak gradually diminishes as 1 decreases, while an additional negative peak
appears for the cases of n="5.58 x 10'® cm™ and n = 0.25 x 10" cm™.

Based on the ARPES image and the energy band structure of TI Bi Se,, a model is proposed
[in Figure 10(a)] for the optical pumping (1.55 eV) and mid-infrared probing processes to elu-
cidate the origins of both positive and negative signals. The band gap of Bi,Se, is ~300 meV,
as shown in the ARPES images of Figure 9(b), which is much larger than the probe photon
energy (87~153 meV) of the mid-infrared (mid-IR). Thus, it does not allow the occurring of
the interband transitions between the valence band (VB) and the conduction band (CB) of
the bulk. Meanwhile, the free-carrier absorption in the CB [the probe (1) in Figure 10(a)] and
Dirac cone surface state [the probe (2) in Figure 10(a)] will dominate the probe processes,
which can be assigned to the positive and negative peaks in AR/R, respectively. To reveal the
physical meanings of the positive peak in AR/R, the photon energy dependence of AR/R for #1
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Figure 9. Carrier concentration (1) dependence of the transient changes in reflectivity AR/R in Bi,Se, single crystals. (a)
AR/R of samples #1 (n = 51.5x10" cm?®), #2 (n = 13.9x10"™ cm™), #3 (n = 5.58x10'"® cm™®), and #4 (n = 0.25x10'"® cm™®) with a
fluence of 34 pJ/cm? for pumping and a photon energy of 141 meV for probing. (b) ARPES images on samples of (a) [26].
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Figure 10. Schematic energy band structure and photon energy-dependent AR/R in a bulk state. (a) Schematic band
structure of TIs based on the ARPES images in Figure 9(b) and the pump-probe processes. CB: Conduction band, VB:
Valence band, SS: Surface state. R & R : The circumferences of initial/final states in Dirac cone for probing. (b)
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With a fluence of 38 pJ/cm? for pumping, the AR/R of Bi,Se, #1 at various photon energies (wavenumber) from 87 to
153 meV (700-1234 cm™). Inset: The Fourier transform infrared (FTIR) reflectance spectrum of Bi,Se, #1. The gray area
indicates the range of the mid-IR photon energy used in this study [26].

sample is studied and shown in Figure 10(b). Clearly, AR/R gradually changes from positive
to negative as decreasing the photon energy. At around 136 meV (1100 cm™), it appears that
intermediate signals mixed with both positive and negative peaks, corresponding to deep in
the Fourier transform infrared (FTIR) reflectance spectrum [the inset of Figure 10(b)]. The
excited carriers after pumping suffer the so-called intervalley scattering, leading to the red
shift of the reflectance spectra. Thus, the reflectivity increases as a function of time when prob-
ing photon energy is higher than the position of the 136 meV deep. In contrast, the reflectiv-
ity decreases as a function of time when probing photon energy is smaller than the 136 meV
deep. Similar results were also observed in a typical semiconductor n-type GaAs [23].

As found in Figure 9 and Table 1, the amplitude of positive peak in AR/R gradually decreases as
bulk carrier concentrations reduce. Meanwhile, the negative peak of AR/R increases while reduc-
ing the bulk and surface carrier concentrations. Intriguingly, the negative peak increases substan-
tially with an increasing ratio of the surface to total carrier concentration [n_ . /(1 +1, ,d)
in Table 1], implying a close relation between the negative peak of AR/R and Dirac fermions. In

surface
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addition, Figure 11(a) shows the AR/R signal as a function of the pumping fluences. The posi-
tive peak exhibits a stronger dependence on the pumping fluences than the negative peak does.
For a pumping fluence of 3.3 pJ/cm? the maximum photo-induced carrier density An is around
2.54 x 10" cm. Indeed, if one absorbed photon generates one photo-induced carrier, the maxi-
mum photo-induced carrier density can be estimated by An = (1-R)xF/(Ex5), where R = 0.55 is the
reflectance, F = 3.3 pJ/cm? is pumping fluence, E =2.48 x 10" J (= 1.55 eV) is the pumping photon
energy, 0 = 23.5 nm is the penetration depth. Consequently, the negative peak still subsists at the
low pumping fluence of 3.3 pJ/cm, while the positive peak almost vanishes [see Figure 11(b)].
Namely, the process (1) associated with the positive peak can be suppressed and the process (2)
associated with the negative peak can be preserved by reducing the pumping fluences. To quan-
titatively certify the relation between the negative peak and Dirac fermions, the amplitude of the
negative peak dependence of probing photon energy is studied using low n samples #3 and #4 to
avoid disturbance of the positive peak [Figure 11(b)]. According to Fermi’s golden rule, the ampli-
tude of the negative peak should be proportional to the transition probability (T,,) between the
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Figure 11. Pumping fluence and photon energy dependence of AR/R and its amplitude and rising (decay) time in the
surface state. (a) With probing photon energy of 141 meV, the AR/R of Bi,Se, #4 at various pumping fluences from 3.3 to
105 pJ/em?. (b) With pumping fluence of 3.3 uJ/cm?, the AR/R of Bi,Se, #4 at various photon energies from 90 to 152 meV.
(c) The photon energy dependence of negative peak amplitude of AR/R in (b). The photon energy-dependent normalized
absorption probability [dashed line, i.e. R, ;. xR, . in Figure 10 (a)] of the mid-IR probe beam in the Dirac cone. (d)

Dirac f Dirac

The photon energy dependence of the rising time (7 ) and decay time (7 ;) of AR/R in (b) [26].
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initial and final density of states in the Dirac cone. Indeed, in Figure 11(c), the R |, xR, pres-
ents linear relation with probing photon energy, reflecting the proportional relation to the transi-
tion rate between the initial and final density of states for the mid-IR probe process (2) in the Dirac
cone [Figure 10(a)]. This confirms that the negative peak of AR/R is predominantly attributed to
the mid-IR probe process (2) in the Dirac cone. Consequently, the ultrafast dynamics of the Dirac
fermions can be clearly disclosed by the negative peak of AR/R.

As shown in Figure 11(d), both rising time (7 ) and decay time (7,) of the negative peak of
AR/R strongly depend on the probing photon energy. The 7, becomes longer when the probed
regime is closer to the Dirac point (or smaller probing energy). The ultrafast relaxation pic-
ture for Dirac fermions in TIs can be established. The major process right after the 1.55 eV
pumping is that the carriers in the bulk valence band (BVB) are excited to the bulk conduc-
tion band (BCB). The carrier recombination between the BCB and BVB can be ignored in this
study because of the large timescale (typically >> 1 ns) for such a process. Consequently,
the unoccupied states in BVB would mainly be refilled by carriers in the upper Dirac cone.
Carriers in the Dirac cone can be easily transferred into the unoccupied states in BVB due to
the overlapping between the Dirac cone and BVB [see Figure 9(b)], leading to the increase in
the number of the unoccupied states near the Dirac point and thus enhancing the absorption
channel for process (2) in the Dirac cone [Figure 10(a)]. Therefore, the reflectivity of the mid-
IR probing light decreases within 1.47~3.60 ps, that is, the rising time of the negative peak in
Figure 11(b) and (d). Once the carriers in the Dirac cone relax into BVB, the excited carriers
in the BCB are subsequently injected into the unoccupied states in the Dirac cone to diminish
the absorption channel for the mid-IR process (2) [Figure 10(a)] and consequently lead to the
increased mid-IR reflectivity within 14.8~87.2 ps. The timescale (7,) of this process is several
tens of picoseconds, which is much longer than the 7_of several picoseconds, because the car-
riers in BCB cannot directly transfer into the top of the Dirac cone without overlaps occurring
between them and other auxiliaries, for example, phonons.

The relaxation of Dirac fermions has been demonstrated via phonon medium [38, 39]. The
coupling strength (A) between Dirac fermions and phonons varies at different positions of
the Dirac cone, which can be revealed from the photon energy-dependent rising time. Based
on the second moment of the Eliashberg function [40], the coupling strength (A) is inversely
proportional to the relaxation time (7,) of excited electrons:

M) « + )

e

where w is the phonon energy which couples with the electrons. For the estimate of (v?,
some vibrational modes are more efficiently coupled to Dirac fermions than the others. For
Bi,Se, the symmetric A} mode of ~8.9 meV is coherently excited by photoexcitation and effi-
c1ently coupled. Takmg 7, =17, in Figure 11(d) and T =370 K (obtained from [32] at the afore-
mentioned low pumping ﬂuence) to estimate the coefﬁc1ent of (nk,T/3n) in Eq. (2), photon
energy dependence of the Dirac fermion-phonon coupling strength is A =0.08-0.19. The Dirac
fermion-phonon coupling strength measured by the present OPMP becomes significantly
smaller near the Dirac point (the point of K =0). As getting closer to the Dirac point, Dirac
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fermions will possess a weaker coupling with the phonons to reduce the scatterings with pho-
nons. In addition, the effective mass of Dirac fermions in the surface state gradually decreases
when approaching the Dirac point, which is consistent with the results in graphene [9].

5. Conclusion

We report the ultrafast dynamics of carriers and phonons in topological insulator Bi,Se,
CuBi,Se, (x =0, 0.1, 0.125) single crystals. By time-resolved pump-probe spectroscopy, one
damped fast oscillation was clearly observed in the transient reflectivity changes (AR/R) for
Cu,Bi,Se,, which is assigned to the coherent optical phonon (4}). The frequency of 4; phonon
decreases considerably with increasing Cu contents, suggesting the intercalation of Cu atoms
between quintuple layers of Bi,Se,. The schematic illustration of the direct transitions and
subsequent relaxation processes induced by optical excitation in Bi,Se, single crystals is also
reported here. The femtosecond snapshots of the relaxation processes were revealed by opti-
cal pump and mid-infrared probe spectroscopy. Especially, the Dirac fermion dynamics in the
Dirac cone surface state near the Dirac point of Bi,Se, was unambiguously revealed through
the negative peak of AR/R. The Dirac fermion-phonon coupling strength was found in range
of 0.08-0.19 and the strength is reduced as getting closer to the Dirac point. These results are
extremely crucial to the design of Dirac fermion devices and optoelectronics, especially in the
mid-IR and THz ranges.
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