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Abstract

Light-Matter Interactions in Thin-Film Materials and their Optoelectronic Applications

Chen Chen

2022

Thin-film layered and traditional materials exhibit distinctive physics properties from their bulk
counterparts. Thin-film materials bridge the gap between monolayer two-dimensional (2D)
materials and bulk materials and possess the advantages of both, e.g., large tunability and high
stability. However, recent research efforts focus on physical properties of monolayer 2D
materials while state-of-art commercialized device applications are dominated by conventional
bulk materials. Therefore, great potentials remain unexplored in thin-film materials, which host
novel physics phenomenon and are promising for advanced device applications. In this thesis, we
investigate the fundamental light-matter interaction properties of the thin-film materials and

further demonstrate thin film devices for optoelectronic applications.

The light-matter interactions in thin-film materials exhibit many fascinating physical properties.
We first report symmetry-controlled electron-phonon interactions in strong-coupled thin-film
layered materials/silicon dioxide (SiO2) vdWs heterostructures. Two optically silent Raman
modes in amorphous SiO. are activated by coupling with electronic transitions in thin-film
layered materials, where the chirality and anisotropy are controlled by intrinsic electronic band
properties of layered materials. In addition, Raman mode in honeycomb lattice can acquire
unique chirality due to its pseudoangular momentum (PAM). We discuss a reduced chirality of

Raman G mode with increasing layer number of the honeycomb graphene and hBN, suggesting



that the interlayer interaction can significantly influence the symmetry of lattice vibration.
Finally, we report a novel valley-selective linear dichroism in thin-film Tin Sulfide (SnS) with
orthorhombic lattice. We observe two photoluminescence (PL) peaks, arising from band-edge
optical interband transitions from two inequivalent valleys in SnS. The PL emission from I'-X (YY)

valley is completely x (y)-polarized.

Thin-film materials also exhibit great potential for mid-infrared light generation, modulation and
detection applications. We first report the PL properties of thin-film black phosphorus (BP),
whose brightness is comparable to that of an indium arsenide multiple quantum well (MQW)
structure. Remarkably, with a moderate displacement field up to 0.48 V/nm, the PL emission
from a ~20-layer BP flake is continuously tuned from 3.7 to 7.7 um, spanning 4 gm in mid-
infrared spectral range. Our work provides a comprehensive understanding of mid-infrared light
emission properties of thin-film BP, suggesting its promising future in mid-infrared tunable light
emitting and lasing applications. In addition, we demonstrate an ultrafast microbolometer for
mid-infrared light detection based on ultrathin silicon nanomembrane. In this device, a small heat
capacity of approximately 1.9 x 1071 J /K is achieved, which allows for its operation at a speed
of over 10 kHz, around 100 times faster than commercial bolometers. Moreover, a compact
diabolo antenna is leveraged for efficient mid-infrared light absorption, enabling the downscaling
of the active area size to 6.2 um by 6.2 um. Due to its CMOS compatible fabrication processes,

our demonstration may lead to the future high-resolution and high-speed LWIR imaging solution.
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1. Introduction

1.1 Light-matter interactions in layered two-dimensional (2D) materials

The emergence of two-dimensional (2D) materials (1-7) provides an exceptional platform for
investigating fundamental physics (8-17) and device applications (18-28). Due to the strong
guantum confinement perpendicular to the 2D plane (29), 2D materials exhibit distinctively
different physics properties from their bulk counterparts (30-33). Moreover, 2D materials can
cover almost the entire electromagnetic spectrum from ultraviolet to radiowaves, as shown in Fig
1.1 (19). Due to the diversity of electronic band properties, different 2D materials can interact
with photons of different photon energy, enabling their optoelectronic and photonic applications

in different spectrum regions.
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Fig 1.1 Electromagnetic spectrum from ultraviolet rays to radiowaves covered by representative 2D
materials (hBN, TMDs, BP and graphene) with their atomic structure, bandgap and band structure.
Adapted with permission from ref. (19) Copyright 2014, Springer Nature.



The light-matter interactions in 2D material are dominated by its bandgap, since it intrinsically
determines the spectrum region that can interact with the 2D material. Fig 1.1 exhibits the band
structure and the bandgap of some representative 2D materials (19). For example, hexagonal
boron nitride (hBN) is an insulator with a large bandgap of ~ 6 eV (34, 35), making it a good
dielectric material (36). Due to its wide bandgap, the light emitting applications mainly arise
from the single photon emission leveraging defect levels (37-39). The transition metal
dichalcogenides (TMDs), in contrast, exhibits significantly smaller bandgap ranging from 1.0 eV
to 2.5 eV (40, 41). Therefore, TMDs-based photodetectors (42, 43) and light emitting diodes
(LEDs) (44, 45) have been demonstrated in visible and near-infrared spectrum region (46, 47). In
addition, the black phosphorus (BP) exhibits a moderate bandgap of ~ 0.3 eV in its bulk form
(>10 layers) (48). The bandgap of BP can be widely tunable by varying its layer number (31, 49,
50) or applying an external displacement field (51-53), making BP an appropriate candidate for
mid-infrared applications (54-56). Finally, graphene is a zero bandgap Dirac semimetal (30),
providing great possibility for light harvesting in longer wavelength region from terahertz to

radiowaves (57, 58).

Besides the bandgap, many other factors can have a profound impact on light-matter interactions
in 2D materials, giving rise to novel physics phenomena. One exceptional example is the lattice
structure and corresponding lattice symmetry. For example, bilayer graphene (30), TMDs (59)
and hBN (60) have 2D honeycomb lattice structure as shown in Fig 1.1, which exhibits an in-
plane C3 symmetry (61). There are two energy degenerate but inequivalent valleys at K+ and K-
point in electronic band structure of honeycomb lattice, as illustrated in Fig 1.2a (62, 63). The
K+ (K-) valley can be selectively pumped by right (left)-circularly polarized photons, giving rise

to novel physics phenomena such as valley-selective circular dichroism (Fig 1.2b) (64-66),



topological valley transport (Fig 1.2c) (67-69) and valley hall effect (Fig 1.2d) (70, 71). In
contrast, BP has orthorhombic lattice structure with reduced lattice symmetry as shown in Fig
1.1, leading to the strong in-plane anisotropy (72). Therefore, BP exhibits distinctively different
light-matter interaction properties when excited by photons of different linear polarization,
giving rise to highly anisotropic Raman modes (Fig 1.3a) (73, 74), optical absorption (Fig 1.3b)

(75, 76), excitons (Fig 1.3c) (31, 77) and photodetectivity (Fig 1.3d) (55, 78).
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Fig 1.2 (a) The electronic band structure of MoS,. K- and K+ represent the two degenerate but

1.8eV

inequivalent valleys. Adapted with permission from ref. (146) Copyright 2012, Springer Nature. The
schematical illustration of (b) valley selective circular dichroism in MoS,. Adapted with permission
from ref. (62) Copyright 2012, American Physical Society. (c) topological valley transport in
graphene. Adapted with permission from ref. (69) Copyright 2015, Springer Nature. (d) valley hall
effect in MoS,. Adapted with permission from ref. (70) Copyright 2014, American Association for the

Advancement of Science.
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Fig 1.3 (a) The anisotropic Raman spectrum of BP. Adapted with permission from ref. (73) Copyright
2015, The Royal Society of Chemistry. (b) The anisotropic infrared extinction spectrum of BP.
Adapted with permission from ref. (75) Copyright 2010, American Chemical Society. (c) The
anisotropic PL spectrum of monolayer BP. Adapted with permission from ref. (77) Copyright 2015,
Springer Nature. (d) The anisotropic photocurrent in dual hBN/BP/hBN device under different
displacement field at incident wavelength of 5 um. Adapted with permission from ref. (55) Copyright
2017, Springer Nature.

The light-matter interactions in 2D materials can also be significantly influenced by interlayer
interaction and electron-phonon coupling. The interlayer interaction can modify the electronic
band structure of layered 2D materials, and accordingly affect the light-matter interaction

properties (30-33). For example, a direct-to-indirect bandgap transition is demonstrated from

monolayer Molybdenum disulfide (MoS;) to its multilayer counterpart due to the interlayer



interaction, as illustrated in Fig 1.4a (32, 33). Therefore, the photoluminescence (PL) emissions
from few-layer and bulk MoS; are significantly quenched compared with its monolayer
counterpart, as exhibited in Fig 1.4b (32, 33). In addition, the photon excited electrons in 2D
materials can strongly interact with phonons, leading to many intriguing optical phenomena (79-
81). For example, the optically silent ZO phonon mode in hBN can be activated by the electronic
resonance in Tungsten diselenide (WSez) in hBN/WSe> heterostructure as illustrated in Fig 1.4c
(82). In consequence, emerging Raman peaks are observed in resonant emission spectrum of the

heterostructure, as shown in Fig 1.4d (82).
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Fig 1.4 (a) The electronic band structure of bulk, quadrilayer, bilayer and monolayer MoS,. Adapted

with permission from ref. (32) Copyright 2010, American Chemical Society. (b) The PL spectrum of

bulk, quadrilayer, bilayer and monolayer MoS, normalized to Raman intensity. Adapted with

permission from ref. (32) Copyright 2010, American Chemical Society. (c) The schematic illustration

of the electron-phonon coupling in WSe,/hBN heterostructure. Adapted with permission from ref. (82)
Copyright 2016, Springer Nature. (d) Resonant Raman spectrum of WSe,/hBN heterostructure.
Adapted with permission from ref. (82) Copyright 2016, Springer Nature.



1.2 Mid-infrared optoelectronic applications of layered 2D materials

The distinguished light-matter interaction properties in various 2D materials give rise to their
unique optoelectronic applications. The investigations on 2D material based optoelectronic
devices have been more extensively focused on visible and near-infrared spectrum region due to
more appropriate candidates, e.g., TMDs (46, 47), monolayer and few-layer BP (83, 84) and
Group-1V monochalcogenide (85, 86). For example, so far 2D material-based LEDs and lasers
have only been demonstrated in visible and near-infrared by TMDs-based p-n junctions (44, 45)

and by TMDs (87) and BP (88) embedded in photonic crystal cavity, respectively.

However, mid-infrared technology is important since this spectral region hosts many important
applications such as thermal imaging (89-92) and molecular sensing (93, 94). The thin-film BP
has a moderate bandgap of ~0.3 eV in its multilayer form (>10 layers) (48), making it an
appropriate candidate for mid-infrared optoelectronic applications (54-56). Accordingly, a BP-
based mid-infrared photodetector is demonstrated at 3.39 um with a high external responsivity of
82 A/W and a moderate operational bandwidth up to kHz, as shown in Fig 1.5a and Fig 1.5b
(78). In addition, the bandgap of thin-film BP (~20 layers) can be efficiently tuned by an external
electric field, which extends its operational spectral wavelength (51-53). On this basis, a widely
tunable mid-infrared photodetector is realized in a dual-gate hBN/BP/hBN device, as shown in
Fig 1.5¢ (55). The detection limit is extended up to 7.7 um, far above the intrinsic capacity of
pristine BP (Fig 1.5d) (55). However, BP suffers from poor air stability (95, 96) and therefore,

well-established passivation technology is compulsory for its practical applications (97, 98).
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Fig 1.5 (a) The schematic image of the BP-based mid-infrared photodetector device. Adapted with
permission from ref. (78) Copyright 2016, American Chemical Society. (b) Incident power
dependence of responsivity at source-drain bias voltage of 100 and 500 mV. Adapted with permission
from ref. (78) Copyright 2016, American Chemical Society. (c) The schematic image of the dual-gate
hBN/BP/hBN heterostructure device. Adapted with permission from ref. (55) Copyright 2017,
Springer Nature. (d) Photocurrents versus displacements fields at the incident wavelength of 5 and 7.7
pm. Adapted with permission from ref. (55) Copyright 2017, Springer Nature.

Meanwhile, the zero bandgap makes graphene intrinsically possible to interact with photons over
the entire spectrum, giving rise to its potential for mid-infrared device applications (99-102).
However, the light-matter interactions in mid-infrared is extremely weak in monolayer graphene

due to the Pauli blocking (103, 104). Extensive efforts have been devoted to enhancing the mid-
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Fig 1.6 (a) The schematic image of the graphene-disk plasmonic resonator device. The graphene
nanodisks are connected by quasi-1D graphene nanoribbons. Adapted with permission from ref. (99)
Copyright 2018, Springer Nature. (b) Infrared extinction spectrum of the graphene-disk plasmonic

resonator with excitation polarization perpendicular to nanoribbons. Adapted with permission from

ref. (99) Copyright 2018, Springer Nature.

infrared light-matter interactions in graphene and much research progress has been achieved in
engineered graphene plasmonic nanostructures (105-107). By tuning the width and Fermi level
of graphene nanoribbon arrays, significant enhancement of mid-infrared optical absorption has
been realized. On this basis, mid-infrared light detection have been demonstrated in graphene
plasmonic devices. Fig 1.6a and Fig 1.6b show the schematic and infrared extinction spectra of
an established graphene microbolometer, respectively (99). The optical absorption has been
prominently improved to ~10% compared to ~ 1% in unpatterned monolayer graphene (108).
Remarkably, the graphene microbolometer exhibits a high operational bandwidth up to GHz (99).

However, graphene based mid-infrared detectors are still at early stage of fundamental research



and their sensitivity are not competitive with state-of-art commercialized photon and thermal
detectors. Therefore, more investigations are required before 2D material based mid-infrared

optoelectronic devices can be employed for future commercial applications.
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Fig 1.7 (a) The schematic image of intersubband laser transition in the conduction band of a
typical MQW structure. Adapted with permission from ref. (111) Copyright 2012, Springer
Nature. (b) Infrared absorbance spectrum of a GaAs QW structure with/without an external electric

field of 36 kV/cm. Adapted with permission from ref. (115) Copyright 1987, AIP Publishing.



1.3 Mid-infrared optoelectronic applications of conventional semiconductors

The commercialized mid-infrared optoelectronic applications are still dominant by conventional
semiconducting materials (e.g., 111-VV compounds) based devices due to their high efficiency and
sensitivity. Moreover, the well-developed fabrication technology gives rise to their advantages of

high yield, large-scale production and low cost.

On the one hand, mid-infrared light generation mostly arises from the intersubband transitions in
multiple-quantum-well (MQW) structures (109, 110). Fig 1.7a exhibits the schematic illustration
of intersubband laser transition in the conduction band of a typical MQW structure (111). On this
basis, quantum cascade lasers (QCL) have been demonstrated and widely applied for
commercialized mid-infrared light generation and pumping applications (111-113). In addition,
the intersubband transitions from MQW structure can be slightly modulated by an external
electric field due to optical stark effect (114), demonstrated by infrared absorption spectra shown
in Fig 1.7b (115). However, the wavelength modulation is mostly less than 1 pum since the

maximum applied electric field in MQW structure is limited.

On the other hand, mid-infrared light detection has mainly been realized by photon detectors and
thermal detectors based on conventional bulk materials (116-118). The light sensing of photon
detectors are achieved by direct collection of photon-excited photocarrier and its conversion to
photocurrent, as exhibited in Fig 1.8a (116). Commercialized mid-infrared photon detectors are
based on mercury cadmium telluride (MCT) detectors due to its narrow bandgap (119) and
quantum well infrared photodetectors (QWIP) by its intersubband transitions (120). These
detectors enjoy high sensitivity and high speed but suffer from high dark current at room
temperature, which can only operate at cryogenic temperature. Moreover, photon detectors

exhibit great challenges in integration with the commonly used complementary metal-oxide-
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Fig 1.8 (a) The schematic illustration of the working mechanism of a p-n photodiode. Adapted with

permission from ref. (116) Copyright 2016, IOP Publishing Ltd. (b) The schematic image of a typical

microbolometer structure. Adapted with permission from ref. (123) Copyright 2017, Institute of

Electrical Engineers of Japan. Published by John Wiley & Sons, Inc.

semiconductor (CMOS) technology and MCT is even toxic. Therefore, photon detectors are not

economic for large-scale applications, which are mostly used in precise instruments and

scientific equipment such as infrared spectrometers (121) and research-level infrared cameras

(122). In contrast, thermal detectors, dominated by microbolometers, can operate at room

temperature with reasonably high sensitivity (123-125). A microbolometer consists of an infrared

light absorber and a temperature sensitive thermistor, as shown in Fig 1.8b (123). The light

detection is realized by probing the resistance variation due to light-induced temperature
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elevation in thermistor. The state-of-art microbolometers exhibit high responsivity with a low
noise equivalent temperature difference (NETD) of ~50 mK, which are widely employed in
thermal imaging applications (123-125). However, further improvement of the microbolometer
performance has been hindered by challenges in decreasing its high thermal constant time (~10
ms) and downscaling of the pixel size (~10 um) (123-125). Therefore, exploring new technology

to overcome these challenges is highly desired for future microbolometer applications.

1.4 The outline of the thesis

In this thesis, we study the light-matter interactions in thin-film materials including both thin-
film layered materials (graphene, hBN, TMDs, BP) and ultrathin conventional materials (silicon)
and investigate their optoelectronic applications in mid-infrared. The light-matter interaction
properties in thin-film layered materials are significantly influenced by the electronic band
properties, lattice symmetry, electron-phonon coupling and van der Waals (vdWs) interlayer
interactions. We uncover many intriguing physics phenomena and provide new insight into
microscopic mechanisms of light-matter interactions in this material system. Moreover, due to
the moderate thickness, thin-film materials can combine the desirable properties of strong light-
matter interactions, high tunability and low thermal capacity. By engineering these features, we

realize device applications for mid-infrared light generation, modulation and detection.

In Chapter 2, we study the light-matter interaction properties in thin-film 2D materials, which is
divided into three sub-chapters. The electron-phonon interaction can have a profound influence
on the light-matter interaction properties in thin-film 2D materials. In Chapter 2.1, we discover

symmetry-controlled electron-phonon interactions in strong coupled 2D material/silicon dioxide
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(SiO2) vdWs heterostructures. We show that two optically silent Raman modes from amorphous
SiO», can be activated through coupling with the electronic transitions in 2D materials. We find
the Raman emissions indicate distinctively different polarization characteristics for coupled 2D
materials with different lattice symmetry. By tuning the coupling strength in strongly coupled
TMDs/SiO», we reveal that phonons from SiO- can effectively participate in excitonic intervalley
scattering and valley depolarization process in TMDs. We demonstrate that the Raman modes
activated by electron-phonon coupling can reflect the physical properties of electronic transitions
in 2D materials. Our discovery provides a universal scheme of investigating the electronic band
properties and optical selectivity in atomically thin materials. Part of Chapter 2.1 is adapted with
the permission from the ref. (126), Chen, Chen, et al. "Symmetry-Controlled Electron—Phonon
Interactions in van der Waals Heterostructures.” ACS nano 13.1 (2018): 552-559. Copyright
2019, American Chemical Society. In addition, the interlayer interaction can also significantly
influence the light-matter interactions in thin-film 2D materials, which exhibits distinguished
characteristics from their monolayer counterpart. In Chapter 2.2, we report a new strategy for
probing the interlayer interaction via chiral phonons in layered honeycomb materials. We show
that the Raman G mode in graphene and hBN exhibits reduced phonon chirality with increasing
layer number, evidenced by the decreasing polarization degree of the Raman signal in helicity-
resolved measurements. We introduce interlayer coupling terms to the fundamental Raman
tensor to account for the effect of coupling and simulate the evolution of the phonon chirality by
Raman tensor calculation. Our observation reveals that the interlayer interaction plays a crucial
role in the lattice symmetry in thin-film 2D honeycomb lattice. Part of Chapter 2.2 is adapted
with the permission from the ref. (127), Chen, Chen, et al. "Probing interlayer interaction via

chiral phonons in layered honeycomb materials." Physical Review B 103.3 (2021): 035405.
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Copyright 2021, American Physical Society. Finally, the light-matter interaction properties in
thin-film 2D materials are dominated by its lattice symmetry and electronic band properties, e.g.,
the valley physics. So far, explorations on valley physics have been extensively advanced but
limited to 2D honeycomb lattice. In Chapter 2.3, we report the valley-selective linear dichroism
of PL in layered thin-film Tin Sulfide (SnS) with reduced lattice symmetry and uncover its
unique valley-related optical transition rules. We observe two emission peaks in its PL spectrum,
which show a perfect but orthogonal linear dichroism, subject to the corresponding optical
transition rules in two valleys. We further confirm the valley-selective linear dichroism by
polarization-dependent optical absorption spectra. Our work opens up a new material system for
valleytronic applications. Part of Chapter 2.3 is adapted with the permission from the ref. (128),
Chen, Chen, et al. "Valley-selective linear dichroism in layered tin sulfide." ACS Photonics 5.9

(2018): 3814-3819. Copyright 2018, American Chemical Society.

In Chapter 3, we investigate the mid-infrared optoelectronic applications of thin-film materials,
which is divided into two sub-chapters. Though thin-film BP shows various intriguing properties,
the investigation on its mid-infrared light emission properties is rare. In fact, its moderate band
gap of 0.3 eV and wide tunablity under external displacement field make it ideal for mid-infrared
light generation and modulation applications. We leverage these properties to explore its possible
applications in widely tunable mid-infrared light emitting diodes and lasers. In Chapter 3.1, we
demonstrate the bright and widely tunable PL emissions from thin-film BP. We observe a bright
PL at 2485 cm™ in ~46-nm thick BP at 80 K, indicating a bandgap of 0.308 eV. We reveal that
such PL emission is quite strong, which is only seven times less bright than that of an InAs
MQW sample. We also study the temperature and layer number dependence of PL emission,

which provides a comprehensive understanding of the band properties in thin-film BP. Moreover,
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we realize the widely tunable mid-infrared PL emissions from dual-gate hBN/BP/hBN devices.
The emission peak from a ~10.5-nm thick BP flake can be continuously tuned from 3.7 to 7.7
um with a moderate displacement field up to 0.48 V/nm, covering a broad spectral range in mid-
infrared. Together with theoretical analysis we show that the radiative decay probably dominates
over other nonradiative decay channels in thin-film BP. Part of Chapter 3.1 is adapted with the
permission from the ref. (129, 130), Chen, Chen, et al. "Bright mid-infrared photoluminescence
from thin-film black phosphorus.” Nano letters 19.3 (2019): 1488-1493. Copyright 2019,
American Chemical Society, and from Chen, Chen, et al. "Widely tunable mid-infrared light
emission in thin-film black phosphorus.” Science advances 6.7 (2020): eaay6134, Copyright
2020, the authors, some rights reserved; exclusive licensee American Association for the
Advancement of Science. Meanwhile, the commercialized mid-infrared light detection at room
temperature mainly relies on microbolometers. The development of state-of-art microbolometers
is limited by its low operational speed and difficulty in downscaling the pixel size. In Chapter 3.2,
we demonstrate an ultrafast microbolometer based on a 220 nm-thick single-crystalline silicon
nanomembrane with a subwavelength pixel size for mid-infrared light detection. We utilize the
ultra-thinness of the silicon nanomembrane to achieve an ultra-small C, based on which the
of the bolometer has been reduced by over 500 times compared to that of commercialized ones.
We design an ultracompact cross diabolo antenna as an infrared absorber, which allows for the
realization of the subwavelength bolometer with active area pixel size of only 6.2 um by 6.2 um.
Moreover, we implement a titanium (Ti)-Si-Ti structure on the silicon nanomembrane as the
temperature sensitive resistor of the bolometer, which exhibits a high TCR of ~5%/K and a
resistance of ~100 kQ. We achieve an extrinsic responsivity of 114 mA/W at the wavelength of

12.2 um, resulting in a calculated NETD value of 518 mK in demonstrated microbolometer. Part
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of Chapter 3.2 is adapted with the permission from the ref. (131) Chen, Chen, et al. "Ultrafast
Silicon Nanomembrane Microbolometer for Long-Wavelength Infrared Light Detection.” Nano

Letters 21.19 (2021): 8385-8392. Copyright 2021, American Chemical Society.

In Chapter 4, we provide our outlook on future development of mid-infrared technology based
on thin-film materials and discuss some possible future works that worth exploration. In Chapter
4.1, we discuss the advantages of thin-film materials for mid-infrared optoelectronic applications
in reference to our works presented in Chapter 3. In Chapter 4.2, we discuss some possible future
works for mid-infrared applications of thin-film materials and present some preliminary results.
The Chapter 4.2 is divided into two sub-chapters. In Chapter 4.2.1, we investigate the potential
of thin-film graphite based plasmonic device for mid-infrared light detection. We show that both
the mid-infrared optical absorption and the TCR take advantages over its monolayer or few-layer
CVD graphene counterpart. In Chapter 4.2.2. we explore the possibility of thin-film Tellurene
(Te) as an appropriate substitute of BP for mid-infrared light emitting applications due to its

outstanding air stability.

In Chapter 5, we provide a summary of the thesis.
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2. Light-matter interaction in layered 2D materials

2.1 Probing the lattice symmetry of layered 2D materials via electron-phonon coupling in

2D materials/SiO2 heterostructures
2.1.1 Motivation

The rise of the 2D materials provides an extraordinary platform for investigating the light-matter
interactions since their bandgaps can cover the entire spectrum region from ultraviolet rays to
radiowaves (19). Besides the bandgap, the band structure, determined by the lattice structure and
lattice symmetry of 2D materials, can also significantly influence light-matter interactions and
bring about many intriguing physics phenomena (30, 59, 60, 72). The band properties arising
from the lattice geometry can be investigated by PL spectroscopy. For example, the PL from BP
(49, 77) and Germanium Sulfide (GeS) (132) with orthorhombic lattice exhibits strong in-plane
anisotropy. In contrast, the PL from TMDs and hBN with honeycomb lattice shows circular
polarization (64-66, 133). The distinct PL properties arise from the optical transition rule (31, 62,
63, 77), subjective to the momentum and angular momentum conservation rule of photons and
photon-excited electron-hole pairs at the band edge of 2D materials. However, most 2D materials
do not exhibit observable PL emissions due to their indirect bandgap and prevalent non-radiative
recombination channels (134). Therefore, a more universal scheme is highly desired to probe the

lattice structure and corresponding band properties in 2D materials.

Notably, the electron-phonon interaction can significantly influence the light-matter interaction
properties in vdWs heterostructures (79-81). Recently, control of electron-phonon coupling was
realized in WSe2/hBN heterostructures (82), in which Raman-silent phonon modes in hBN were

activated through coupling with resonant electronic transitions in WSe,. Due to the crystalline
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structure of hBN, the geometry of activated Raman modes was still subjected to its intrinsic
lattice symmetry. However, this work provides a new perspective that the electron-phonon
interaction can be applied to probe light excited electron-hole pairs and therefore, reveal the band
properties of the 2D materials. Here, we observed strong electron-phonon interactions in
engineered 2D material/SiO> vdWs heterostructures. Two emerging Raman modes from
amorphous SiO2, which are originally Raman silent, are activated through the coupling between
phonon modes of SiOz and the electronic transitions in 2D materials. Since the Raman modes
arise from amorphous SiO», they do not inherit intrinsic lattice symmetry property. Therefore, it
is possible that the Raman modes can inherit the properties of electronic transitions in 2D

materials and reveal their band properties and lattice symmetry.

2.1.2 Fabrication of the strong-coupled 2D materials/SiO2 heterostructures

Three classes of 2D materials were chosen for constructing the 2D material/SiO» heterostructures,
including the TMDs with honeycomb lattice structure (monolayer and bilayer Tungsten disulfide
(WSy)), few-layer metal phosphorus trichalcogenides (MPTs) with honeycomb lattice structure
(less than five layers manganese phosphorus triselenide (MnPSes) and iron phosphorus trisulfide
(FePSs)) (135, 136), and few-layer (less than five layers) BP (75, 76) and Tin Selenide (SnSe)

with orthorhombic lattice structure (137, 138).

The SiO2 on Si substrate was purchased from University Wafer where 285 nm SiO2 was grown
on one side of the Si wafer through the dry oxidation. Before the deposition of the 2D materials,
the SiO./Si substrate was first cleaned by Acetone and followed by Isopropanol both for ten

minutes under sonication to remove the possible organic residue and air-adsorbate. After

18



cleaning process, the SiO2/Si substrate was immediately transferred into the argon-filled glove
box to avoid further contamination from the ambient environment. Then, the atomically thin
(mono- or few-layer) WSy, FePSz, MnPSes, BP and SnSe were mechanically exfoliated onto the
SiO»/Si substrate. The exfoliation of WS, was performed in ambient condition, while FePSs,

MnPSes, BP and SnSe were prepared in glove box to minimize the possible oxidation.

Fig 2.1.1 A photo of the hotplate in the glove box for sample annealing.

To achieve a strong coupling between 2D materials and SiO substrates, we annealed samples
(WS., FePS3, MnPSes and SnSe) at 500 °C for 5 to 30 mins on a hotplate in an argon-filled glove
box (with H20 and Oz concentration below 0.1 ppm), as shown in Fig 2.1.1. Thin BP samples
were annealed at 300 °C in the glove box for 20 mins to prevent degradation due to its instability

at higher temperature. This annealing process has been widely used to realize an enhanced
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coupling strength in vdWSs heterostructures (139, 140). Fig 2.1.2 shows the optical microscope
images of the 2D material/SiO> heterostructures. Then all samples were immediately transferred

to an optical stage and pumped down to 10 Torr for Raman and PL measurements.

Fig 2.1.2 Optical images of strong-coupled 2D materials/SiO, heterostructures. Monolayer WS,,
bilayer WS,, few-layer MnPSe,, FePS,, BP and SnSe were used to construct heterostructures. All

panels: from ref. (126).

2.1.3 The measurement scheme of the Raman spectroscopy

We established a home-made low-temperature micro-Raman/PL measurement system, as shown
in Fig 2.1.3. Fig 2.1.4 exhibits the schematic illustration of the optical system. A 532 nm and
640 nm solid state laser was used as the excitation source, which was focused onto the sample
with a 40x microscope objective. The backscattering emission signal was collected with the same
objective, followed by a notch filter to eliminate the reflected laser lines. The signal was detected

by an Andor Sharmock SR750 Spectrometer equipped with an iDus 420 series CCD camera. To
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Fig 2.1.3 A photo of the home-made low-temperature micro-Raman/PL measurement system.
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Fig 2.1.4 Schematic illustration of the optical measurement system. Red line: Optical path for Raman
and PL measurement. Yellow line: Optical path for absorption measurement. Green line: Optical path

for sample illumination and imaging.
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locate the sample position under the microscope, a Thorlabs MEWHLS5 light emitting diode
(LED) powered by Agilent E3634A DC Power Supply was used to illuminate the sample. The

sample image was detected and exhibited by Thorlabs Zelux™ Compact Scientific Cameras.

Half-wave plate Half-wave plate
690-1200 nm 400-800 nm

N,
160 180

Quarter-wave plate ) Linear Polarizer

Fig 2.1.5 A photo of broadband wave-plates and linear polarizers for polarization-resolved optical
measurements.

The polarization-resolved optical measurements were realized by a combination of broadband
wave-plates and linear polarizers (Fig 2.1.5). Fig 2.1.6a (b) exhibits the schematic illustration of
the circularly (linearly) polarized Raman measurements, respectively. For circularly polarized
helicity-resolved Raman measurements, a combination of linear polarizer and broadband quarter-
wave plate was used to generate o+/c- excitation. The backscattering emission signal went
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through the same quarter-wave plate, and the different circularly polarized components were
analyzed by a combination of broadband half-wave plate and linear polarizer. For linearly-
polarized angular-resolved Raman measurements, a half-wave plate was used to tune the
polarization of the excitation laser. The polarization of emissions was analyzed by a combination

of broadband half-wave plate and a linear polarizer.
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Fig 2.1.6 Schematic illustration of the (a) circularly and (b) linearly polarized optical measurements.

The sample was mounted in Janis ST-500 Microscopy Cryostat (Fig 2.1.7), which is monitored
by a Lakeshore 335 temperature controller for temperature-dependent optical measurements.
This measurement scheme was also applied to the Raman and PL spectroscopy in Section 2.2

and 2.3 without specification.
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Fig 2.1.7 A photo of the sample mounted in Janis ST-500 Microscopy Cryostat.

2.1.4 Emerging Raman modes from 2D materials/SiOz heterostructures

We performed the unpolarized Raman spectroscopy measurements on representative samples of
each class under the excitation photon energy of 2.33 eV and the excitation power of 500 uW at
77K. As shown in Fig 2.1.8a, two prominent Raman peaks were observed in all samples with the
same Raman shifts at 1290 and 1540 cm, respectively. The nature of the Raman modes was
further confirmed by the observation of the same Raman shift under different excitation photon
energy of 1.94 eV (Fig 2.1.8b). The Raman modes from various 2D material/SiO;
heterostructures have the same peak positions, which suggests that the Raman emissions are

determined by the intrinsic phonon properties of SiO,.
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Fig 2.1.8 Unpolarized Raman spectra of strong-coupled 2D material/SiO, heterostructures with FePS,,
bilayer WS, and SnSe as the 2D materials in heterostructures under excitation photon energy of (a)

2.33 and (b) 1.94 eV, respectively. All panels: from ref. (126).
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Fig 2.1.9 (a) Unpolarized Raman spectrum of isolated SiO,/Si substrate and monolayer WS,/SiO,/Si
heterostructure after annealing. (b) Unpolarized Raman spectrum of bilayer WS,/SiO, heterostructure

before and after thermal annealing process. All panels: from ref. (126).
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Fig 2.1.10 (a) Optical micrograph of monolayer WS,/hBN/SiO, heterostructure. (b) Unpolarized
emission spectra of bilayer WS_/hBN/SiO, heterostructure and bilayer WS,/SiO, heterostructure after

30 minutes annealing. All panels: from ref. (126).

The Raman spectra of isolated SiO2 and 2D material/SiO2 heterostructures without annealing
process were then measured, as shown in Fig 2.1.9a and Fig 2.1.9b respectively. The emerging
Raman modes vanished due to the absence of the 2D materials and the weak coupling strength at
vdWs interface. These phenomena suggested that such Raman modes are optically silent in
isolated SiO., while activated due to the presence of the strongly coupled 2D materials. This
argument was further confirmed by performing Raman measurement on an annealed bilayer-
WS2/hBN/SiO: structure. The hBN flake was first exfoliated onto the SiO2/Si substrate and the
monolayer WS, was then transfer onto the hBN flake using the dry transfer approach. As shown
in Fig 2.1.10a, the area of bilayer WS2/hBN/SiO: heterostructure and bilayer WS2/SiO- structure
is respectively marked by blue and red. The Raman peaks completely vanished due to the
minimal coupling between WS> and SiO> with the hBN separation layer, as shown in Fig 2.1.10b.
The slightly different peak positions of PL from monolayer WS, can be attribute to different

dielectric environment due to different substrates. Our complementary experiments discussed
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above indicate that the Raman modes are intrinsic to the strongly coupled 2D material/SiO;
heterostructures. They do not arise from the defects or other chemical bonds and organic
impurities since they are robust and consistent for all strongly coupled heterostructures and

vanish in all heterostructures with weak coupling between 2D materials and SiO».
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Fig 2.1.11 Unpolarized Raman spectra of monolayer WS,/SiO, heterostructure under excitation

photon energy of 2.33 eV and 1.94 eV. All panels: from ref. (126).

To explore the role of electronic transitions in 2D materials in activating Raman-silent phonon
modes, we further performed Raman measurements in monolayer-WS,/SiO; heterostructure with
excitation photon energies of 1.94 eV and 2.33 eV, respectively. The excitation power was 500
MW for both excitation photon energies. The Raman modes were only observed with 2.33 eV
excitation, which is larger than the bandgap of monolayer-WS; (~2.05 eV) (141, 142), while
completely vanished with 1.94 eV excitation, as shown in Fig 2.1.11. This observation
demonstrates that the electronic transition in such 2D materials/SiO2 heterostructures is essential

for activating Raman-silent phonon modes in SiO,. Our Raman measurement on the annealed
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bilayer-WS2/hBN/SiO, structure discussed above also provides strong evidence for the
significance of the electronic transitions. The hBN is an insulator with a bandgap of
approximately 6 eV, significantly larger than the excitation photon energy of around 2 eV.
Therefore, these is no photoexcited electronic transitions in hBN, leading to the vanishing

Raman emissions from the hBN/SiO; heterostructure.

Fig 2.1.12 Schematic of electron-phonon interaction and activation of optically-silent Raman modes in

the 2D material/SiO, heterostructures. All panels: from ref. (126).

Due to the strong electron-phonon interaction between SiO2 and the 2D materials, the phonon
modes in SiO2 can couple with the excited electrons in 2D materials, resulting in the Raman
emissions, as illustrated in Fig 2.1.12. In contrast, for 2D material/SiO2 heterostructures without
annealing, the lattice vibration from SiO cannot couple with transition electrons in 2D materials
efficiently due to the weak coupling strength at vdWs interface. Hence, the electronic Raman

scattering process cannot occur, leading to the vanished Raman modes.
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Fig 2.1.13 Schematic of (a) allowed and (b) forbidden pathways for recombination of phonon coupled

electron-hole pair. All panels: from ref. (126).

The energies of the two Raman modes do not match previous theoretical calculations and
infrared absorption measurements of individual phonon modes in amorphous SiO,. However,
they do match the phonon energies of a two-phonon scattering process in combination of the
rocking (R) mode (446 cm™ ~ 505 cm™), the symmetric stretching (SS) mode (810 cm™ ~ 819
cm?) and the asymmetric stretching (AS) modes (1063 cm™) (143, 144). Our measurements
indicate that the two-phonon scattering process is much more prominent than single-phonon
scattering process. Here we provide an explanation for two-phonon scattering dominated
electronic Raman scattering from the perspective of momentum conservation. The emission of
the Raman photons arises from the recombination of the phonon-coupled electron-hole pairs.
Therefore, the net momentum of the phonons coupled with the electron-hole pair must be zero,
due to the requirement of the momentum conservation. Fig 2.1.13. exhibits the schematic of (a)

allowed and (b) forbidden pathways for recombination of phonon coupled electron-hole pair. In
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Fig 2.1.13a, the momentum of the phonons that coupled with the excited electron-hole pair is
zero (kphonon=0). Since the required momentum match is satisfied, the recombination of the
phonon coupled electron-hole pair is allowed, leading to the emission of the Raman photons. In
Fig 2.1.13b, the phonons that coupled with the excited electron-hole pair have finite momentum

(Kphonon #0), leading to the momentum mismatch of the scattered electron-hole pair. In that case,

the recombination of such phonon coupled electron-hole pair is forbidden. Therefore, only
phonons with zero momentum can become Raman active through the electron-phonon coupling,
while the phonons with finite momentum cannot contribute to Raman emissions we observed. In
single-phonon scattering process, only phonons with zero momentum (k=0) can be involved,
whose population is very limited. In contrast, for two-phonon scattering process, not only the
phonons with zero momentum (k:=0, k2=0) can participate in the Raman emission, but the two
phonons with opposite momentum (ki+k>=0). Here ki and k> are defined as the momentum of
the two phonons, respectively. Therefore, most likely two-phonon scattering process dominates
the electronic Raman scattering in this work. This phenomenon has been reported previously in
hBN/WSe>/hBN heterostructures where the optically silent Aoy mode of hBN is activated
through electron-phonon coupling with electron transition in WSe> (81, 82). The amplitude of
the second-order Raman mode arising from the two-phonon scattering process (A2u mode in hBN
combined with A1 mode in WSe») can be one-order of magnitude stronger than that of the Axy
Raman mode in hBN. This result supports our observations here while the detailed mechanism
involved still remains an interesting topic for future investigation. Moreover, the shape of the
Raman peaks varies for different classes of 2D materials/SiO, heterostructures while the two
main peak positions remain unchanged, as shown in Fig 2.1.8. The electronic Raman scattering

strongly depends on the electronic band structures of the 2D materials, which limits the phonon
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modes in SiO; that can be involved in the electronic Raman scattering due to the requirements of
energy and momentum conservation. Therefore, for different 2D materials/SiO> heterostructures,
phonons that can participate in the electronic Raman scattering can be slightly different, leading

to different peak shapes in the Raman spectra.

2.1.5 The chirality and anisotropy of the Raman modes

Since the phonons in SiOz strongly couple with electronic transitions in 2D materials, the band
properties, determined by the lattice structure of the 2D materials can significantly influence the
geometry (chirality and anisotropy) of the emerging Raman modes. We performed polarization-
resolved Raman measurements on heterostructures with 2D materials of different lattice structure

to investigate the corresponding geometry of the Raman modes.

The helicity-resolved Raman measurement was first performed to investigate the chiral
properties of the Raman modes. The engineered heterostructures with 2D materials of different
crystalline symmetries were excited with right circularly polarized (c+) photons with photon
energy of 2.33 eV at 77K. We used the same measurement scheme for helicity-resolved Raman
measurements discussed below if there is no specific notification. Both left (c-) and right (c+)
circularly polarized components of the Raman emission were collected, respectively. In
honeycomb TMDs/SiO2 heterostructures the dominant helicity of the Raman emission was
opposite to that of the incident photons. As shown in Fig 2.1.14a, under the o+ excitation, the o-
component of the Raman emission exhibits stronger intensity than the o+ component. This

phenomenon is opposite to the valley effect in TMDs where the helicity of PL follows that of
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incident photons (64, 66, 145). Here, we define the degree of polarization for Raman modes as

(146)

I+ _I_
I +1_

(1)

where I, and I_ represent the peak intensity of the o+ and o- component of Raman scattering
signal, respectively. The polarization degree was calculated to be 23% and 22% at monolayer-
WS,/SiO, and bilayer-WS2/SiO> heterostructures, respectively. For honeycomb MPTs with
predicted spin-valley degree of freedom (147), similar chiral Raman emissions were observed in
corresponding MPTs/SiO: heterostructures (Fig 2.1.14b). The P was calculated to be 24% and
19% in MnPSes/SiO> and FePSs/SiO., respectively. In contrast, for BP and SnSe with

orthorhombic lattice, the chirality of the Raman emissions completely vanished (Fig 2.1.14c).
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Fig 2.1.14 Helicity-resolved Raman spectra of strong-coupled (a) monolayer WS,/SiO, and bilayer
WS,/SiO, heterostructures, (b) FePS,/SiO, and MnPSe./SiO, heterostructures, and (c) SnSe/SiO, and
BP/SiO, heterostructures under o+ excitation with photon energy of 2.33 eV. All panels: from ref.

(126).
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Fig 2.1.15 Upper panel: Helicity-resolved Raman spectra of 2D material/SiO, heterostructures with

(a) monolayer WS,, (b) MnPSe, and (c) SnSe as the 2D materials under left-circularly polarized (c-)

excitation. Lower Panel: Helicity-resolved Raman spectra of 2D material/SiO, heterostructures with

(d) bilayer WS,, (e) FePS, and (f) SnSe as the 2D materials under excitation photon energy of 1.94

eV. All panels: from ref. (126).

To confirm our observation, we repeated the helicity-resolved Raman measurement on these

three types of heterostructures under both - excitation and excitation photon energy of 1.94 eV.

In both cases, the chirality of Raman emissions was only observed in honeycomb material/SiO-

heterostructures, as shown in Fig 2.1.15 a-c and d-f respectively. Our observations indicate that

the chirality of the Raman mode is dominated by the lattice structure of 2D materials.

The anisotropy of the emerging Raman modes was investigated in materials system with reduced

lattice symmetry. As materials with non-honeycomb orthorhombic lattice structure, BP and SnSe

exhibit highly anisotropic optical and electronic properties (77, 148, 149), which are distinctly
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different from TMDs and MPTs. To further explore the correlations between Raman modes and
electronic transitions, we performed the linearly polarized Raman measurements. The BP/SiO;
and SnSe/SiO heterostructures were excited with linearly polarized laser along either x-
(armchair) or y-(zigzag) direction and both x- and y-polarized components of the Raman

emissions were detected, respectively.
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Fig 2.1.16 Upper Panel: The linearly polarized Raman spectra of strong-coupled (a) BP/SiO, and (b)
SnSe/SiO, heterostructures under x-polarized and y-polarized excitation. Lower Panel: The angular
resolved Raman intensity of strong-coupled (c) BP/SiO, and (d) SnSe/SiO, heterostructures under x-

polarized and y-polarized excitations. All panels: from ref. (126).
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Fig 2.1.16a and b show the linearly polarized Raman spectra at the BP/SiO, and SnSe/SiO;
heterostructure under both x-polarized and y-polarized excitation, respectively. Generally, the
polarization of Raman modes followed the excitation polarization. Under the x- (y-) polarized
excitation, the x- (y-) polarized component of the Raman emission was more prominent.
However, if we calculated the polarization degree of Raman modes under different excitation
polarization, the in-plane anisotropy exhibited quite different characteristics from these two
heterostructures. For BP/SiO2 heterostructure, the polarization degree reached 44% with x-
polarized excitation while it dropped to 16% under y-polarized excitation. In comparison, the
polarization degree of Raman modes for SnSe/SiO> heterostructure was calculated to be 31% and
29% under x- and y-polarized excitation, respectively. We further performed the angular-
resolved Raman measurement for both heterostructures, where the extracted Raman intensity
were plotted in Fig 2.1.16¢, d. The Raman modes of SnSe/SiO, heterostructure show almost the
same emission anisotropy with different excitation polarizations. In contrast, at BP/SiO;

heterostructure, much higher anisotropic emission was observed with x-polarized excitation.

The difference in BP and SnSe is due to the optical selection rules for electronic transitions. For
BP, the interband optical transition is significantly more preferable along the x-direction than
along the y-direction at high excitation photon energy due to the single valley at the I point in
electronic band structure, as illustrated in Fig 2.1.17a (31, 49, 52, 74). In that case, the excited
electron-hole pairs will be strongly confined in I' valley under x-polarized excitation. Therefore,
the recombination of the phonon-coupled electron-hole pair in I' valley will dominate the
emission of the Raman photons, which leads to highly x-polarized Raman emissions. On the
contrary, the excited electron-hole pair will be significantly less confined with y-polarized

excitation due to the lack of the flat band structure along I'-Y direction in the momentum space.
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The excited electron-hole pairs can be easily relaxed to other points of the momentum space,
where the emission of Raman photons arising from the recombination of the phonon-coupled
electron-hole pair is significantly depolarized. Therefore, the in-plane anisotropy of Raman
emissions is much smaller when excitation laser is polarized along y-direction. In contrast, the
electronic band structure of SnSe has two nearly degenerate valleys along both I'-X and I'-Y
directions, and the optical interband transition can occur under both x- and y-polarized
excitations, as illustrated in Fig 2.1.17b (128, 150, 151). Hence, the anisotropy of the Raman
emissions is expected to be similar under x- and y-polarized excitations, consistent with our
experimental observations. Our observations suggest that the geometry of the Raman modes is
strongly correlated to the band structure and the corresponding optical selectivity of the

electronic transitions in 2D materials.

@ (b)

Fig 2.1.17 Schematic illustration of band structure and corresponding optical selection rule in (a) BP
and (b) SnSe. All panels: from ref. (126).
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2.1.6 Phonon-assisted intervalley scattering process

@) (b)

1 .0 T T T T T 1 .0
o— o
Bilayer WS .
081 y 2 | 081 Bilayer WS,
—_ - .“,'\_
s °°1 ""‘/\—-\ s 091 . . ff ‘\"-3':&-:3

Monolayer WS,
Monolayer WS,

0.2 1 0.2 rA A i
ol ‘M_w.

00

o

~
o
o~

Intensity (a.u.
Intensity (a.

— r r . . 0.0 . r . .
580 600 620 640 660 560 580 600 620 640 660
Wavelength (nm) Wavelength (nm)

Fig 2.1.18 The helicity-resolved emission spectra from monolayer WS,/SiO, and bilayer WS,/SiO,

heterostructures (a) before and (b) after 30 min annealing process under 6+ excitation with photon
energy of 2.33 eV. All panels: from ref. (126).

To further investigate the coupling between the photoexcited electron-hole pairs in 2D materials
and the phonons in amorphous SiO», we focused on TMDs/SiO- heterostructures where the PL
emissions from intrinsic TMDs and Raman emissions from the electron-phonon coupling can be
measured spontaneously. Monolayer- and bilayer- WS, were exfoliated onto SiO> directly and
the helicity-resolved PL measurements were performed. The well-known optical valley effect
was observed in both monolayer and bilayer WS;, with polarization degree of 15% and 56%
respectively (Fig 2.1.18a), consistent with previous study (66). As discussed before, there was no
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signature of Raman signals at 1290 and 1540 cm™ due to the weak coupling between SiO, and
WS before annealing. After annealing the samples at 500 °C in argon for 30 minutes, the typical
helicity-resolved emission spectra of monolayer and bilayer WS,/SiO> stacking structures were
observed as shown in Fig 2.1.18b. In both samples, the Raman modes emerged at 1290 and 1540
cm™ and they exhibited opposite helicity compared with the PL signals, in which the valley

polarization was preserved and significantly suppressed.
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Fig 2.1.19 (a) The schematic illustration of the forbidden excitonic intervalley scattering under

electron-hole exchange interaction with preserved C, symmetry. (b) A possible configuration for

Phonon-assisted excitonic intervalley scattering process due to electron-hole exchange interaction

under broken C, symmetry. All panels: from ref. (126).

This phenomenon indicates that the phonons in SiO2 can contribute to the intervalley scattering
process in 2D honeycomb lattice. Typically, in 2D materials with honeycomb lattice, such as
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TMDs and MPTs, the high symmetry points K(K’) is invariant under Cs operation, which is
referred as Cs symmetry (61). With preserved Cs symmetry, the electron-hole exchange
interaction can only couple two exciton states with the same Cs quantum number of either +1 or -
1 (152). Since the two ground states of excitons (1s and 1s’) corresponding to K and K’ valleys
acquire opposite C3 quantum number of +1 for 1s state and -1 for 1s’ state, the electron-hole
exchange interaction cannot couple these two exciton states. Therefore, the intrinsic C3 quantum
number preserves the valley polarization and the excitonic intervalley scattering process caused
by electron-hole exchange interaction is forbidden, as illustrated in Fig 2.1.19a (153).
Meanwhile, the excitonic valley scattering at finite momentum can only quench the valley
polarization, while the reversed polarization must arise from the scattering process that flips the
valley polarization. Due to strong coupling between SiO; and 2D materials, the in-plane electric
field induced by phonon modes in amorphous SiO2 can break the Cz symmetry in TMDs and
MPTs. Under broken Cz symmetry, the excitonic intervalley scattering due to the strong
electron-hole exchange interaction is allowed (65, 153, 154). We provide a possible
configuration for phonon-assisted excitonic intervalley scattering process, which can flip the
valley index of excitons and reverse its helicity, as illustrated in Fig 2.1.19b. The in-plane
electric field from the phonons can couple the ground state and the excited state with opposite Cs
quantum number in the same valley, e.g., the 1s state with C3 quantum number of +1 and 2p state
with C3 quantum number of -1 in K valley. Meanwhile, the in-plane electric field induced by
phonons can lead to a finite value of the short-range term of electron-hole exchange interaction
at zero momentum. The electron-hole exchange interaction can couple the excited 2p state of the
excitons to the ground 1s’ state with the same C3 quantum number of -1. Therefore, the excitonic

intervalley scattering process can be induced by in-plane electric field arising from phonons
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together with the Coulomb interaction arising from the electron-hole exchange interaction. The
entire photoexcited electronic transition and electronic Raman emission process can be described
as follows. The incident o+ (o-) photon can excite an exciton in K (K’) valley, which is
subsequently scattered to K’ (K) valley assisted by phonons in SiO. due to electron-hole
exchange interaction, followed by the emission of an o- (6+) photon, leading to the reversed
helicity of the Raman photons as shown in Fig 2.1.20. In the figure, Vex represents the Coulomb
interaction from electron-hole exchange interaction while Vpn denotes the in-plane electric field
induced by phonons. On the contrary, BP and SnSe with orthorhombic lattice lack such valley
degeneracies in their electronic band structures (49, 52, 137, 138). Therefore, the chirality of the

Raman emissions in BP/SiO2 and SnSe/SiO; heterostructures cannot be observed.

o- Raman
photon

o+ photon

-

Fig 2.1.20 Schematic of optical transition process for phonon-assisted excitonic intervalley scattering

and the reversed helicity of Raman photons under broken C, symmetry. All panels: from ref. (126).
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Fig 2.1.21 The (a) intensity and (b) polarization degree of the Raman modes and the PL in bilayer
WS, /SiO, heterostructures versus the annealing time. All panels: from ref. (126).

By controlling the annealing time, we further tuned the coupling strength between 2D materials
and SiO. As shown in Fig 2.1.21a, the intensity of Raman emissions increased monotonically
with the annealing time, in contrast to the suppression of the PL intensity, indicating an
enhancement of coupling strength in bilayer-WS/SiO, heterostructure. Fig 2.1.21b further
shows the polarization degree for both Raman modes and PL as a function of the annealing time.
The polarization degree for Raman modes increased with increasing annealing time, opposite to
that of PL. This strong correlation indicates that with stronger coupling strength, the in-plane
electric field arising from lattice vibration in amorphous SiO2 can break the Cs symmetry of
bilayer WS, more efficiently. Therefore, the phonon-assisted excitonic intervalley scattering can
significantly facilitate the valley depolarization and flip the polarization of incident photons,
leading to the decreasing (increasing) polarization degree of PL (Raman). To further confirm our
observation, we repeated the experiment in monolayer-WS,/SiO> heterostructures, where similar

evolution trend of polarization degree for PL and Raman modes was observed (Fig 2.1.22).
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In addition, we measured the temperature dependence of the polarization degree for both Raman
modes and PL, as exhibited in Fig 2.1.23a. In both cases, the polarization degree decreased with
increasing temperature, indicating an enhanced role of acoustic phonons of 2D materials in
intervalley scattering at higher temperature (145). Therefore, the excitonic intervalley scattering
assisted by phonon modes in SiO2 will be suppressed. The temperature dependence of the
polarization degree for Raman modes was also measured in MnPSes/SiO; structures, which

shows similar results with that in TMDs/SiO structures (Fig 2.1.23b).

2.1.7 Discussion and summary

In conclusion, we report emerging Raman modes at strongly coupled vdWs heterostructures. We
observe chiral Raman emissions at honeycomb-2D material/SiO2 heterostructures and in-plane
anisotropic Raman emissions at BP family/SiO> heterostructures. Through systematic Raman
and PL measurements, we reveal that the originally Raman-silent phonon modes in SiO2 can
efficiently couple with the excited electrons in 2D materials and become Raman active. Due to
efficient electron-phonon interactions, the Raman emissions from vdWSs heterostructures can
exhibit controlled symmetry, which inherits the band properties of the 2D materials. The chiral
Raman response from honeycomb-2D material/SiO, heterostructures further provide strong
experimental evidence for the phonon-assisted excitonic intervalley scattering process. Our study
reveals the microscopic mechanism of electron-phonon coupling in heterostructures. Raman
photons arise from the recombination of the substrate phonon-coupled electron-hole pair in 2D
materials, and hence can reflect the intrinsic properties of electronic transitions. Our observations
provide a new perspective of investigating the electronic band properties and optical selectivity

in atomically thin materials, especially in materials whose photoluminescence is difficult to
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measure. Our study also opens up new ways to manipulate electrons and phonons in vdWs
heterostructures, which offers new opportunities for realizing phononic devices. One possible
application is to realize the valley phonon Hall device (155) utilizing a device scheme similar to
the exciton Hall effect (156). Under temperature or chemical potential gradients, the excited
excitons in K and K’ valley of TMDs will acquire a drift velocity opposite to the gradients.
Under the circularly polarized excitation (e.g., o+ excitation), the excitons in K valley will be
selected and diffuse, generating a spatial difference of the exciton intensity on the sample, which
can be probed by 2D PL mapping (156). Since the phonons in SiO; can efficiently couple with
the excitons in K (K’) valley of the TMDs, the phonons in SiO2 can diffuse with the selected
excitons in corresponding valleys of the TMDs and accumulate on one edge of the sample. As a

result, the valley phonon hall effect can be detected by the 2D mapping of the Raman spectra.
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2.2 Probing the interlayer interaction in 2D honeycomb lattice via chiral phonons

2.2.1 Motivation

As we demonstrated in Section 2.1, phonons in amorphous material can couple with electronic
transitions and exhibit non-trivial chirality and anisotropy, therefore reflect the lattice geometry
of the 2D materials. On the other hand, phonons in crystalline 2D materials can exhibit specific
geometry as well, subjected to the crystal symmetry of 2D materials. One distinguished example
is that Raman modes in materials with reduced lattice symmetry such as BP (157, 158), Rhenium
diselenide (ReSe2) (159, 160), Zirconium Pentatelluride (ZrTes) (161, 162) and Group IV
monochalcogenides (148, 163-165) exhibit strong in-plane anisotropy. Therefore, the
polarization-resolved Raman measurements have been widely applied to determine the crystal
orientation of these materials. On the contrary, the chirality of phonons in crystalline 2D
materials was less investigated. Recently, a theoretical study showed that the phonons at high-
symmetry points in monolayer honeycomb lattices can acquire a quantized pseudoangular
momentum (PAM) (155). Therefore, the corresponding Raman modes can exhibit unique

chirality, which has been experimentally demonstrated in monolayer TMDCs (166-168).

However, the chiral property of phonons in 2D honeycomb lattice with increasing layer numbers
remains unexplored. Due to the presence of the van der Waals (vdWSs) interlayer interaction, the
layered materials can exhibit distinct physics properties from their monolayer counterpart (9, 14,
169, 170). For example, the band structure of the MoS: experiences a direct-to-indirect bandgap
transition from monolayer MoS; to its multilayer counterpart due to the interlayer interaction (32,
171). Moreover, the bandgap of BP can be tuned from around 2.0 eV in monolayer BP to 0.3 eV

in its bulk limit (31, 50), leading to PL emission from visible to mid-infrared (49, 77, 129).
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Therefore, it is also intriguing to investigate the influence of the interlayer interaction on the

lattice symmetry.

Meanwhile, the strength of the interlayer interaction can be estimated by theoretical calculations
utilizing the density functional theory (DFT) (172), which has been demonstrated in many
layered materials, e.g., graphene (173, 174), TMDs (175, 176) and hBN (177). Experimentally
the direct probe of interlayer interaction has been demonstrated through the low-frequency
Raman spectroscopy (178-180). Quantum capacitance measurements has also been applied to
investigate the interlayer coupling strength, which is limited to few-layer graphene (181, 182).
Therefore, it is desirable to develop other complementary approaches to experimentally
characterize the strength of interlayer interactions. And the evolution of the phonon chirality
against the layer number can provide a new perspective for probing the interlayer interaction in

2D honeycomb lattice.

2.2.2 Preparation of 2D honeycomb lattice with different layers

Graphene flakes with different layer numbers were directly deposited onto 90 nm SiO>/Si
substrate using the mechanical exfoliation method. Fig. 2.2.1a shows the optical micrograph of
graphene flakes used for Raman spectrum measurements. The layer numbers of the monolayer
and few-layer graphene were first identified by the optical contrast (183, 184). The optical
contrast shows a monochromatically linear increase with layer numbers, as shown in Fig 2.2.1b.
The unpolarized Raman spectra further confirmed the layer numbers (Fig 2.2.1c), which agreed
with previous Raman studies well (185, 186). To investigate the Raman D mode arising from the

defects which was absent in the pristine graphene, we introduced defects into monolayer
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(@)

(b)

graphene through oxygen plasma etching. The defects in graphene was introduced through gentle
oxygen plasma (plasma power: 10W, oxygen flow: 10 sccm, duration: 1s). The unpolarized
Raman spectrum of the etched monolayer graphene exhibits prominent Raman D mode emission

(Fig 2.2.1d), which is absent in pristine graphene (187, 188).
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Fig 2.2.1 (a) Optical micrograph of graphene flakes. (b) Optical contrast of graphene flakes measured

along the lines in (a). (c) Unpolarized Raman spectra of few-layer (1L to 5L) and thin-film (>100L)

graphite. (d) Unpolarized Raman spectra of etched monolayer graphene and pristine monolayer

graphene. All panels: from ref. (127).

We also prepared monolayer and bulk hBN flakes. Monolayer hBN on SiO2/Si substrate was
transferred from hBN on copper grown by chemical vapor deposition (CVD). Large area CVD
monolayer hBN on copper (2x2 inches) was purchased from HQ graphene. Firstly, a 400 nm-
thick polymethyl methacrylate (PMMA) layer was spin-coated onto the hBN/copper surface.

Secondly, the PMMA/hBN/copper was floated on the Iron chloride (FeCls) solvent with copper
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layer downside for 30 mins to etch off the copper substrate. Then the PMMA/hBN layer was
washed with DI water and was picked up by the 90 nm SiO2/Si substrate. Finally, the PMMA
layer was washed out by acetone. We also prepared thin-film hBN (> 100L) by mechanical
exfoliation from bulk crystal. Fig 2.2.2 shows the unpolarized Raman Ezg mode measurements.
The Raman Ez; mode peaks at 1368.5 cm™ and 1366 cm™ for monolayer and bulk hBN,

respectively, consistent with previous reports (37, 189).
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Fig 2.2.2 Unpolarized Raman spectra of monolayer and bulk hBN. All panels: from ref. (127).

2.2.3 Chiral phonons in monolayer and multilayer graphene

The helicity-resolved Raman measurement was performed in a home-made optical measurement
system as illustrated in Section 2.1.3. The graphene flakes with different layer numbers were
excited with either o- or o+ laser and o- and o+ component of Raman emissions were detected

respectively. We first investigated the chirality of the Raman modes in monolayer graphene at
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room temperature. Under o+ excitation with photon energy of 2.33 eV, only o- emissions of

Raman G mode were detected while o+ emissions completely vanished, indicating that the

Raman G mode perfectly switched the helicity of the incident photons (Fig 2.2.3a), which is

consistent with previous observation (167, 168). This perfect Raman chirality was also preserved

under the excitation photon energy of 1.94 eV (Fig 2.2.) or - excitation polarization (Fig 2.2.3c).
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Fig 2.2.3 Helicity-resolved Raman spectra of Raman G mode in monolayer graphene under () o+

excitation with photon energy of 2.33 eV (b) o+ excitation with photon energy of 1.94 eV (c) o-

excitation. All panels: from ref. (127).

In contrast, as shown in Fig 2.2.4a and Fig 2.2.4b, the Raman D and 2D modes in monolayer

graphene showed no such chirality, evidenced by the insignificant difference between 6+ and o-

component of the Raman signal under o+ excitation.
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Fig 2.2.4 Helicity-resolved Raman spectra of Raman (a) D and (b) 2D modes in monolayer graphene
under o+ excitation with photon energy of 2.33 eV. All panels: from ref. (127).

The distinct chiral properties between graphene Raman G, D and 2D modes can be attributed to
their unique phonon scattering processes subject to the conservation of PAM between graphene
valleys. The Raman G mode arises from the intravalley scattering of excitation photons by a
doubly degenerate phonon mode at highly symmetric Brillouin zone center (I" point) (190),
where the phonon mode acquires a PAM of +1 (155). Since the intravalley scattering process
requires the conservation of PAM, the variation of the PAM between the excitation photons and
the emitting Raman photons should be equal to the PAM of the involved phonons. Therefore, the
o- (o) incident photons can only emit a o+ (c-) phonons, leading to the switching of the helicity
of the Raman photons as illustrated in Fig. 2.2.5a (155). On the contrary, the Raman 2D mode
arises from the second order Raman process in the vicinity of the K and K' points where
intervalley scattering is involved. The excited electrons in K valley are first scattered to K’ valley
and then scattered back to K valley by emitting a phonon in both scattering processes, as

illustrated by Fig 2.2.5b (190). Since the phonons involved in these two processes have the
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opposite chirality, the emitted Raman photons will exhibit the same helicity as the incident
photons, leading to the non-chirality of the Raman 2D mode. The Raman D mode involves the
similar electron-phonon scattering processes to the 2D mode, while one of the scattering
processes between K and K’ valleys is enabled by defects instead of the phonons, as shown in
Fig 2.2.5b (190). In equilibrium, the phonon-involved scattering processes can occur either from
K to K’ valley or K’ to K valley. Since the phonons involved in these two processes acquire the

opposite PAM, the Raman D modes exhibit no chirality.
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Fig 2.2.5 Schematic illustration of the valley phonon scattering processes and corresponding variation
of PAM for Raman (a) G, (b) D and 2D modes in monolayer graphene. All panels: from ref. (127).

We then performed helicity-resolved Raman spectrum measurements on pristine 2-5L graphene
and thin-film graphite (> 100L) under the excitation photon energy of 2.33 eV. The Raman 2D
mode exhibits no chirality regardless of the layer number, as shown in Fig 2.2.6a. Fig 2.2.6b
shows the polarization resolved Raman G mode spectra for graphene thicker than monolayer. In

monolayer graphene, under o+ excitation, the 6+ component of Raman G mode emission is
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completely absent. Here, a minor o+ is observed starting from 2L graphene and the intensity
increases as graphene becomes thicker. We extracted the Raman intensities of 6+ (Imin) and o-
component (Imax) respectively and calculated the polarization degree (P) of the Raman G mode

using P:(|max'|min)/(|max+|min)-
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Fig 2.2.6 Helicity-resolved Raman spectra of Raman (a) 2D and (b) G modes in 2L-5L graphene and
thin-film (>100L) graphite under o+ excitation with photon energy of 2.33 eV. All panels: from ref.
(127).

As shown in Fig 2.2.7, the polarization degree is plotted against the layer number of graphene,
which decreases sharply from 100% in monolayer graphene to 87.1% in bilayer graphene. It
further decreases monotonously and approaches its bulk limit of 80.8%. Similar phenomenon
was observed when the excitation photon energy was 1.94 eV (Fig 2.2.7). The layer dependence
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of the polarization degree suggests that interlayer interaction among graphene layers

significantly influences the phonon chirality.
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Fig 2.2.7 Layer number dependence of polarization degree of Raman G mode in graphene flakes at

excitation photon energy of 2.33 eV and 1.94 eV. All panels: from ref. (127).

We further investigated the temperature dependence of the polarization degree in graphene
Raman G mode. In monolayer graphene, the perfect phonon chirality was preserved at all
temperatures, as illustrated in Fig 2.2.8. Moreover, Fig 2.2.8 also shows the degree of
polarization as a function of the temperature for multilayer graphene. In general, the degree of
polarization decreases as the temperature increases. The temperature dependence of the
polarization degree indicates the role of interlayer phonon-phonon interaction, which suppresses
the degree of phonon polarization. Reduced temperature can freeze the lattice vibration and
therefore, suppress the interlayer phonon-phonon interaction in multilayer graphene and

facilitates the preservation of the phonon chirality.

53



1004 & e ® * * *
g 1 e 1L
O 0.96 - * 2L i
[0) 3L
D092 iy
c 0924 o 5L
0 s " Bulk
©
N 0.88- H ° -
fu L ]
©
[¢)
0_0.84— .
0.80

50 100 150 200 250 300
Temperature (K)

Fig 2.2.8 Temperature dependence of polarization degree for Raman G mode in 1L-5L graphene and

thin-film graphite. All panels: from ref. (127).

2.2.4 Establishment of the Raman tensor for multilayer graphene

To further understand the mechanism of the layer number dependent phonon chirality induced by
interlayer interaction, we calculated the polarization degree in multilayer graphene based on
symmetry analysis using Raman tensors. Here we first discuss the Raman G modes of monolayer
graphene. At I" point, the monolayer graphene belongs to the Den point group where the Raman
G mode can be described as Ezg representations according to the symmetry analysis,

corresponding to the Raman tensor A (166), where

a1 Qi Qg 0 d O a1 Qg Q19 d 0 0
A=|A21 QA2 QAx3l=|d 0 O orA=1|Az1 Q2 G31=|0 —d O (2)
dz1 432 asz 0 0 0 az1 0432 azz 0O 0 0
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The left (Jo_)) and right (Jo,.)) circularly polarized wave-vectors are defined as
o)== i 0)and

loy) = %(1 —i 0)T, respectively. (3)

The normalized Raman intensity for different excitation/detection configuration can be

2 : : - :
calculated as |0 Ag;|”, where both i and j can be “- or “+”. For excitation/detection

configuration with the same polarization (i = j), the Raman signal completely vanishes as

Lpin = |ai+Aaj| = 0. In contrast, for excitation/detection configuration with the opposite

polarization where i # j, the Raman intensity reaches its maximum as I,,,,, = |a;rAaj| = d2.

Furthermore, we established the Raman tensor for Raman G mode in bilayer graphene by adding

an additional interlayer hopping term (191, 192), which can be represented by a 6x6 matrix R.
_|1A B
R=p 4 S
Here A matrix is the same as that in monolayer graphene and B is the matrix representation of
the interlayer coupling term, which is defined as

t11 tiz U3
tr1 tyy l23
t31 l32 t33

B = (5)

The matrix element t;; (i,j = 1,2,3) is defined as the interlayer coupling coefficient between
the adjacent graphene layers where t;; = t;; due to the symmetry. The left and right circularly

polarized wave-vectors are also extended to be compatible with the Raman tensor, which are

defined as
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o)== & 0 1 i 0)and
|0+)=%(1 —i 0 1 —i 0)7, respectively. (6)

Similarly, |oAc;| is used to calculate the Raman intensity under the different

excitation/detection polarization configurations. For excitation/detection configuration with the

same polarization, the Raman intensity is
2 2
Lnin = |UIAU+| = |otAo_|" = (t11 + t52)? (7)

which is non-vanishing in contrast to that in monolayer graphene. While for excitation/detection

configuration with the opposite polarization, the Raman intensity is
2 2
Imax = |oT4o_|" = |otAc,|" ~ 4d? (8)
Therefore, the polarization degree of Raman G mode in bilayer graphene is

Inax = Inmin _ 4d” — (tll + t22)2

P, = =
2 Imax + Imin 4d2 + (tll + tzz)z

€)

According to the Raman tensor calculation, the polarization degree in bilayer graphene will not
be perfect (100%) due to the existence of the interlayer interaction coefficient. However, since
the interlayer coupling coefficient t;; should be significantly smaller than the fundamental
Raman tensor term d, the polarization degree will not decrease significantly, evidenced by the

low intensity Raman signal under excitation/detection configuration with the same polarization.

The method to establish the Raman G mode tensor in bilayer graphene can be applied to trilayer

graphene as well. The tensor can be represented by a 9x9 matrix R
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A  By; B3
R=|Bsy A By (10)
Bs; By, A

Here A is the fundamental Raman tensor for Ezg mode, By, =B, =B,3=Bj3, is the matrix
representation of the interlayer coupling terms for two adjacent layers, while B;3=B5, is the
matrix representation of the interlayer coupling terms for two non-adjacent layers. These Raman

tensors can be defined as

laa U4 ls6
lss Us5  Use
lea les tge

t11 tiz tq1
tr1 typ 23
t31 t32 t33

B1,=B;1=B33=B3; = ; B13=B3; = (11)

Similarly, the matrix element ¢;; is defined as the interlayer coupling coefficient where t;; = t;;

due to the symmetry consideration. Then, |o_) and |o,.) are extended in the same configuration

to accommodate the Raman tensor, which can be represented as

1
coY)=—@0 i 0 1 i 0 1 i 0)F
-1 =7

|a+)=71§(1 —i 01 —i 0 1 —i 0 (12)

Then the Raman intensity for the same excitation/detection polarization configuration
t 2 t 2_9 2
Inin = |04 A0, |” = |o14o_|" = Z(tn + t22 + tyy + tss) (13)
While the Raman intensity for the opposite excitation/detection polarization configuration

Lnax = |O’IAO’_|2 = |aiAa+|2 ~ 9d? (14)
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Hence, the polarization degree of Raman G mode in trilayer layer graphene can be represented as

Iax = Ipin _ 4d% = (t11 + top + tas + ts5)?

p= —
Lpax + Imin~ 4d?% + (t11 + tay + tyy + tss)?

(15)

Compared with the polarization degree formula in bilayer graphene, there is an additional term
t4q4 + tss representing the interlayer interaction between two non-adjacent layers, which leads to
the lower polarization degree experimentally observed in trilayer graphene (85.5%) if compared
with that in bilayer graphene (87.1%). Moreover, since the interlayer interaction between the
non-adjacent layers can be regarded as a second-order effect compared with that between
adjacent layers, the interlayer coupling coefficient t,, and ts< should be significantly smaller
than t;; and t,,. As a result, the decreasing of the polarization degree from bilayer to trilayer is
much less prominent compared with that from monolayer to bilayer. Our model can be further
applied to multilayer graphene, where the polarization degree of the Raman G mode in n layer
graphene can be denoted as

p= 4d? — (tyg +typ + tas +tss + tag + tss +o Ftan_s3n-5 + tan-_s3n-a)’
4d? — (t1q +tap + tas + tss + tas + tss + Flan_san-s + tan_a3n-4)°

(16)

Here, t3,_s and ts,_, represents the interlayer coupling coefficient between the adjacent n
layers, which decays significantly with the increasing n. Therefore, in multilayer graphene, the
polarization degree of the Raman G mode will decrease with increasing layer numbers, which is

consistent with our measurements.

2.2.5 Numerical calculation of the polarization degree
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To further verify the established model, we calculated the polarization degree by deducting the
value of interlayer coupling coefficient t;;. The value of the (t;; + t,,)? was directly extracted
from the helicity-resolved Raman spectrum in bilayer graphene at room temperature, which
exhibits a polarization degree of 87.1%. Therefore, the value of interlayer coupling coefficient in
the adjacent graphene layers was determined as (t;; + t,2)? = 0.3d?. Since we assume that the
interlayer interaction in graphene layers is contributed by dipole-dipole interaction which decays
with the distance by 1/r3 (193), the interlayer coupling coefficient in adjacent three layers can

be estimated as
1
(t44 + t55)2 = § (tll + tzz)z = 00375d2 (17)

Therefore, the calculated polarization degree of the Raman G mode in trilayer graphene is 84.4%,
which agrees well with our experimental result (85.5%). Similarly, we can further deduct the

interlayer coupling coefficient in adjacent n layers, which gives

1
(tan-s3n-5 t tan_4,3n-4)° = m—1)3 (t11 + t22)° (18)

Then when n is very large, we have
(t11 + toy + tag + tss + tag +tss +o +tap_s3n-s5 + tsn_azn-a)® = 0.36d? (19)

Therefore, the calculated polarization degree of the Raman G mode in thin-film graphite should
be 83.0%, which also agrees well with the experimental results (80.8%). The evolution of the
polarization degree against the layer number at room temperature from Raman tensor calculation
is also plotted in Fig 2.2.9a together with the experimental results. It is clear that our model

captures the impact of interlayer coupling on the phonon chirality.
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Fig 2.2.9 The layer number dependent polarization degree of graphene Raman G mode from Raman
tensor calculation compared with the experimental results (a) at room temperature and (b) at 77K. All
panels: from ref. (127).

We applied the same model to simulate the evolution of the polarization degree against the layer
number at 77K. The value of (t;; + t;;)? at 77K was directly extracted from the measured
polarization degree of 91.9%, from which we get (t;; + t,,)? = 0.18d?. According to our

discussion in main text, we have
1
(tgs + tsg)? = 3 (t1 + ty3)? = 0.0225d? (19)

The higher order coupling coefficients can also be calculated accordingly. For thin-film graphite
(n>10), we have

(t11 + ton + tyg +tss + tag + tss + +tan_s3n-s5 + tan_s43n-4)> = 0.22d? (20)

The polarization degree for trilayer graphene also be calculated. Therefore, the calculated
polarization degree of Raman G mode in trilayer graphene (thin-film graphite) at 77K is 90.4%

(89.4%), which also agrees well with the experiment results of 91.1% (88.2%). The calculated
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polarization degrees at different layer numbers are plotted in Fig 2.2.9b, which also agrees with

the experimental results well .

2.2.6 Chiral phonons in monolayer and multilayer hBN
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Fig 2.2.10 Helicity-resolved Raman spectra of monolayer and bulk hBN under o+ excitation with
photon energy of 2.33 eV. All panels: from ref. (127).

We further explored the phonon chirality in 2D honeycomb hBN to verify our observations. The
helicity-resolved Raman measurements were performed in both monolayer and thin-film hBN

under 2.33 eV o+ excitation at room temperature. The perfect phonon chirality was only
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preserved in monolayer hBN. For thin-film hBN, a clear c+ peak was observed, as shown in Fig
2.2.10. The temperature dependence of the polarization degree in hBN Raman Ez>q modes for
both monolayer and thin-film hBN is plotted in Fig 2.2.11. The phonon chirality remains perfect
at all temperatures in monolayer hBN, while the degree of polarization decreases at elevated
temperature in thin-film hBN. The layer number and temperature dependent chiral Raman modes
in hBN further illustrate the role of the interlayer phonon-phonon interactions, which can affect

the lattice vibration in 2D honeycomb lattice.
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Fig 2.2.11 Temperature dependence of polarization degree of Raman Ezg mode in monolayer and bulk

hBN. All panels: from ref. (127).

2.2.7 Discussion and summary

Previously, the circular polarization of the Raman emission has also been investigated in

monolayer and few-layer TMDs (166). The Raman emission due to out-of-plane relative motion
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of only chalcogen atoms (OC) mode has the same polarization state of the excitation photons. In
contrast, the Raman emission due to in-plane relative motion of transition metal and chalcogen
atoms (IMC) mode exhibits opposite circular polarization if compared with the circular
polarization of the excitation photons. Remarkably, the circular polarization of Raman emission
due to the OC modes remains perfect regardless of the layer number, while it becomes imperfect
for Raman emission due to the IMC modes in multilayers. This observation suggests that the in-
plane vibration modes are less robust to interlayer interactions compared with the out-of-plane
vibration modes in TMDs. In graphene and hBN, the Raman active G mode is only contributed
by the in-plane lattice vibrations, while the out-of-plane lattice vibration modes are Raman
inactive (189, 194). Although it is not feasible to investigate the impact of interlayer coupling on
out-of-plane modes in graphene and hBN using Raman scattering, our observation of the
imperfect and layer-dependent phonon chirality of the Raman G mode is consistent with the

previously reported results on the IMC modes in TMDs.

In conclusion, we performed a comprehensive investigation on the vdWs interlayer interactions
in honeycomb lattice via chiral phonons. The interlayer interaction plays an important role in
lattice vibrations of the honeycomb lattice and therefore, affects the phonon chirality, evidenced
by the decreasing polarization degree of Raman G modes with increasing layer number and
temperature. We further established a new method to construct the tensor for Raman G modes in
multilayer 2D honeycomb lattice by introducing the interlayer coupling coefficients, which
characterizes the strength of the interlayer interaction. The layer dependent phonon chirality
extracted from Raman tensor calculation agrees with the helicity-resolved Raman measurement
results well. Our observations provide a new perspective to probe the interlayer interaction in

vdWs materials and heterostructures with unique honeycomb lattice symmetry.
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2.3 Valley-selective linear dichroism in 2D non-honeycomb Tin Sulfide

2.3.1 Motivation

As we mentioned above, the extensive exploration of valley physics has been limited to 2D
honeycomb lattice such as graphene (68, 195), TMDs (65, 66, 145) and hBN (133). Since its first
demonstration in monolayer MoS; (64, 145, 146), valley has been intensively investigated as an
emerging degree of freedom and is referred as pseudospin in analogy to the electron spin (14, 63).
There are two energy degenerate but inequivalent valleys (K and K”) in the band structure of 2D
honeycomb lattice (62). Due to the optical selective rule, the K(K”) valley can be pumped with
o+(o-) photons followed by a photon emission of the same helicity, giving rise to the valley-
selective circular dichroism (62). This valley-related optical selectivity also leads to the
observation of valley Hall effect, providing great opportunity for the realization of valleytronic

device (70, 71).

Therefore, it is highly desired to expand material system and find new candidates for exploring
both fundamental valley physics and valleytronic application. According to our discussion above,
three fundamental factors must be satisfied to make a 2D material appropriate for probing valley
effect. First, there are two or more valleys with nearly degenerate energy gaps in the band
structure. Moreover, each valley can be selectively excited with photons of different polarization
properties (either linear or circular polarization). Finally, the energy gap at these valleys must be
significantly smaller than that at other points of the band structure to dominate photon-excited

electronic transitions.

Recently the linear dichroism was demonstrated in BP with a low lattice symmetry (49, 50, 52,

196). However, BP only possesses one-fold linear dichroism property due to its single valley at I"
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point, which limits its potential for the exploration of the valley-related degree of freedom (31,
76). On the other hand, in monolayer (150, 197) and bulk (198) group-IV monochalcogenides,
theorists predict that two pair of valleys along I'-X and I'-Y directions can be selectively pumped
with linearly polarized light with different polarization, respectively. The linear dichroism has
also been studied in one of the group-1V monochalcogenides, GeS (132, 199). However, only
single-fold linear dichroism was observed in GeS. This is because the band gap at I' point in GeS
is much smaller than that at I'-X and I'-Y valleys, hence more preferred for optical transition. As
a result, the linear dichroism of GeS is determined by the optical transition rule at I" point, lack
of freedom for valley manipulation. In contrast, the band gap of I'-X and I'-Y valley is
significantly smaller than that at I' point in SnS, making it an extraordinary platform for

investigating valley-related linear dichroism and corresponding optical transition rule (197, 198).

2.3.2 Sample preparation and crystal orientation determination

The SnS has a layered orthorhombic crystal structure, subjective to the D5 space group, similar
to that of black phosphorus and other group-1V monochalcogenides, as shown in Fig 2.3.1 (148,
163, 199). The armchair and zigzag chains of SnS are defined as x and y direction, respectively,
and z direction is defined as the direction perpendicular to the layers. Due to its highly
asymmetric crystal structure, SnS exhibits strong in-plane anisotropic physical properties (200,
201). The layered SnS samples for optical characterization were first deposited onto 285nm
Si02/Si substrate using standard exfoliation approach. Fig 2.3.2 shows the optical microscope
image of a typical SnS flake used for optical characterization. The thickness of this particular
SnS flake is 109 nm-thick, determined by the Atomic Force Microscopy (AFM) measurement, as

shown in inset of Fig 2.3.2. We performed optical characterization on samples of different
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thickness ranging from 50 to 500 nm, which show similar results and can be considered as bulk

SnS.
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Fig 2.3.1 Schematic illustration of the crystal structure of layered SnS. (left panel: front view of the x-

z plane; right panel: top view of the x-y plane). All panels: from ref. (128).

Fig 2.3.2 Optical micrograph of a typical SnS flake on 285 nm SiO,/Si. Insert: The atomic force

microscopy scan performed on the SnS flake. Its thickness is determined to be 109 nm. All panels:
from ref. (128).
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Fig 2.3.3 Raman scattering spectra of the SnS sample. The Lorentz fitting curves of Bsg, Agl and Ag2

mode are shown by blue, green and yellow lines, respectively. All panels: from ref. (128).

The SnS flake was further characterized by Raman scattering spectroscopy. The Raman
scattering spectroscopy was performed with Horiba LabRAM HR Evolution Raman Microscope
with excitation photon energy of 2.33eV. Three prominent Raman modes were resolved,
corresponding to the Bag, Ag and Ag®> mode, as reported previously (202). All these Raman
modes show the typical Lorentz shape and they are positioned at 161 cm™, 191 cm™ and 217 cm
1 respectively, as illustrated in Fig 2.3.3. The polarization dependence of Raman spectrum is a
convenient way to determine the crystal orientation (157, 159). We measured the angular
resolved Raman spectrum by rotating the sample with respect to the laser polarization, as
exhibited in Fig 2.3.4a. The Fig 2.3.4b shows the angular resolved Raman intensity of Ag! mode,
where O degree is determined as the X-direction of the SnS crystal. The rotation angle 0 is
referred to the intersect angle between the laser polarization direction and x direction. The Bag

mode intensity shows a good agreement with the dependence of asin?26 + b, while the intensity
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of two Aq modes were well fitted with the dependence of acos?8 + b (Fig 2.3.4c,d), where a
and b are fitting parameters. This observation agrees well with previous Raman studies in SnS
(165, 203). The distinct behavior of Bzg mode and the Ag modes can be attributed to the different
Raman tensors governing them. With angular-resolved Raman scattering measurements, we can
determine the armchair (x) and zigzag (y) direction of the SnS flake, which set a reference for the

crystal orientation for the following polarization-resolved PL and absorption measurements.
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Fig 2.3.4 (a) Angular-resolved Raman spectra in SnS. (b-d) Angular-resolved Raman intensity of (b)

B,y (©) Ay and (d) Ay mode. All panels: from ref. (128).
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2.3.3 Unpolarized Photoluminescence (PL) spectroscopy at 77K

The PL measurements were performed in a homemade optical micro-PL system, as illustrated in
Section 2.1.3. The unpolarized PL spectrum was measured with an excitation photon energy of
2.33 eV and excitation power of 500 uW. Since the PL emission was significantly quenched at
room temperature, all the PL measurements were performed under 77K (204). Two photon
emission peaks were resolved from the PL spectrum, locating at 1.160 eV and 1.204 eV, as
exhibited in Fig 2.3.5a. Here, we use IY and I* to denote the intensity of these two peaks,
respectively. To exclude the possible PL emission from the substrate, we measured emission
spectrum directly from the SiO2/Si substrate. As expected, a much weaker emission peak was
observed at 1.130 eV, which can be attributed to the indirect band gap of the silicon (205). Since
the excitation light will be significantly attenuated by the SnS flake (~100 nm), the emission
from the SiO2/Si substrate can be ignored when the SnS PL is measured. The PL intensity

increases linearly with the excitation laser power, as shown in Fig 2.3.5b.
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Fig 2.3.5 (a) PL spectra from the SnS sample and SiO,/Si substrate. (b) Excitation power dependence
of the SnS PL intensity. All panels: from ref. (128).
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According to the theoretical calculation results reported previously, SnS exhibits two valleys
with close energy gaps along I'-X and I'-Y directions in momentum space (138, 198, 206). If the
energies of the conduction band minimum (CBM) and the valence band maximum (VBM) of the
I'-X valley and I'-Y valley are defined as E,’ (I=C,V;] =X,Y), respectively, previous
calculations indicate Ef — Ef < EX — EY < E¥ — EJ, as illustrated in Fig 2.3.6. Since previous
first-principle calculation has already provided a comprehensive understanding of the electronic
band structure of SnS, here we show a schematic diagram in reference to those works (138, 198,
206). Hence, the 1X (1.204 eV) peak probably arises from the band edge transition between EZ
and E{ and 1Y (1.160 eV) PL peak is due to the band edge transition between EY and EY. Such
assignments are further confirmed by the polarization-resolved PL and absorption spectrum

measurement, which will be discussed below.

X Y

Fig 2.3.6 Schematic illustration of the band structure of layered SnS. All panels: from ref. (128).
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2.3.4 Excitation anisotropy of PL spectroscopy

To further reveal the anisotropic properties of the band edge emissions, we performed PL
measurements under different laser excitation polarization. In this measurement, the polarization
direction of the laser was tuned while there is no polarization control in the detection path. Fig
2.3.7a shows the PL spectrum where 0 represents the intersect angle between the excitation laser
polarization and the x-direction of SnS. We fitted the measured PL spectrum with Gaussian
Formula and extracted the intensity of I* (1.204 eV) and 1" (1.160 eV) emission peaks. The
extracted PL intensity of 1X and I peaks were correspondingly plotted in Fig 2.3.7b, and they
showed the cos?6- and sin?6 - dependent shapes respectively. To highlight the excitation
anisotropy, the angular resolved PL intensity is plotted from 0.8 to 1. For band edge emission
along T'-X valley, I* reached its maximum with excitation polarization parallel to x direction. In
contrast, 1Y from I'-Y valley reached its maximum when excitation polarization is along the y-
direction. Our observation suggests that for each valley in the momentum space, the emission
dominates when the excitation polarization is parallel to its corresponding crystal orientation in
the real space. We further calculated the degree of polarization for anisotropic emissions from I'-
X and I'-Y valleys, which is defined as

I N e

N o+

X

(21)

respectively. Here Il.] (i =x,y;] = X,Y) represents the emission from J valley under i-polarized
excitation. The emission from X (Y) valley indicates a degree of polarization P* =8.5%

(PY=3.4%).
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Fig 2.3.7 (a) PL spectra of SnS under different excitation polarization. (b) Angular-resolved PL
intensity of the 1.204 eV (yellow) and 1.160 eV (blue) emission peaks under different excitation
polarization. The fitting curves for PL emissions from I'-X and I'-Y valley are indicated by yellow and
blue lines, respectively. All panels: from ref. (128).

Despite of the low degree of polarization, the distinct excitation anisotropic behavior of the two
PL peaks was a result of the valley-related optical selective rules. According to the symmetry
analysis based on group theory, the interband transition probability for both valleys under
different excitation polarization has been calculated (198). Under linearly polarized excitation,
the electrons in I'-X valley can be only excited with x-polarized photons while the I'-Y valley
can be only pumped with y-polarized excitation. However, due to the off-resonant excitation
photon energy (2.33 eV) in our PL measurements, the valley electrons selected by corresponding
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excitation polarization acquire significantly higher energy in the conduction band. Though the
valley-related optical selection rule is still preserved, the excited electron is easily relaxed to the
other valley (207). Hence the intervalley scattering of the excited electrons is significantly
enhanced, which leads to suppressed degree of polarization. The slight difference between P
and PY can be attribute to the detailed characteristics of the different band structures of I'-X and

I'-Y valley, which may lead to the different rate of intervalley scattering and relaxation of the

excited electrons.

2.3.5 Emission anisotropy of PL spectroscopy
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Fig 2.3.8 (a) PL spectra of SnS under different detection polarization. (b) Angular-resolved PL
intensity of the 1.204 eV (yellow) and 1.160 eV (blue) emission peaks under different detection
polarization. The fitting curves for PL emissions from I'-X and I'-Y valley are indicated by yellow and
blue lines, respectively. All panels: from ref. (128).

To further clarify the optical transition rules in SnS, we also performed PL measurements under

different detection polarization. The excitation polarization was kept parallel to the y-direction of
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SnS while PL signal of different emission polarization was detected. Fig 2.3.8a shows the PL
spectrum under different detection polarization. Here, 0 represents the angle between the
detection polarization and x-direction. We observed a novel valley-selective linear dichroism
phenomenon for the emission peaks. The emission from I'-X valley reached the highest intensity
under x-polarized detection while vanished under y-polarized detection, indicating a completely
X-polarized emission from I'-X valley. In contrast, the emission from I'-Y valley was completely
y-polarized. Both emissions from I'-X and I"-Y valley emerged under the detection polarization
6 = 45°. We extracted the angular resolved PL intensity of both peaks, which was plotted in the
polar coordinate (Fig 2.3.8b). The emission from I'-X valley and I'-Y valley show the pattern of
cos?0 and sin?6, respectively. The results demonstrate the perfect and orthogonal linear
dichroism in I'-X and I"-Y valleys of SnS in PL. Compared with BP where single-fold linear
dichroism is observed, our results represent the first observation of the valley-selective linear
dichroism in PL arising from its inequivalent valleys in energy band of SnS, as illustrated in Fig
2.3.9. Meanwhile, the PL emissions from both valleys have different peak positions and are well

resolved and perfectly polarized, which may be useful for future valleytronic applications.

The valley-selective linear dichroism arises from the optical transition rule at I'-X and I'-Y valley
of the SnS. The optical transition rule of the PL emission is subject to interband transitional
probability of the electron-hole pair, which is determined by |<g0i|pn|g0f>|2 (150, 197). Here ¢;
and ¢y represent the wave function of the initial and final states of the transition electron,
respectively, while p,, (n = x, y) is defined as the momentum operator where n is the direction
of photon polarization. The optical transition is allowed only if the moment matrix elements
(@i|pn|@y) have non-vanishing values. Meanwhile, we define the initial state and the final state

in I'-X and I'-Y valleys as (pij and (p]{ (j = x,y) respectively. For the valley in I'-X direction,
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group theory analysis gives a vanishing moment matrix element along the y-direction
(9¥|py|@F) = 0 (198). Hence, the photon transition along y-direction in T'-X valley is forbidden.
In contrast, electron transition is allowed along the Xx-direction in I'-X valley due to the non-
vanishing value of ((pf‘|px|<p}‘) (198). The strongly x-polarized photon emission from I'-X valley
in SnS is similar to that observed in BP (49, 77). However, different from BP, there is a nearly
degenerate valley along I'-Y direction in the energy band of SnS, where group theory analysis
gives non-vanishing value of (¢;’|p, |¢}) and vanishing value of (¢’ |p.|@}) (198). Hence, y-
polarized photon transition is allowed while x-polarized photon transition is forbidden, leading to

a completely y-polarized PL emission from the I'-Y valley.

Fig 2.3.9 Schematic illustration of the optical selective rule of the band edge emission. All panels:
from ref. (128).
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2.3.6 Linearly-polarized absorption spectroscopy

We further performed the linear polarization-resolved absorption spectrum measurement on SnS
flakes to validate our observations (208). In this experiment, the SnS flakes were exfoliated
directly onto the gold film deposited by thermal evaporation on SiO/Si substrate to achieve a
strong reflection of the broadband white light, as shown in Fig 2.3.10. A stabilized Tungsten-
Halogen light source was used to generate a broadband white light for absorption measurements.
The reflection spectrum of both SnS/gold film and gold film was measured at 77 K respectively,
illuminated by an incident beam with tunable polarization in the x-y plane, which is defined as R
and R,. Then the absorption spectrum of the SnS flakes was estimated as 1 — R/R,. This
configuration has been widely used to study the absorption spectrum of the BP in previous study
(49, 76). Here, we improved the configuration by using the gold film in substitution of the
Si02/Si substrate to exclude the possible absorption and transmission by SiO2/Si considering the

nearly perfect reflection in measured wavelength region (209).

Fig 2.3.10 Optical micrograph of SnS flake exfoliated on gold film/SiO,/Si substrate. All panels: from
ref. (128).
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Fig 2.3.11 shows the anisotropic absorption spectrum under the illumination of x- and y-
polarizations (solid line), together with previous PL spectrum (dots). We extracted the band gap
of SnS from the onset of absorption spectrum. The band gap along I'-X (Y) direction was 1.173
(1.147) eV. These values agreed quite well with the values 1.204 (1.160) eV along I'-X (YY)
direction obtained from the PL measurements. The consistence between the absorption and PL
results further confirmed that the two PL peaks originate from the unique band edge transitions

along I'-X and I"-Y directions.
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Fig 2.3.11 Anisotropic absorption spectra of SnS along x- and y-polarized illumination at 77K and its

comparison with PL spectra. All panels: from ref. (128).

The angular resolved absorption spectra under different illumination polarization are plotted in
Fig 2.3.12a. The absorption edge of SnS shows a clear redshift when the incident light
polarization was rotated from x- to y-direction. We further extracted the band gap of SnS along
different crystal directions from the absorption spectrum measurement, as shown in Fig 2.3.12b.

The extracted angular resolved band gap was well fitted with the function of acos?8 + b, where
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a and b are fitting parameters. Here, a=1.148 eV represents the energy gap along I'-Y direction
and b=0.030 eV represents the energy difference between I'-X and I'-Y valley, consistent with

the value directly extracted from the absorption spectra.
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Fig 2.3.12 (a) Absorption spectra of SnS at 77K under different illumination polarization. (b)

Angular-resolved energy gap extracted from the absorption spectra. All panels: from ref. (128).

We further measured the linearly-polarized absorption spectrum of SnS under 298K, as shown in
Fig 2.3.13. The absorption edge exhibits an overall redshift compared with the low temperature
results, a typical semiconductor property indicating that our observations are band gap transitions
(210). Moreover, the redshift of the absorption edge along y-direction compared with that along
x-direction is similar to that observed at 77 K. This observation confirmed that the band gap
along I'-X direction is larger than that along I'-Y direction, consistent with our previous
measurement. More importantly, it provided strong evidence for the optical selective rule since
the absorption of x-polarized photon was forbidden in the valley along I'-Y direction. In that case,
the I'-Y valley can be pumped only with y-polarized photon, demonstrated by the redshift of the

absorption edge under y-polarized illumination.
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Fig 2.3.13 Anisotropic absorption spectra of SnS along x- and y-polarization at room temperature. All

panels: from ref. (128).

2.3.7 Discussion and summary

In conclusion, we observe the novel valley-selective linear dichroism of PL in layered thin-film
SnS. Two photon emission peaks, arising from I'-X and I'-Y valley transitions respectively, are
purely linearly polarized along x- and y-directions, respectively, regardless of the excitation laser
polarization. This valley-selective linear dichroism and the highly anisotropic band structure of
SnS were further elaborated by angular-resolved optical absorption spectroscopy. Our
observations reveal the highly anisotropic electronic band structure and the unique optical
transition rules in a low-symmetry group IV monochalcogenide SnS, further establishing it as a

promising material for valley-related applications.
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3. Mid-infrared optoelectronic applications in thin-film materials

3.1 Bright and widely-tunable mid-infrared light emissions in thin-film BP
3.1.1 Motivation

Mid-infrared, referring to the spectrum region from 2 pm to 20 pum, hosts many important
applications. For example, the typical temperature of our environment is approximately 300K,
corresponding to the thermal radiation wavelength of 10 pum. Therefore, thermal imaging mainly
applied mid-infrared detection, which has been widely used in night vision (89, 90) and medical
imaging (91, 92). In addition, the vibration frequency of the molecule atoms typically ranges
from 10 THz to 100 THz, corresponding to wavelength range from 3 pm to 30 um (211).
Therefore, mid infrared spectrum region is also fundamental to molecular sensing, which has
been applied in chemical analysis (93, 94) and gas sensing (212, 213). Besides that, mid-infrared
technologies are also critical for space exploration (214, 215) and radiative cooling (216).
Therefore, it is highly desired to develop novel mid-infrared light generation, modulation and

detection technologies.

The conventional mid-infrared light generation mainly leverages the intersubband transitions in
MQW structures (109, 110). Today, mid-infrared QCL are widely used in many optical
applications (111, 112). However, the light emissions from multiple-quantum-well structures are
lack of large tunablity and therefore, difficult to for optical modulation covering a wide spectral
range. The emerging 2D materials provide great opportunities to break this limitation since their
atomically thin nature makes them intrinsically sensitive to external modulations like electric

field (217, 218). However, investigations on their light emission properties and applications in
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mid-infrared spectral range were rare due to less appropriate candidates and more challenging

detection scheme.

Layered BP (75, 76, 149, 219-222) has been recently rediscovered as an attractive 2D and thin-
film material, providing rich opportunities for investigating both fundamental physics (49, 77,
223-228) and device applications (56, 78, 83, 84, 229-234). Thin-film BP (> 10 layers) has a
moderate bandgap of around 0.33 eV (31, 50), suitable for mid-infrared applications (56, 84, 231,
232). Moreover, the bandgap of BP can be widely tuned by a moderate external electric field
(51-53, 235-237), thus extending the operational spectral range beyond the cut-off wavelength of
pristine thin-film BP (~ 3.7 um). Recently, a widely tunable mid-infrared photodetector with a
detection limit up to 7.7 um has been demonstrated in a dual-gate hBN/BP/hBN device (55).
Meanwhile, the broadband photodetection in infrared spectral region has been successfully
demonstrated in various heterostructures consisting of BP (54, 238, 239). In contrast, the light
emitting properties of BP have not been investigated extensively. For example, only PL spectra
of 1-5 layers have been explored, which is limited to visible and near-infrared region (49, 240).
Interestingly, the mid-infrared light emission properties of thin-film BP with thickness greater
than 6 layers have rarely been reported, probably due to the challenges in PL measurements in
mid-infrared wavelength range. In addition, the impact of the external electrical field on light
emission properties of BP remains unexplored, which significantly limits its potential for tunable

mid-infrared light emitting applications.

3.1.2 Establishment of a mid-infrared PL measurement system
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Fig 3.1.1 (a) An overall photo of the low-temperature mid-infrared PL measurement setup. (b) A

close-up of the set-up at the mechanical chopper side. (c) A close-up of the set-up at the low-

temperature sample stage side.
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Fig 3.1.2 Schematic illustration of the mid-infrared PL measurement setup. All panels: from ref. (129).
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Fig 3.1.3 Optical image of the focused laser spot under the microscope.

Here, we established a home-made mid-infrared micro-PL measurement system to resolve the
detection challenge, as shown in Fig 3.1.1a-c. The schematic illustration of the system is shown
in Fig 3.1.2. A chopped 640 nm solid-state laser was used as an excitation source, which was
focused on the sample by optical lenses and a prism attached to 15x mid-infrared objective lens
in a Hyperion 2000 microscope. The radius of the laser spot focused onto the sample was
optimized to be around 20 um, which is smaller than the sample size, as shown in Fig 3.1.3. The
PL signal was collected by this 15% objective and was further analyzed using a Brucker Fourier
transform infrared spectrometer (FTIR). An external lock-in scheme similar to that reported in
previous works (241, 242) was used to suppress the noise arising from the background thermal
emission. The Stanford Research SR830 lock-in amplifier was in reference to the mechanical
chopper at a chopping frequency of 10 kHz. Each spectrum is smoothed by averaging 512

measurements in FTIR to lower the noise level. The resolution of the directly measured spectra is
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8 cm™. The polarization-resolved PL measurements of emission anisotropy were performed by
rotating an infrared polarizer in the detection path. The sample was placed in a HFS600E-PB4
low-temperature stage from Linkam Scientific Instruments for temperature dependent PL
measurements. For gate tunable PL measurements, the device was first wire-bonded to a chip

carrier and the external displacement field was applied by a Keithley 2612 source meter.

3.1.3 Sample Preparation and Device Fabrication

The BP crystals with purity over 99.995% was purchased from HQ Graphene. BP flakes for
optical characterizations were directly deposited onto the 285-nm SiO2/Si substrate in an argon-
filled glove box using the standard mechanical exfoliation method. Then, BP flakes were
covered with hexagonal boron nitride (hBN) flakes using the polymer-free dry transfer method
(243) to prevent BP from oxidation. Fig 3.1.4a shows the optical image of a typical hBN-
covered BP flake. Its thickness is about 46-nm, determined by the atomic force microscopy
(AFM) measurements. The crystal orientation of BP flake was identified by the polarization-
resolved Raman measurements, as reported previously (157, 158). The Raman spectroscopy was
performed in Horiba LabRAM HR Evolution Raman Microscope with an excitation photon
energy of 2.33 eV. We performed the polarization-resolved Raman measurement by rotating the
sample with respect to the excitation laser polarization. Fig 3.1.4b exhibits the Raman spectrum
of the BP. The intensity ratio of Ag?> and A" mode reaches the maximum when the excitation
laser polarization was aligned along the armchair (x) direction of BP flakes (73), as shown in Fig

3.1.4c.
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Fig 3.1.4 (a) Optical image of the hBN covered 46-nm thick BP flake on a 285-nm SiO,/Si substrate.
(b) Polarization-resolved Raman spectrum of the 46-nm thick BP. (c) The measured (dotes) and fitted

(line) angular-resolved Raman intensity ratio of Ag2 and Agl mode. All panels: from ref. (129).

Dual-gate hBN/BP/hBN heterostructure device was fabricated for gate tunable PL measurements,
where a vertical electric field can be applied through the BP sample. The schematic image of the
dual-gate hBN/BP/hBN heterostructure is shown in Fig 3.1.5. The hBN encapsulation has been
demonstrated to prevent the BP from oxidation, and the stability of the hBN/BP/hBN devices can
last for months without noticeable degradation (98, 244). Moreover, the hBN encapsulation can
minimize the doping effect induced by the environment, leading to intrinsic BP (55, 244). The

hBN-encapsulated BP heterostructures were fabricated using the polymer-free dry transfer
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Fig 3.1.5 The schematic illustration of the dual-gate hRBN/BP/hBN device. All panels: from ref. (130).

method (243) and both hBN and BP layers were directly deposited onto the 285-nm SiO,/Si
substrate in sequence. All the exfoliation and transfer process were performed in an argon-filled
glove box. As an electrode material, the monolayer CVD graphene was then transferred onto the
hBN-encapsulated BP devices, which functions as top gate electrode (245, 246). Due to its
extraordinary transparency with the transmittance over 98% in the mid-infrared spectrum region
(108), CVD graphene electrode introduces negligible loss, which facilitates the measurement of
the PL spectra. The Vistec 100 kV electron-beam lithography system and the Oxford Plasmalab
100 Reactive lon Etching System were used to pattern the graphene top-gate. The metal
electrode was formed by thermally evaporating chromium/gold (3/27 nm) films. The Si was used
as the back gate. Fig 3.1.6a exhibits the optical image of the dual-gate hBN/BP/hBN device for
optical measurements. The thicknesses of the BP, the bottom and top hBN flakes were 10.5 (~20

layers), 9 and 22 nm, respectively, determined by AFM measurements. The crystal orientation of
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the BP flakes was also identified by the polarization-resolved Raman measurements, as shown in
Fig 3.1.6b. Fig 3.1.6¢ shows the angular-resolved Raman intensity ratio of the Ag mode and Ag?
mode. Similarly, the armchair (x) and zigzag (y) directions are determined when intensity ratio

reaches its maximum and minimum, respectively.
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Fig 3.1.6 (a) Optical micrograph of the dual-gate hBN/BP/hBN device with CVD graphene as the top-
gate. (b) Polarization-resolved Raman spectrum of the 10.5-nm thick BP. (c) The measured (dots) and

fitted (line) angular-resolved Raman intensity ratio of Ag2 and Agl mode. All panels: from ref. (130).

3.1.4 Bright PL emissions from thin-film BP
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Fig 3.1.7 (a) Mid-infrared PL spectrum of the 46-nm thick BP at 80 K. (b) Excitation power
dependence of the PL spectrum of the 46-nm thick BP. (c) The measured (dots) and fitted (line) power
dependence of the BP PL peak intensity. All panels: from ref. (129).

We first performed the PL measurements on the 46-nm thin-film BP flake at 80K with excitation
power of 10 pW/um?. As shown in Fig 3.1.7a, the PL spectrum exhibits a peak position at 0.308
eV, corresponding to the bandgap of the bulk BP since the excitonic effect is negligible in thin-
film BP thicker than 8 layers. The insignificant excitonic effect can be attribute to the reduced
screening effect and relatively large dielectric constant in multilayer BP (31). In fact, in bulk BP,
the exciton binding energy is only around 10 meV (48). The bandgap of the thin-film BP
extracted from PL spectrum also agrees with the previous theoretical calculations (31) and the
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infrared absorption measurements (50). To ensure the PL spectroscopy is in the linear response
regime, we measured the PL spectrum of BP under different excitation power densities (Fig
3.1.7b). As exhibited in Fig 3.1.7c, the PL peak intensity shows a linear relationship with the

power intensity ranging from 8 to 20 uW/um?.
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Fig 3.1.8 (a) Schematic structure of InAs MQW grown on indium phosphide (InP) substrate. (b)

Cross-sectional transmission electron microscopy (X-TEM) of InAs QW/In,,Ga, ,As barriers. (c)

The Reflection high-energy electron diffraction (RHEED) patterns taken during the growth process.
All panels: from ref. (129).
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Since it is difficult to accurately quantify the mid-infrared loss spectrum of various optical
components in the collection pathway of the home-made PL system and the Fourier transform
infrared spectrometer, we do not report the absolute quantum efficiency directly in this work.
Instead, we evaluated the relative PL emission intensity of thin-film BP by comparing its PL
with an InAs MQW sample grown by molecular beam epitaxy (MBE) with peak emission at 2.45
um. The schematic structure of INnAs MQW is shown in Fig 3.1.8a. Cross-sectional transmission
electron microscopy (X-TEM) showed a coherently strained MQW active region and also
revealed clear QW/barrier interfaces (Fig 3.1.8b). Reflection high-energy electron diffraction
(RHEED) patterns were observed during growth showed streaky 2x4 patterns for the InAsxP1.x
graded buffer and the InAs QWSs along with a streaky 1x3 pattern for the tensile strained
Ino.54Gao4sAs, as shown in Fig 3.1.8c, both indicating good crystal quality (247-250).

Fig 3.1.9 plots the PL spectra of both BP and InAs MQW measured at the same excitation power
density of 10 pW/pum? and 80 K. The absolute PL intensity of black phosphorus is only seven
times weaker than that of the INnAs MQW, demonstrating that the PL emission from the thin-film
BP is quite bright. Here we want to emphasize that our measurement results do not directly
indicate that the quantum efficiency of PL in BP is seven times smaller than that in the InAs
MQW. The absorbed powers of the pumping light (640 nm) by BP and InAs can be different and
the collection and detection efficiency at 2.45 and 4 um can also be different. However, this
comparison shows that the PL signal from BP is quite bright such that the BP PL spectrum can
be plotted together with the InAs MQW sample; where similarly grown MQW samples can serve
as the active region for electrically pulsed, room-temperature lasers (251). Therefore, the natural
next step will be exploring the cavity controlled light emission and possible lasing based on BP,

since the emission efficiency depends on the competition between the radiative and non-radiative

90



processes and the radiative decay time can be controlled by the local electromagnetic

environment (252).
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Fig 3.1.9 The PL emission spectra of thin-film BP and the InAs quantum well (The PL intensity of BP
is multiplied by a factor of 7). All panels: from ref. (129).

3.1.5 Band Properties of thin-film BP

The PL spectroscopy can be utilized to probe the band properties of thin-film BP. We first
explored the anisotropy of the PL emission, where PL spectrum along armchair (x) and zigzag (y)
directions were plotted in Fig 3.1.10a, respectively. The PL emission was almost perfectly
polarized along the armchair (x) direction under the excitation photon energy of 1.94 eV. The
angular resolved PL intensity of BP was well fitted with the function of acos?8 + b (Fig
3.1.10b), where @is the angle between emission polarization direction and the armchair-direction

of BP, and a, b are fitting parameters. This linear polarized PL emission from BP is because the
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band-edge optical transition along the zigzag-direction was forbidden according to the symmetry
analysis (49, 50). In fact, the similar PL emission anisotropy has been previously observed in its
monolayer to trilayer counterparts (49, 77). The observation reported here also agrees with
previously reported linearly polarized, band-edge infrared absorption in thin-film BP, since
emission and absorption are two reciprocal processes (50). The anisotropy of PL emission in

thin-film BP will be discussed in detail in Section 3.1.8.
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Fig 3.1.10 (a) Polarization-resolved PL spectra of 46-nm thick BP along x- (red), x-y (orange, 45
degrees to x and y) and y- (yellow) directions. (b) The measured (dots) and fitted (line) angular-
resolved PL peak intensity of BP. All panels: from ref. (129).

The temperature dependence of the PL spectrum was then measured to investigate the
temperature dependence of the 46-nm thin-film BP bandgap. Fig 3.1.11a shows the PL spectra at
different temperatures ranging from 80 to 300 K at a step of 20 K. The PL intensity decreases as
temperature increases, as plotted in Fig 3.1.11b. The decreasing PL intensity with increasing
temperature probably arises from the thermal activation of the nonradiative recombination center
at higher temperature (253, 254). At higher temperature, the probability of nonradiative

recombination of the electron-hole pairs increases, which suppresses the PL emission.
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Interestingly, the PL peak position of BP exhibits an anomalous blueshift with increasing
temperature. This phenomenon reveals that the bandgap of thin-film BP increases monotonically
with temperature, which is opposite to conventional semiconductors (255-257). Previously, such
an anomalous temperature dependence of BP bandgap was explored both theoretically (258) and
experimentally based on photoconductivity spectroscopy (259). Fig 3.1.11c shows the BP
bandgap at different temperatures extracted from the PL spectra, which increases from 0.308 eV
at 80 K to 0.334 eV at 300 K. The anomalous temperature-dependent PL position of BP can be
attributed to the renormalization of bandgap from both electron-phonon coupling and lattice
thermal expansion, which has been theoretically predicted (258) and also experimentally
observed in monolayer BP (253). As shown in Fig 3.1.11c, the anomalous temperature-
dependent trend can be divided into two temperature regions: 80-120 K and 160-300 K, giving
different temperature coefficient (dEg/dT) (259). Under low temperature (< 120 K), electron-
phonon coupling and lattice thermal expansion play comparable role in the renormalization of
the bandgap of BP. In contrast, at high temperature (> 160 K), the contributions from electron-
phonon interaction become weaker while the lattice thermal expansion dominates. Our
observation is also consistent with the recent studies on mechanical strain-induced bandgap
renormalization in thin-film BP (260-262), since lattice thermal expansion can induce a similar
strain effect. The linear fitting was performed to extract the temperature coefficient (dEg/dT) of
the optical bandgap in respective temperature ranges, which gives 1.53x10* eV/K and 1.04x10*
eV/K within 80-120 K and 160-300 K, respectively. Interestingly, our measured temperature
coefficient in both temperature ranges is about 40% smaller than previous theoretical prediction
(258) and measurement results based on photoconductivity spectroscopy (259). As a result, the

overall bandgap increases from 80 to 300 K measured in our experiment of 26 meV is also about
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40% smaller than that reported (240). Such a difference could be due to the different methods
used for the estimation of the BP bandgap. We also observe a side peak at around 283.5 meV in
Fig 3.1.11a, whose position is almost independent of the temperature. This side peak may be
attributed to a defect level. Since the bandgap renormalization is due to the anharmonic
properties of phonons and defects experience different local lattice vibrations, it is not surprising
that the defect level exhibits a different temperature behavior from that of the bandgap. On the
other hand, it is also possible that the side peak is caused by the absorption of residue carbon
dioxide in the detection optical pathway. Regardless of its origin, this side peak has minimal
impact on our conclusion due to its low amplitude. The main PL properties are hardly affected

by this side peak.

The anomalous temperature-dependent bandgap of BP can also be described based on a two-
oscillator model, which contains two isolated Einstein oscillators governed by two discrete
phonon energies (263, 264). The two-oscillator model has been leveraged to fit the temperature
dependence of the bandgap of semiconductors including monolayer black phosphorus, where the
bandgap Eg4 can be expressed as (253, 265, 266)

Eg = EO + E1 fioy +1 |+ EZ oy

eksT — 1 eksT —1

+1 (22)

Here, Eo is bare bandgap representing the low-temperature bandgap without considering the
zero-point motion energy, hw; and Aw, denotes two oscillator energies, and E: and E> govern
the renormalization energy strength of two oscillators. Here we choose Aw; = 17.2 meV and
hw, = 52.8 meV, extracted from the phonon densities of monolayer BP (267). Although the

phonon densities may vary slightly with thickness, the changes are expected to be small such that
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the fitting is hardly affected (267, 268). As shown in Fig 3.1.11c, the fitting results based on the
two-oscillator model (dashed line) agree with the experiments well. The fitting results yield the
fitting parameters Eo=339 meV, E1=21 meV and E>=-55 meV, respectively. The bandgap at low

temperature (~308 meV at 80 K) is smaller than the bare bandgap (339 meV), indicating that the

electron-phonon interactions can significantly renormalize the bandgap of the thin-film BP.
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Fig 3.1.11 (a) Temperature dependence of the PL spectrum of the 46-nm thick BP. (b) Temperature

dependence of the BP PL peak intensity. (c) Temperature-dependent bandgap of BP extracted from the

PL peak position. All panels: from ref. (129).
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Fig 3.1.12 Optical image and detailed AFM analysis of BP with different layer number of (a) 8 layers,
(b) 11 layers, (c) 13 layers, (d) 17 layers, (e) 33 layers, (f) 58 layers. All panels: from ref. (129).

We further investigated the thickness-dependent bandgap through PL measurements on thin-film
BP with thicknesses varying from 4.5- to 46-nm at 80 K. The optical image and detailed AFM
analysis of these flakes are exhibited in Fig 3.1.12 a-f. Fig 3.1.13a exhibits the normalized PL
spectra of thin-film BP at various thickness. With increasing layer numbers, the PL peak position
shows a redshift, revealing the decreasing bandgap of BP. The layer-dependent bandgap of thin-
film BP was summarized in Fig. 4b, which decreases monotonously from 0.441 eV at 4.5-nm
(~8 layers), to 0.338 eV at 10-nm (~19 layers) and eventually to 0.308 eV in 46-nm thick BP
(~91 layers). We added an error bar of £1 layer as shown in Fig. 4b to take the possible errors in
AFM measurements into account. As reported previously, the layer-dependent bandgap of BP
can be well described by a one-dimensional tight-binding model, taking only the nearest-

neighbor interlayer interaction into consideration (49, 50). For an N-layer BP, both conduction
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band and valence band will split into N subbands at the I point of the Brillouin zone due to the
interlayer interactions. Then the energy gap between conduction band and valence band with the

same subband index n (n =1, 2, 3,..., N) E} can be expressed as (49, 50)

nm
ER = Ey —2(r — o) cos (57) (23)

Here, E, represents the bandgap of monolayer BP, and y, and y,denote the nearest neighbor
interlayer interactions of the conduction band and the valence band, respectively. The bandgap is
determined by the energy difference between the conduction band minimum and the valence
band maximum in subband n = 1. Using E; = 2.12eV and y. —y, = 0.905 eV, we fit the

experimental data, as shown in Fig 3.1.13b. The fitted curve agrees with the measured thickness

dependent bandgap very well.
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Fig 3.1.13 (a) Thickness dependence of the PL spectra of BP. (b) Thickness dependence of BP

bandgap in mid-infrared. An error bar of +1 layer is added to the layer number axis. All panels: from
ref. (129).
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3.1.6 Widely tunable PL emissions from dual-gate BP devices

We then performed PL measurements on the hBN/BP/hBN heterostructure device to investigate
its PL tunability. All PL measurements were performed at 83K with excitation photon energy of
1.94 eV and excitation power density of 20 pW/um?. The PL measurement under zero bias was
first performed on the 10.5-nm BP flake. As shown in Fig 3.1.14, the PL spectrum of the 10.5-

nm BP flake exhibits an emission peak position at 330 meV, corresponding to its bandgap.
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Fig 3.1.14 The measured (dotted) and fitted (solid) PL spectrum of the 20-layer BP device at 83
Kelvin. All panels: from ref. (130).

We then performed the PL measurements under different bias voltage V,, ranging from -40V to
+40V. According to our previous experiments, the hBN encapsulated BP is very intrinsic and its

unintentional doping is negligible (55). In the dual-gate hBN/BP/hBN device, the displacement
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fields generated at the back and top gates can be represented as D, = &,V},/d,, and D, = &,V /d;,
respectively. Here, V},, and V; are the bias voltage across the back and top gate dielectric layers,
respectively. g, and d,, are the average relative permittivity and the thickness of the back-gate
dielectric layer, which consists of 285-nm SiO and 9-nm bottom hBN flake. &; and d, represent
the relative permittivity and the thickness of the top-gate hBN dielectric (22-nm). Using the
reported parameters (269, 270), &, and &, are calculated to be 3.87 and 3.0, respectively. Since
the thickness of the BP is much smaller than that of the total thickness of gate dielectric layers,
the bias voltage over the BP can be ignored and we have V, + V, = V. Moreover, since the
displacement field across the BP satisfies D, = D, = D; (BP is charge-neutral), the quantitative
relationship between the applied bias voltage V, and the displacement field across the BP D, can
be determined as D, = 0.012V,,. Hence, the applied bias voltage ranging from -40 to 40V
corresponds to an external displacement field from -0.48 VV/nm to +0.48 VV/nm.

Fig 3.1.15a shows the PL spectra of the 10.5-nm BP flake at different bias voltage ranging from
0 to +40 V. The PL peak exhibits a clear redshift with increasing bias voltage, indicating the
shrinkage of its bandgap. The PL emission can be continuously tuned from 3.7 um at zero bias
voltage to 7.7 pm under a moderate external displacement filed of 0.48 V/nm, demonstrating the
widely tunable, direct-bandgap light emission in mid-infrared. Further increasing the external
bias is expected to shift the emission peak to wavelength longer than 7.7 um. However, our
measurement setup does not have the sensitivity required to capture those weak signals in longer
wavelengths. The PL spectra at the bias voltage from 0 to -40V are shown in Fig 3.1.15b,
exhibiting almost identical properties. The bandgap and emission wavelength in the 10.5-nm BP
under different displacement fields were extracted from the PL measurements and plotted in Fig

3.1.15¢ (dots). The bandgap can be modulated from 330 meV in intrinsic BP to 160 meV
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through a moderate displacement field of 0.48 VV/nm, which agrees quite well with the previous

report from the temperature-dependent four terminal conductance measurements (51).
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Fig 3.1.15 The measured (dots) and fitted (lines) tunable PL spectra of the 20-layer BP device under
different displacement fields (a) from 0 to 0.48 V/nm (b) from 0 to 0.48 V/nm. (c) The
bandgap/wavelength tuning of the 20-layer BP extracted from PL spectra (dots) and first-principle
based model calculations (line). All panels: from ref. (130).
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Fig 3.1.16 The measured (dots) and fitted (lines) tunable PL spectra of the 23-layer BP device under
different displacement fields (a) from 0 to 0.48 V/nm (b) from 0 to 0.48 V/nm. (c) The
bandgap/wavelength tuning of the 20-layer BP extracted from PL spectra.

Our observations have been repeated in several devices with similar thickness and such tunable

emissions have been observed consistently. Fig 3.1.16a and Fig 3.1.16b exhibit the tunable PL
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spectra of another 12-nm BP (23-layer) device under the different displacement fields from
O0V/nm to 0.48V/nm and from OV/nm to -0.48V/nm, respectively. Similarly, the bandgap tuning
of the 23-layer BP device extracted from PL spectrum was shown in Fig 3.1.16c. The PL
emission (bandgap) of the 12-nm BP can be continuously tuned from 3.8 um (324 meV) in
intrinsic BP to 7.4 um (168 meV) at the displacement field of 0.48V/nm, which shows tunability
slightly smaller than that of the 10.5-nm BP. This result demonstrated that the wide tunability of
the PL emission can be robustly achieved in thin-film BP with thickness ranging from ~10-nm to
~12-nm. Moreover, it also implies that most likely due to free carrier screening, ~12-nm BP does
not exhibit enhanced tuning range if compared with that of ~10-nm BP. For BP flake much
thicker than 10 nm, it cannot be gated effectively by external electric field due to the strong free-
carrier screening effect (271). For thinner BP flake of ~5 nm, previous conductance
measurements revealed that it exhibits much weaker tunability due to the strong interlayer
electronic coupling (51). Also, the PL emission will significantly reduce in thin-film BP due to
decreased absorption. Therefore, we expect that the thickness of the best tunability should be
around 10-nm.

We further investigated the band structure of the 10.5-nm (20-layer) BP under different
displacement fields through a tight binding model, which has been discussed in detail in previous
works (51, 52, 55, 226). Here, we briefly described the calculation process again for clarity and
discussed the influence of the external electric field on the interlayer coupling strength and the
wavefunction distributions of the electron and the hole states based on the calculation. To

describe the band structures of BP thin film around the I" point near the band edges. We carry out

a tight-binding model based on DFT in conjunction with the E-ﬁ approximation. The low

energy effective Hamiltonian of monolayer BP can be described by a two-band model:
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H = <EC +aks + Bl urky ) 24)

vek,, E, — k% — pk;,
To further delineate multilayer BP thin film and the effect of external electric field, we introduce
the interlayer couplings t;"" in the off-diagonal elements and static electric potential terms A; in
the diagonal elements under the tight-binding frameworks. Here in the calculations, the interlayer
coupling coefficient remains constant under external displacement field, which is confirmed by
our DFT calculations. Therefore, the low-energy effective Hamiltonian of N-layer BP can be

written as (50):

E.(k) ts ts 0 veky, + 0k2 0 0

ts E.(k) +4 tf : 0 vek, + 0k2 0

ts tf E.(k) +24 ts 0 0 vek, + 0k2 0

: tf : :

0 ts tf E.(k)+(n—-14 0 0 0 veky, + Ok?
vek, + 0kZ 0 0 0 E, (k) t? 0 0

0 veky, + 0k2 0 0 t¥ E,(k)+4 t¥ 0

0 0 vk, + 0k2 0 0 t¥ E, (k) + 24 :

: : : t¥

0 0 0 vek, + k2 0 0 t? E,(k)+ (n—14

Here E (k) = E. + aki + Bk; , E,(k) = E, — Ak; — uk3. E. and E,, are the conduction and
valence band reference energies at the I' point respectively. k, and k,, are components of the
crystal momentum along zigzag(x) and armchair(y) direction. The «,8,4, u and v, are
parameters related to effective masses in different directions and t?, ¢¢, t5 are corresponding
interlayer coupling constant. 4 is effective electrostatic potential induced by external field. All

those parameters are inherited from previous work, which are fitted from first principle

calculations.
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Fig 3.1.17 The bands of the 20-layer BP near the I' point at displacement field of (a) 0.06V/nm, (b)
0.12 V/nm, (c) 0.24 V/nm, (d) 0.36 VV/nm, (e) 0.48 VV/nm, in comparison with those of the intrinsic 20-

layer BP. Only 5 highest valance and 5 lowest conduction bands are plotted for simplicity. All panels:
from ref. (130).
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At band edges I' point (k=0), by solving this Hamiltonian we can get corresponding
eigenvalues and eigenvectors which represent the energy levels and wavefunction compositions
(square of eigenvector elements). Here we have assumed the band edge wavefunction under bias
of BP film can be represented by a combination of separated monolayer BP top valance and
bottom conduction wavefunction under tight binding framework. By interpolating this intrinsic
normalized wavefunction composition coefficients we can get the band structure and further
estimate the oscillator strength under bias. Fig 3.1.17 a-e exhibits the comparison between the
band structure of the pristine BP and the BP under various displacement fields near the I point.
Here, only 5 subbands at the top of the valence and bottom of conduction bands are plotted for
clarity. As shown in the calculated band structures, the displacement field changes the bandgap
but does not significantly vary the band shape. From the calculated band structure, we extracted
the bandgap of the 20-layer BP under different displacement fields, as shown in Fig 3.1.15c
(line). The calculated bandgap tuning properties agree with our experimental results from PL

measurements very well.

3.1.7 Evolution of the PL intensity against the bias

Fig 3.1.18 shows the evolution of the peak PL intensity from the 20-layer BP versus the applied
displacement field. The PL intensity decreases with increasing displacement field, which can be
attribute to the decreasing of the oscillator strength under bias (272). Here, we calculated the
oscillator by probing the wavefunction overlap of electronic states. For simplicity, we only
consider the oscillator strength of single particle transition between band edges (valence band

maximum and conduction band minimum) at T" point.
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Fig 3.1.18 The PL intensity extracted from PL spectra as the function of displacement field. All

panels: from ref. (130).

Starting with the monolayer BP, the corresponding momentum matrix element (I,,) of such single
particle optical transition can be written as (273):

Iy = < ¢21 P [ >|? (25)
Here, |¢2 > and |2 > represents the monolayer valence and conduction wavefunctions at the

band edge of I" point, respectively, and P is momentum operator.

Following the tight-binding framework, the multilayer BP top valence state and bottom
conduction state could be described as the combination of identical monolayer valence and

conduction wavefunctions:

B> = ) algl >

L
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e > = ) blyl > (26)
J

Here a; and b; are corresponding coefficients which satisfy the normalization condition. |pL >

and |y! > are valence and conduction wavefunctions of the correspond layers.

Then the momentum matrix element (1) of the transition between band edges (at I point) of

multilayer BP film can be simply expressed as:

2

I=|<®,|P|¥,>?= ‘z aiPh;|p! > (27)

L

<y
j

Assuming that the wavefunction of each layer BP doesn’t have overlap with adjacent layers due

to van der Waals interaction between layers. We simplify the expression to:

I = |Z a;-kbi
i

Therefore, using this momentum matrix element expression, we can estimate the relative

2
X Iy (28)

amplitude of oscillator strength f, which is proportional to the I under bias via the corresponding
wavefunction coefficients under different external field. Those coefficients can be obtained from

tight-binding model discussed in our previous publications.

The calculated wavefunctions of electronic states at the top of valence band (hole) and the
bottom conduction band (electron) at I' point in the 20-layer BP at different displacement fields
are plotted in Fig 3.1.19 a-f. With increasing biasing field, the electron and hole wavefunctions
shift in the opposite directions. Therefore, the overlap decreases, indicated by the increasing

transparency of the background color in Fig 3.1.19, leading to reduced oscillator strength (274).
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Fig 3.1.19 The wavefunction distributions of the electron and hole states at I" point of the 20-layer BP
at displacements field of (a) 0V/nm, (b) 0.06 VV/nm, (c) 0.12 V/nm, (d) 0.24 V/nm, (e) 0.36 VV/nm, (f)
0.48 V/nm. The wavefunction overlapping is illustrated by background color, whose transparency

increases as the overlapping decreases. All panels: from ref. (130).

We further estimated the oscillator strength from wavefunction overlap integral. As shown in Fig
3.1.20, the oscillator strength decreases as the displacement field increases, which leads to the
reduced PL intensity. However, compared with the calculated oscillator strength, the

experimentally measured peak PL intensity shows a much weaker dependence on the biasing
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field. This is probably because the PL quantum efficiency depends on both the radiative and

nonradiative lifetimes. The quantum efficiency n of the PL emission can be expressed as (275):

1/t _ 1
1/Tr+1/Tnr 1+(tr/Tnr)

n= (29)

Here, 7, and 7, represents the radiative and the non-radiative lifetimes, respectively. The
decreasing oscillator strength under bias field will directly suppress the radiative recombination
probability, leading to longer radiative lifetime and reduced radiative rate 1/t,. However, the
non-radiative recombination rate 1/7,, is most likely much less dependent on the bias field.
Moreover, in high quality BP, the nonradiative rate is expected to be small (or t,,, is expected to
be much larger than t,.). Therefore, the quantum efficiency of PL emission is expected to have

weaker dependence on radiative rate 1/7,..
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Fig 3.1.20 The oscillator strength as the function of the displacement field. All panels: from ref. (130).
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3.1.8 Linearly polarized PL emissions under bias
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Fig 3.1.21 Upper panel: The PL spectra of the 20-layer BP measured along x- and y-directions of the
crystal at the displacement field of (a) 0 V/nm, (b) 0.12 V/nm, (c) 0.24 V/nm. Lower Panel: The
measured (dots) and fitted (line) angular-resolved PL intensity of the 20-layer BP at the displacement
field of (d) 0 V/nm, (e) 0.12 VV/nm, (f) 0.24 V/nm. All panels: from ref. (130).

We further performed the polarization-resolved PL measurements under different displacement

fields. The excitation polarization was aligned along the x-direction (armchair) of the BP flake

while the PL signals of x- and y-polarized emissions were measured. Fig 3.1.21a shows the PL

spectra along the x- and y-directions in intrinsic BP. The PL emission shows perfect linear

polarization as reported previously (49, 77, 129). We further measured the PL spectra along x-
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direction and y-direction under the displacement field of 0.12 and 0.24 V/nm, as shown in Fig
3.1.21b and Fig 3.1.21c, respectively. The bandgap of BP was tuned to 271 and 216 meV under
displacement field of 0.12 and 0.24 V/nm, respectively. Regardless of the bias, the PL emission
in BP preserves its perfect linear polarization. The angular-resolved PL intensity is plotted in Fig
3.1.21d-f, which can be fitted with the function of acos?8, where 6 represents the intersect
angle between x-direction and the emission polarization. This observation agrees well with our
band calculations where the vertical displacement field only rigidly shifts the subbands and the
in-plane optical properties are largely unaltered. As a result, the symmetry analysis for pristine
BP is still valid even under bias. Therefore, the optical interband transitions are forbidden along
y-direction, leading to the x-polarized PL emissions even under external displacement fields.

The linearly polarized PL emission under different displacement fields can also be explained by
anisotropic optical conductivity near the band edge of BP. Fig 3.1.22 a-c shows the anisotropic
low-energy optical conductivity spectra calculated by Kubo formula and the corresponding
angular-resolved optical conductivity at the first peak of the spectra under three displacement
fields (55). The optical conductivity completely vanishes along y-direction near the band edge.
This indicates that the optical interband transitions are only allowed along x-direction even under
external bias, leading to the linearly-polarized PL emissions along x-direction (31, 52). The
optical conductivity spectra consist of peaks due to the higher order optical transitions (E2z,
Ess...), while the PL peaks characterize the band-edge transition energies (E11) (50, 276). With
increasing external electric field, the higher-order transitions such as Ez> and Es3 transition can
also exhibit a redshift, but it is substantially smaller than that of the E1; transition. Because the
E11 transition is from the top of the valence subbands to the bottom of the conduction subbands,

the energy shift of the Ey; transition is affected most significantly by the band splitting.
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Fig 3.1.22 The anisotropic low-energy optical conductivity spectrum (left) and angular-resolved
optical conductivity at the first peak (See the green arrows in the left panel) of the spectrum (right) of
the 20-layer BP under the displacement field of (a) 0, (b) 0.12 and (c) 0.24 VV/nm. All panels: from ref.
(130).

3.1.9 Discussion and summary

Bandgap tuning in bilayer TMDs has been predicted theoretically (277, 278) and the PL tuning

has also been reported experimentally (279). However, the tunable PL properties in thin-film BP
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is distinctively different from that in bilayer MoS.. Bilayer MoS: is an indirect bandgap material,
where its PL emission, regardless of bias field, primarily arises from the inefficient direct
bandgap optical transition within each individual layer itself (279). This primary emission peak
hardly depends on the bias field. The bias field induces an additional weak and field-dependent
emission peak due to the transitions between electronic states localized in two different layers
(279). In contrast, BP is a direct bandgap material and it remains to be direct bandgap regardless
of the bias field. As a result, the PL emission remains to be relatively strong and the transitions

always occur between the top of the valence band and the bottom of the conduction band.

Moreover, previously in the mid-infrared wavelength spectral range, the optical stark effect has
been demonstrated in MQW intersubband transitions within conduction band through the
infrared absorption measurements (114, 115). Under the external bias field, the conduction band
tilts, and the energy of lowest quantum state is more effectively modified compared with the
higher energy states, leading to the blueshift of the absorption peaks. This phenomenon is
opposite to the redshift of the direct bandgap PL emissions in thin-film BP reported in this work.
Moreover, the tunability in MQW intersubband transitions is comparatively small (less than 1
um) since the maximum bias electric field is limited to around 0.01 V/nm due to the moderate
semiconducting bandgap of the epitaxially grown MQW structures. In contrast, due to the
layered nature of BP, high quality dielectric hBN layers can be used to construct the
heterostructures, which easily allows for the external displacement field of 0.5 V/nm in this work.
In fact, the displacement field applied to the BP can even be much larger (at least 1 VV/nm) (55),
giving rise to the light emissions in longer wavelength region. Based on first-principle
calculations, the bandgap of the 10.5-nm BP can be tuned to 60 meV at the displacement fields

of 1 VInm. Therefore, with further improvement of the BP sample quality and the excitation and
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collection efficiency, the light emission of the hBN/BP/hBN devices could reach longer
wavelength.

Our observation of the bright and widely tunable light emissions from thin-film BP has inspired
many BP optoelectronic applications in mid-infrared. For example, a mid-infrared light-emitting
diode has been demonstrated in BP/TMDs p-n junction. In addition, a mid-infrared laser has also
been realized in thin-film BP nanosheets embedded in a distributed Bragg reflector (DBR) cavity.
Considering its wide tunablity, future research will focus on the BP-based mid-infrared light
emitting applications beyond the intrinsic spectral range of pristine BP. In conclusion, our results
not only open up new possibilities for widely tunable BP-based mid-infrared light emitting
applications, but also provide a comprehensive understanding of the optical and band properties

in both pristine BP and BP under the external electric field.
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3.2 Ultrafast long-wavelength infrared detection based on ultrathin silicon microbolometer
3.2.1 Motivation

Besides light generation and modulation, mid-infrared light detection is another important aspect
of mid-infrared technology. Among mid-infrared (2-20 pm), long wavelength infrared (LWIR)
provides an extraordinary platform for light detection technology due to the atmospheric window
(9-14 pm) (280, 281). The absorption of radiation by atmospheric gases is significantly
suppressed in this transmission band. Therefore, long wavelength infrared (LWIR)
photodetectors and imagers are widely used in applications such as night vision (89, 90), medical

imaging (91, 92), space exploration (214, 215), molecular sensing (93, 94), etc.

In general, conventional LWIR detectors can be classified into two categories: “photon” and
“thermal” detectors (117). MCT detectors (119) and QWIP (120) are typical photon detectors, in
which photocarriers excited by photons are directly collected and converted to electrical current.
These detectors have high sensitivity and high speed but high dark current at room temperature,
therefore requiring cryogenic cooling for operation with limited applications (282, 283). In
contrast, microbolometers are thermal detectors that can operate at room temperature. A
microbolometer consists of an infrared light absorber and a temperature sensitive resistor (116,
123, 124). The light sensing of the thermal detector is realized by the detection of the resistance
variation that is caused by the light-induced temperature elevation. Due to the ease of operation,

microbolometers are widely employed in thermal imaging applications (284-286).

In the state-of-art bolometers, weak LWIR light can induce significant temperature changes due
to excellent thermal insulation design. The state-of-art bolometers have a high sensitivity with a

NETD as small as 50 mK (116, 123, 124). However, such a high detection sensitivity achieved in
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the state-of-art bolometers coming from a high photoresponsivity is achieved by maximizing the
thermal resistance (Rw) of the device. A large R, together with a high heat capacity (Ctw) in the
reported bolometers unavoidably leads to a large thermal time constant (zt» = RinC) value of 10
mili-seconds (116, 123, 124). As a result, most existing bolometers have an operation frequency
bandwidth well below one kilohertz. Simultaneous improvement of both the operation frequency
and photoresponsivity in these bolometers thus encounters an impasse. Further improvement of

the bolometer speed requires materials and structures a with low heat capacity (125, 287).

Moreover, the potential of the prevalently employed materials in the existing bolometers, e.g.,
amorphous silicon (a-Si) (288) and vanadium oxide (VOx) (289), which have a temperature
coefficient of resistance (TCR) of only 2-3%/K, for temperature sensitive resistors has been
nearly depleted. Alternative materials with a higher TCR value than that can be achieved from
these conventional ones are worthy of exploration. Finally, after decades of improvement, the
bolometer pixel size was downscaled from around 50 pum (290) down to 10 um (291). Although
further reduction of the pixel size to below the wavelength scale has been attempted to improve
the resolution of bolometer-based infrared imagers (292, 293), the pixel size reduction using the
conventional bolometer design scheme would decrease the light absorption and impair the filling

factor of a bolometer imaging array (294-296), leading to compromised photoresponsivity.

Recently, mid-infrared microbolometers have also been demonstrated in emerging 2D materials
like graphene (99-102). The ultrathin 2D nature of graphene gives rise to its extremely small heat
capacity. Therefore, ultrafast operational speed up to GHz has been realized in graphene
microbolometers (99). Due to weak light absorption and low TCR at room temperature in
monolayer or few-layer graphene, the responsivity of graphene bolometers is compromised

compared with conventional bolometers, which hinders its pathway towards commercialized
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applications at current stage (99). However, its ultra-small heat capacity sheds light on a
promising strategy to improve bolometer speed. Therefore, it is highly enlightened to investigate
whether ultrathin conventional materials such as ultrathin silicon can be applied for improving

bolometer speed while preserving high sensitivity.

3.2.2 Overview of the microbolometer

An IR microbolometer usually consists of an infrared light absorber and a temperature sensitive
resistor, of which the resistance variation caused by the light-induced temperature elevation
quantifies the incident light power. Fig 3.2.1 illustrates the schematic of the silicon
nanomembrane-based microbolometer. The bolometer consists of a suspended square shaped
silicon nanomembrane (220 nm thick) with two cantilevers (21.2 um long and 0.5 um wide)
fabricated from a single piece of silicon on insulator (SOI) substrate. The ultra-thinness of the
silicon nanomembrane results in an ultra-small heat capacity, giving rise to a much improved
operational bandwidth. On top of the suspended silicon nanomembrane, a cross diabolo antenna
located at the center of the silicon nanomembrane was designed to achieve a strong and
polarization-independent broadband absorption centered at a wavelength of around 12.2 pum
(297-299). Furthermore, the ultracompact antenna allows for the realization of the
subwavelength bolometer pixel size. The absorbed LWIR light leads to a temperature elevation
in the entire device, which is detected by the spiral-shaped Titanium (Ti)-Si-Ti resistor
surrounding the cross-diabolo antenna. Herein, the resistance of the Ti-Si-Ti resistor is
dominated by the Schottky barrier at the Ti-Si interfaces, in which the barrier height is analogous
to the activation energy in traditional bolometers (300, 301). As a result, the TCR of the Schottky

contact is negative, i.e., the resistance of the Ti-Si-Ti resistor decreases as the temperature
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increases. The bottom Si, which is the handling substrate, is expected to reflect incident light
partially. To maximize the device responsivity, the entire device is suspended in vacuum during
operation/measurements to minimize its thermal conductance, and hence maximize the

temperature elevation under LWIR light illumination.

Mid-IR light

Gold antenna V

Ti on Si cantilever

Fig 3.2.1 The schematic of the silicon nanomembrane microbolometer device. All panels: from ref.
(131).

3.2.3 Design of the diabolo antenna for optical absorption

We first performed optical simulations to optimize the device performance. The optical
absorption of the designed bolometer device was calculated using the commercial Lumerical
FDTD software. The absorption by the antenna was obtained by comparing the volumetric
integral of transmitted electromagnetic wave power and the total incident light power. The
difference in incident and transmitted power is the absorbed power. The mesh size of our

simulation was set to be 10 nm and we verified that further decreasing the mesh size did not
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affect the simulated absorption spectrum. The simulation was performed under a periodic
boundary condition with the periodicity of 6.2 um. The diabolo plasmonic nanoantenna has
previously been investigated (297). In this work, we optimized the antenna parameters to
maximize the absorption and to tune its resonance wavelength to 12.2 um. A cross design was
utilized to realize polarization-independent light absorption (298, 299). Fig 3.2.2a shows the
schematic of the antenna in which the length (L), width (W), and the metal gap (G) of the gold
antenna were optimized to be 1900 nm, 600 nm, and 40 nm, respectively. Fig 3.2.2b plots the
simulated optical absorption spectra of the antenna under the excitation of linearly polarized light
at three different polarization directions, which reaches 50% of light absorption at the
wavelength of 12.2 um and shows insignificant polarization dependence due to the high
geometric symmetry of the antenna. In this simulation, the reflection of silicon substrate has been

taken into account.
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Fig 3.2.2 (a) The schematic of the cross-diabolo antenna. (b) The simulated absorption spectrum of

the bolometer under different excitation polarizations. All panels: from ref. (131).
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Fig 3.2.3 The simulated absorption spectrum of the bolometer under different simulation period.

Antenna crosstalk, namely the interaction of the antennas in neighboring pixels, is fundamental
issue for antenna design (302, 303). The antenna crosstalk is desired to be minimized since it is
destructive to optical absorption. In terms of simulation, the periodicity dependence of optical
absorption is applied to probe antenna crosstalk (304). The simulation periodicity determines the
distance between neighboring antennas. Therefore, the crosstalk issue is negligible if the
resonance wavelength of optical absorption is independent on the simulation periodicity. Fig
3.2.3 exhibits the simulated optical absorption spectra of the antenna under different periodicity.
The resonance peak position remains almost unchanged with further increased periodicity in
simulation, indicating that the crosstalk effect is very small with periodicity of 6.2 pm.
Previously, we also designed a spiral antenna (305) which also exhibits strong and broadband

absorption at 12.2 um, as shown in Fig 3.2.4a. However, the absorption resonance shifts
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prominently with increasing periodicity (Fig 3.2.4b), indicating a significant crosstalk issue.

Therefore, the spiral antenna design is not appropriate for bolometers with pixel size of 6.2 um.
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Fig 3.2.4 (a) The schematic of the spiral antenna. (b) The simulated absorption spectrum of the

bolometer under different simulation period.
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Fig 3.2.5 (a) Schematic illustration of the distance between the center of the antenna to the boundary
of the Ti contact, represented by d. (b) The dependence of the simulated absorption spectrum on

distance d. All panels: from ref. (131).
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Moreover, the Ti-Si-Ti resistor was constructed around the edge of the silicon nanomembrane
square to minimize the impact of the metallic Ti on the performance of the gold antenna in the
center. A proper distance between the center of antenna and the Ti metal lines (Fig 3.2.5a) needs
to be maintained as the light absorption by the antenna can be quenched if the distance between
the antennal and the Ti metal line becomes too short. According to the simulations results shown
in Fig 3.2.5b, we chose 2.5 pum in our design to maximize light absorption. To realize a moderate
resistance value suitable for bolometer applications (306, 307), the Ti metal wire was designed
and optimized to form a square-shaped four narrow-strip structure surrounding the center

antenna.

3.2.4 Microbolometer device fabrication

1. SOI substrate 2. Etch holes through Si film 3. Etch SiO,, suspend Si film
4. Ti contact 5. Gold antenna 6. Etch surrounding Si film

Fig 3.2.6 The schematic of process flow of the device fabrication. All panels: from ref. (131).
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Fig 3.2.7 (a) An optical micrograph of a fabricated bolometer device. (b) Scanning electron

micrograph (false color) of the device’s central area. All panels: from ref. (131).

A schematic of the device fabrication processes is illustrated in Fig 3.2.6. We started with a

lightly p-type doped (Boron < 1x10% cm=) SOI wafer that has a top silicon and buried oxide

(BOX) thicknesses of 220 nm and 3000 nm, respectively. Using reactive ion etching, an array of

holes of 2.4 um in diameter for BOX removal were first formed on the top Si layer. A PMMA

layer was used as an etching mask, which was patterned by a Raith EBPG 5000+ electron-beam
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lithography system. The Si film was etched through by sulfur hexafluoride (SFe)
/octafluorocyclobutane (CsFg) plasma in an Oxford Plasmalab 180 inductively coupled plasma
(ICP) system. Subsequently, the substrate was soaked in 5:1 buffered oxide etchant (BOE) for
approximately 1 hour to remove the BOX in the vicinity of the holes, achieving a suspended
silicon nanomembrane for the following fabrication steps. The Ti-Si-Ti resistor was fabricated
by depositing a Ti layer (30 nm thick) to form the square shaped narrow strip metal lines on the
suspended silicon nanomembrane. After that, the gold nanoantenna was fabricated in the center
of the bolometer device. The surrounding Si nanomembrane outside of the Ti-Si-Ti spiral resistor
was then removed by dry etch using the same ICP system to minimize heat capacity as well as
thermal conductance. The PMMA layer used as the etching mask was removed with oxygen
plasma. Fig 3.2.7a shows the optical microscope image of the device. The detailed structures of
the fabricated microbolometer are shown in the false colored scanning electron micrograph (Fig
3.2.7b), showing an active device region of 6.2 um by 6.2 um. In this work, the pixel size refers
to the active device region while the cantilevers are not included. The pixel size including the

surrounding area of the bolometer is 7.2 um by 7.2 um.

3.2.5 Transport measurements and TCR

We characterized the electrical and thermal properties of the Ti-Si-Ti device at 300 K. The
transport measurements were performed in the Lakeshore CPX cryogenic probe station. The
source-drain bias voltage was applied by an Agilent B1500A semiconductor parameter analyzer.
The device exhibits typical metal-semiconductor-metal 1-V characteristics as illustrated in Fig

3.2.8a. The device current reaches lqg = 6 pA under a forward bias Vp = 0.8 V, corresponding to
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an equivalent resistance of 0.133 MQ. To obtain the TCR, the I-V characteristics of the device

were measured at 300K and 305K, respectively. The TCR at 300K was calculated by

R(300K) — R(305K)

G005 Y/5K x 100% (30)

TCR = (

The typical TCR of the device is around 5% at 300 K, when the bias voltage is over 0.25 V (Fig

3.2.8a).
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Fig 3.2.8 The (a) measured and (b) calculated I-V characteristics and TCR of the bolometer

device as a function of the bias voltage. All panels: from ref. (131).

A simplified device model can be used to understand the electrical characteristics of the device
(308). In this electrical model, the Ti-Si-Ti is represented by two back-to-back connected
Schottky diodes. Since the Si film was not intentionally doped, the metal and Si film forms a

Schottky contact. A typical Schottky diode current versus applied voltage can be described by

the following equation (309):

[1-en(-£2)
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Here, A is the cross-section area of the Schottky diode, A" is the Richardson constant, T is
temperature, @p, is the Schottky barrier height, kg is Boltzmann constant, e is elementary charge,
and Vy is the applied voltage across the Schottky diode. In our bolometer, two Schottky diodes
are connected in a back-to-back scheme. The bias voltage is distributed in these two Schottky
diodes very differently and the current will be limited by the reservedly biased one. If we assume
that the effective Schottky barrier height of our Ti-Si-Ti device is 0.31 eV, the calculated TCR is
around 4.75% as shown in Fig 3.2.8b, which closely matches the measured TCR value. The
effective Schottky barrier is smaller than the typical value, approximately 0.5-0.6 eV, reported in
previous literatures (310, 311). This discrepancy can be attributed to the additional ultrathin
silicon serial resistance and the nonideal Ti-Si interfaces. This additional resistance can be
evidenced by the non-saturating current at bias voltage larger than 0.2 V, as shown in Fig 3.2.8a.
Since the additional serial resistance is insensitive to the temperature, the overall TCR of the Ti-

Si-Ti device is therefore suppressed, leading to the smaller effective Schottky barrier.

3.2.6 Photoresponse measurements and NETD

The photoresponse of the device under LWIR radiation was measured at the wavelength of
12.2 um by a home-made infrared photocurrent measurement setup. The 12.2 um infrared light
from the Alpes Lasers sbcw7971 DN QCL was first collimated by a Thorlabs C028TME-F
aspheric lens, and then modulated by a Thorlabs MC1F10 mechanical chopper. The infrared
light was further guided into the FTIR and focused on the device by a Bruker Hyperion 2000
infrared microscope coupled to the FTIR. The total incident light power under the infrared

microscope was measured to be 450 uW using a Thorlabs S401C thermal power sensor.
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To calibrate the incident power intensity on the device, we applied a conventional knife-edge
technique to determine the size of the Gaussian beam profile. From beam size and total power,
the standard deviation of Gaussian distribution was determined to be 25 um, corresponding to
the peak power intensity of 0.115 uW/um? The incident power on the device was then
calculated assuming an antenna absorption cross section of (A/2)?, where A is the resonance
wavelength of 12.2 um. Therefore, the LWIR incident power (Pex) shined on the device was

calculated as 4.4 pW.
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Fig 3.2.9 (a) A photo of vacuum chamber sample stage. (b) A photo of vacuum pumping system.

To minimize its thermal conductance, the device was placed in a HFS350VE-PB4 vacuum
chamber from Linkam Scientific Instruments for optical measurements, as shown in Fig 3.2.9a.
The vacuum chamber was connected to the pump by an Edwards PV16MK vacuum valve, which
can be pumped down and maintained at a pressure of 10 Torr by an Edwards T-station, as

shown in Fig 3.2.9b. The photoresponse was measured by a Stanford Research SR830 lock-in
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amplifier in series with a Femto DLPCA-200 current amplifier with a gain G of 1000 V/A. The
photocurrent Iph was extracted from the lock-in signal Vi by I,,, = 2m\/2V, /4G, where the factor

of v/2 and 2 represent root-mean-square (RMS) amplitude and the peak-to-peak amplitude from
the lock-in amplifier, respectively, and the factor of m/4 represents the amplitude of the
fundamental sine-wave Fourier component of the square wave (312, 313). The integration time
of the lock-in amplifier was set to be much longer than the laser modulation period to ensure the

signal stability.
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Fig 3.2.10 (a) The measured photocurrent and corresponding responsivity of the bolometer device
against the bias voltage. (b) Incident power dependence of the photocurrent. All panels: from ref.
(131).

Fig 3.2.10a plots the photocurrent (Ipn) of the device under different Vy, ranging from 0.4 V to 0.8

V. In our device, the ratio of photocurrent over dark current (lg) can be described as follows

fon _ AR _ rorcR 32
L R (32)
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Here, AT represents the temperature elevation across the device under LWIR excitation, AR
represents the resistance change under AT, and R represents device resistance without infrared
excitation. Since the TCR remains largely unchanged and the lq increases linearly in this biasing
voltage range, the Iph also increases linearly. The Ipn was also measured under different incident
power at Vy of 0.8V, as shown in Fig 3.2.10b. The Ip increases linearly with incident power due

to the linear relationship between the Ipy and the AT, as illustrated by the equation above.

400
300 -
200 ~

&C“ 100 +

~ 04180

=

o

— 100+
200 -
300 -
400-

150

210

270

Fig 3.2.11 Polarization dependence of the photocurrent. All panels: from ref. (131).

We further investigated the polarization dependence of the photocurrent. As illustrated in Fig
3.2.11, the photocurrent is insensitive to the incidence light polarization due to the four-fold
rotational symmetry of the antenna. We calculated the extrinsic (Rex) and the intrinsic
responsivity (Rin) from the measured lpn, respectively. Under the bias voltage of 0.8 V, the
measured photocurrent is around 323 nA, corresponding to an extrinsic responsivity Rex of 73.5

MA/W (Ipn/Pex). With 50% of the incidence power being absorbed by the device, which is
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estimated from our simulations, the Rin is 147 mA/W. We further calculated the noise equivalent
power (NEP) and the NETD to quantify the device performance. The NEP can be calculated by
(314, 315)

NEP = I 33
=7 (33)

ex

Here I,, represents the current noise. The total current noise power spectral density of bolometer

device is the combination of Johnson current noise and shot noise (99):

, _ 4kgT
R

S, + 2el (34)

Here kg is Boltzmann constant, T, R and I are the operational temperature, device resistance and
current, respectively. Therefore, I,, = 1.45 pA/VHz, and the NEP is determined to be 19.7 pW /

VHz. The NETD can be derived from the NEP, which can be expressed as (314, 316, 317)

AF?
NETD = - NEP (35)

AL
AL Py, -2, (FF)300K,, .2,

Here, the F represents the optical aperture and typically F=1 in a LWIR device (116, 318, 319).
A, represents the area of the single pixel where 4,=37.2 ym? in our device. &, _,3, represents

the optical transmission rate, which is approximately @, _,;,=1 in LWIR due to the extraordinary

atmospheric transmittance window of this wavelength band (280, 281). And (i—;)gooml is the

—)12
luminance variation with the scene temperature around 300 K, which is evaluated to be 0.84 W
/(m? - sr - K) (316). Therefore, the NETD of our bolometer with an extrinsic responsivity of 73.5

mA/W is 803 mK.

We can further estimate the temperature evaluation AT based on the measured parameters using
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Ipn

~1,-TCR (36)

The estimated temperature elevation from the measured TCR and Iph is about 1.1 Kelvin. To
cross-check the temperature elevation, we performed COMSOL® simulations based on the
absorbed optical power. Considering an excitation power of 4.4 uW and an absorption efficiency
of 50% from the antenna, the absorbed power by the bolometer is 2.2 uW, leading to a calculated
temperature elevation of 1.8 Kelvin across the device (Fig 3.2.12). In this calculation, we
assumed that heat only dissipates from the cantilevers. The temperature elevation estimated from
measured TCR and Iph is slightly lower than the calculated value. This discrepancy may be due
to the following two reasons. First, the optical absorption can be lower than the optimized value
of 50%. Second, the thermal conductivity of the bolometer is larger than the expected value due

to the deviation of the cantilever dimensions from designed ones, and the nonideal vacuum

conditions for thermal insulations.

295K

294K

293.15K

Fig 3.2.12 Simulated temperature elevation across the bolometer device. All panels: from ref. (131).
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3.2.7 TTC calculation and speed discussion

The frequency dependence of the bolometer photoresponse was characterized. The incident
LWIR light was modulated at frequencies ranging from 50 Hz to 10 kHz using mechanical
choppers. Fig 3.2.13 plots the frequency-dependent Ipn, which shows negligible photoresponse
degradation with the modulation frequency up to 10 kHz. The abrupt response change at around
900 Hz was caused by the switching of the choppers. The photoresponse up to 900 Hz
(represented by solid red squares) was measured using a 10-blade chopper. In this case, the light
beam spot is smaller than the width of each blade and the light modulation depth is 100%.
However, to achieve a modulation frequency up to 10 kHz, a 100-blade chopper was needed and
used. In this case, the light beam spot is larger than the width of the chopper blade and the
modulation depth is therefore reduced, leading to the abrupt change in photoresponse at around
900 Hz (represented by orange rings). Such abrupt photoresponse change due to the switch of

choppers has also been reported in our previous work (102).
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Fig 3.2.13 Modulation frequency dependence of the photocurrent from 50 Hz to 10 kHz. All panels:
from ref. (131).
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Fig 3.2.14 The schematic of thermal speed calculation. All panels: from ref. (131).

We calculated the thermal speed of the microbolometer. Fig 3.2.14 shows the schematic for the
thermal speed calculation, in which the C¢ is dominated by the silicon nanomembrane area and
the R is mainly determined by the two Si cantilevers in parallel. The incident light absorbed by
the devices functioned as the thermal power source and the whole device was soaked in a
thermal bath. We calculated the heat capacity and thermal resistance based on the designed

device structure, respectively.

The total device heat capacity is the combination of the heat capacity of the Si film, Ti contact,

and the gold antenna. The heat capacity of each term can be calculated by the following equation:
C=cxpXxV (37)

Here, C is the heat capacity, c is specific heat, p is the density of the material, and V is the

volume. The total heat capacity of the central device can be calculated by the following equation:
Ctotar = Csi + Cri + Cpy (38)
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Here, Crotal Is the total bolometer heat capacity. Csj, Cti and Cay are the heat capacity of Si film,
Ti contact and gold antenna, respectively. The calculated Ciotar is 1.92 J/K, in which the

contribution of Si film dominates (1.86 J/K).

The thermal resistance of the cantilevers can be calculated by:

L
KXA

Rth = (39)

Rt s the thermal resistance, L is the length of the cantilever, « is the thermal conductivity of the
material, and A is the cross-section area of the cantilever. Since two cantilevers are connected to
the device in parallel configuration, the total area is the cross-section area of one cantilever times
two. Moreover, the heat dissipation pathway consists of Si cantilevers and Ti wires, which are in

parallel. Therefore, the total thermal resistance can be calculated using the following equations:

Rg; X Ry

e — 40
Rg; + Ry (40)

Rth,total =

Here, Rintotal IS the total thermal resistance and Rsi and Rri are the thermal resistance of Si
cantilevers, and Ti wires respectively. The calculated Rin ot is 7.61 X 10°(K/W). In fact, it is

dominated by Si cantilevers and the impact of Ti wires is negligibly small.

The estimated = of the microbolometer device is determined by t., = Ciotar X Rentotar =
14.6 uS, corresponding to a 3 dB cut-off frequency f545 = 1/2mt:, = 11 kHz. The calculated
frequency dependent responsivity is shown in Fig 3.2.15. Although we have not been able to
experimentally determine the cut-off frequency in our microbolometer due to the limitation of
our measurement setup, the calculated cut-off frequency value may serve as a reasonable

estimation for the fabricated device.
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Fig 3.2.15 Calculated modulation frequency dependence of the responsivity. All panels: from ref.
(131).
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Fig 3.2.16 Modulation frequency dependence of the photocurrent of the same device measured in air

compared with that measured in vacuum from 50 Hz to 10 kHz.
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We further comment on the performance of microbolometer in the atmosphere. The frequency
responses of the photocurrent of the same device measured in air and in vacuum from 50 Hz to
10 kHz were plotted in Fig 3.2.16. The photocurrent measured in air was 2.3 times lower than
that measured in vacuum. Therefore, the responsivity and the NETD were also 2.3 times worse,
which was 32.4 mA/W and 1694 mK, respectively in air. The degradation of the device
performance can be attributed to the additional heat dissipation channel by air. On the other hand,
the increasing thermal conductivity with further decrease the thermal time constant, leading to an
even faster operational speed. Therefore, the device performance is still reasonable in the

atmosphere.

3.2.8 Engineering the thermal resistance

To improve the thermal conductivity of the above described microbolometer, we implemented
nanoholes in the Si cantilevers. These holes were designed to decrease the thermal conductivity
of the cantilevers and hence to increase the temperature elevation under LWIR illumination and
thus the responsivity. There are two factors contributing to the enhancement of the thermal
resistance. First, the fabricated nano-scale holes will decrease the overall cross section of the Si
cantilevers and correspondingly increase the thermal resistance. Meanwhile, the scale of nano-
scale holes is in the order of 100 nm, which is comparable to the phonon mean free path in
silicon. As a result, we expect a decrease in thermal resistivity itself induced by phonon
scattering. Fig 3.2.17 shows the scanning electron micrograph of such a device with nanoholes

fabricated in its cantilevers. The central active device area remains to be 6.2 um by 6.2 pum.
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Fig 3.2.17 A SEM (false color) micrograph of the bolometer device with nano-scale holes fabricated

on its cantilevers. All panels: from ref. (131).
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Fig 3.2.18 (a) The I-V characteristics and the TCR of the bolometer device as a function of the bias
voltage. (b) The measured photocurrent and corresponding responsivity as a function of the

modulation frequency. All panels: from ref. (131).

The electrical and thermal properties of the device are shown in Fig 3.2.18a. The device exhibits
a moderate resistance of ~90 kQ and a TCR of 4.5% at bias voltage of 0.5 V. The photoresponse
of the device was measured under the same condition as described above. A photocurrent of 501
nA was measured with the incident power of 4.4 W, corresponding to an extrinsic responsivity
of 114 mA/W. The NEP and NETD were calculated to be NEP = 12.7 pW /+/Hz and NETD =
518 mK, respectively. Moreover, as illustrated in Fig 3.2.18b, the photocurrent of the bolometer

does not show noticeable degradation at modulation frequencies up to 10 kHz.
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3.2.9 Discussion and summary

Compared with prior state-of-art bolometers, although the NETD of our bolometer is worse than
that of commercialized ones, the = is reduced by a factor of 500 (116, 123, 124). A figure of
merit (FOM) has been introduced to compare the performance of different microbolometers by

considering the NETD, the =, and the pixel size (Ap) (316, 320). The FOM is defined as

FOM = NETD X T, X A, (41)
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Fig 3.2.19 The FOM of our bolometer device in comparison with the values reported in previous
literatures. Here, the NETD has been normalized with the noise bandwidth of 1 Hz. All panels: from
ref. (131).

Since it is desirable to have smaller NETD, 74, and A,, their product quantifies the overall

performance of the microbolometers. Therefore, the FOM value allows for the comparison
among microbolometers based on different technical approaches. With this FOM, a comparison

between the microbolometer described in this work and the reported ones (316, 321-328) is
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shown in Fig 3.2.19, demonstrating the outstanding performance of this scheme. Despite the
highest performance achieved, considering the trade-off between the NETD and the z, it is
feasible to simultaneously achieve even lower NETD and higher speed based on our

demonstrated scheme (116, 124, 125).
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Fig 3.2.20 The simulated absorption spectrum of the bolometer with/without the gold back mirror.

Here, we discuss a few possible strategies to further improve the performance of our bolometers.
First, a gold back mirror can be applied underneath the suspended silicon thin film to enhance
the optical absorption, giving rise to an absorption efficiency of 70% at the detection wavelength
of 12.2 um, as shown in Fig 3.2.20. Second, the thermal resistance of the Si cantilever can be
further increased. Larger and denser nano-scale holes can be fabricated into the Si cantilevers. A
quick oxidization of such cantilevers with nanoholes can significantly enhance the thermal

resistance since the thermal resistivity of SiO> is about two-orders of magnitude larger than that
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of the Si (329, 330). Such quick oxidation will not affect the device area where the Si is

relatively thick (200 nm). These two approaches will lead to reduced NETD.

06 T T 1 1 1 1
L=1.2um

o o
w s
1 L

Absorption
o

6 8 10 12 14 16
Wavelength (um)

Fig 3.2.21 The simulated wavelength-tunable absorption spectrum of the bolometer with various

antenna length.

Moreover, by changing the length of the antenna, the peak detection wavelength of the
microbolometer can be tuned from 9 pum to 14 um (Fig 3.2.21), covering a broad spectral region
in LWIR. To further enhance the design space, it is also possible to etch trenches and embed the
Schottky barrier resistor within the silicon thin film. The antennae can then be fabricated on top
of the silicon thin film, thus separating the electrical and optical elements of the bolometer
vertically. This design will likely allow us to include multiple antennae within a single pixel to

broaden the absorption spectrum and enhance the absorption magnitude.
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A few comments on the noise of the microbolometer are provided. Traditional bolometers made
from amorphous silicon or VOx usually have a low 1/f noise. The noise is dominated by thermal
noise at a low frequency of 100 Hz. In the microbolometer described here, the high TCR is
induced by the temperature dependent transport of carriers across the Schottky barrier. The 1/f
noise in such a resistor with Schottky barriers is expected to be higher than that of traditional
ones, as the 1/f noise is caused by the fluctuation in charge density at trap states modulating the
Schottky barrier height (331). The 1/f noise is proportional to the square of device current and
trap density. The metal-semiconductor interfaces formed during device processing can have a
high density of trapped charges (308). Future work will need to address the noise issues, which
may be overcome by using an electronic chopping scheme demonstrated previously (332) or
employing a silicon p-n junction as the temperature sensitive resistor, as reported before (333,
334). In this former case, the bolometer is driven by an alternating electrical signal and the
electronic chopping frequency can be much higher than the device thermal time constant, as it is
only limited by the capacitance of circuits. In the latter case, the charge carrier transport energy

barriers induces the TCR and the 1/f noise is expected to be much smaller (335).

In summary, we have demonstrated a LWIR microbolometer based on a suspended silicon
nanomembrane and plasmonic antenna with an ultra-small heat capacity and high TCR. The
negligibly small heat capacity of plasmonic antenna decouples the IR absorber and the thermistor.
Therefore, the silicon nanomembrane and the plasmonic antenna can be separately designed to
optimize the electrical, thermal and optical performance, respectively. The bolometer exhibits a
peak extrinsic responsivity of 114 mA/W at a wavelength of 12.2 um. Remarkably, the
microbolometers exhibits an operational speed beyond 10 kHz. To best of our knowledge, this

represents the record-high speed in LWIR microbolometers, which provides great opportunities
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for many novel applications such as thermal video recording and high framerate thermal imaging
unseen in conventional counterparts. The novel bolometer design scheme provides ample room
for further reduction of thermal conductivity for responsivity enhancement. Moreover, the ultra-
compact design scheme provides a new pathway towards the realization of sub-wavelength pixel
sizes in the LWIR range. The demonstration of the sub-wavelength pixel will enable future
thermal imaging at an unprecedented resolution. Finally, the fabrication process does not involve
high temperature procedures thus it is feasible to directly integrate the bolometer with CMOS-
compatible readout integrated circuits, making it promising for large array LWIR imaging

applications.
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4. Outlook and future works

4.1 Perspective on thin-film technology for infrared optoelectronic applications

In previous section, we provided a comprehensive overview on the development of mid-infrared
optoelectronic technology from both the perspective of light generation and detection. The mid-
infrared optoelectronic applications based on conventional bulk materials such as Si and MQW
typically exhibit high responsivity and high quantum efficiency due to the strong light-matter
interactions. Their extraordinary performance and large-scale fabrication make them highly
appealed for commercialized applications. However, the considerable volume of conventional
materials limits the operational speed due to the large thermal capacity. Moreover, their bulk
nature is also inferior to optical or electrical modulation due to the insensitivity to external
perturbation, making them lack of tunability over the wide spectrum region of mid-infrared. On
the other hand, the emerging 2D materials have been extensively investigated for optoelectronic
applications. The significantly reduced thickness of 2D materials gives rise to the ultra-small
thermal capacity, extending operation bandwidth to above GHz. Meanwhile, the atomically thin
nature makes them intrinsically sensitive to external electrical and mechanical perturbation,
which provides great opportunities for achieving wide tunability over a broadband spectrum
region. However, in monolayer and few-layer 2D materials, the light-matter interactions are
extremely weak, which significantly degrades the performance of the 2D material-based devices.
Therefore, the optoelectronic applications based on 2D materials are still at the stage of

fundamental research, which is not competitive for commercialized applications.

Based on the discussions above, we provide a new perspective for the development of mid-

infrared light generation, modulation and detection technology by utilizing thin-film materials,
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i.e., ultrathin conventional materials or many-layer 2D materials with thickness ranging from
tens to hundreds of nanometers. These materials provide a desired platform to combine the
advantages of high efficiency, high speed and wide tunability due to significantly enhanced light-
matter interactions compared with 2D monolayers and moderate thickness and volume compared
with bulk materials. Our perspective has been successfully demonstrated by our works presented
in previous section. For our work discussed in Section 3.1, the thin-film BP with moderate
thickness exhibits strong brightness comparable with the InAs MQW sample, arising from the
enhanced light-matter interactions and light absorption. Remarkably, the thin-film nature of BP
still preserves its high sensitivity to external electrical field modulation, giving rise to the wide
tunability of the light emissions over a broadband wavelength region from 3.7 um to 7.7 pum in
mid-infrared. For our work discussed in Section 3.2, the ultrathin conventional Si gives rise to
the significantly improved operational speed of infrared microbolometers while maintaining
reasonable responsivity and NETD. Therefore, thin-film technology provides great potential for
future development of the mid-infrared optoelectronic applications, which is highly desired for
more extensive explorations. In this section, we provide our insight into several possible future

works.
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4.2 Some possible future works

4.2.1 Mid-infrared light detection based on plasmons in layered graphite

The 2D materials based mid-infrared microbolometers have been demonstrated in monolayer and
few-layer graphene and its plasmonic devices (99-102). Despite the high speed, the sensitivity of
graphene based microbolometers is two orders of magnitude worse than that of commercialized
ones. The compromised performance is mainly attributed to low mid-infrared optical absorption
and low TCR (99). On the one hand, as the infrared absorber of the microbolometer, doped
graphene exhibits minimal optical conductivity in mid-infrared regime (103). Due to Pauli
blocking, the direct interband optical transition is forbidden for photons with energy lower than
2E+ (104). Here, Es represents the Fermi level of the graphene. For example, for graphene with
low doping level of 75 meV, the interband transition is forbidden for radiation wavelength longer
than 8 um. The residual optical absorption in mid-infrared mainly arises from disorders, which is
suppressed to around 1% in monolayer graphene (108). The low mid-infrared optical absorption
in graphene has been improved in its engineered nanostructures such as graphene nanoribbon
arrays (105-107). Due to strong light-plasmon coupling, plasmonic resonances in engineered
graphene nanostructures can be efficiently excited by electromagnetic radiation, leading to an
enhanced mid-infrared optical absorption up to 10% (99). However, there is still ample room for

further improvement of the optical absorption.

On the other hand, as the thermistor of the microbolometer, the graphene exhibits an extremely
low TCR, especially for CVD graphene where the impurity scattering and defects dominate the
electrical transport (336, 337). The TCR of unpatterned CVD graphene and graphene plasmonic
device was reported as 0.01 and 0.06 %/K at room temperature, respectively (99). The TCR is

significantly lower than that of Ti-Si-Ti Schottky barrier resistor (5%) demonstrated in Section

145



3.2 and amorphous Si or VOx (2-3%) for commercialized microbolometers (288, 289). In
contrast, exfoliated graphene exhibits higher TCR (0.5%) compared with CVD graphene (100).
However, large-scale exfoliated graphene is difficult to synthesize for patterning nanostructures.
As illustrated in Formula (36), the responsivity of the microbolometers scales linearly with TCR.
Therefore, the low TCR further degrades the performance of current graphene-based

microbolometers.

Recently, terahertz plasmonic absorption has been discovered in thin-film graphite (338),
providing a new perspective for infrared light detection applications. Thin-film graphite takes
advantages over monolayer or few-layer graphene from several aspects. First, thin-film graphite
is quite intrinsic with low Fermi level. Therefore, the onset wavelength of interband optical
transition dominated by Pauli blocking is prominently redshifted beyond the mid-infrared regime.
The mid-infrared optical absorption by direct interband transition is allowed in thin-film graphite
(338). In addition, the thin-film graphite nanoribbon array exhibits stronger plasmonic resonance
than its monolayer or few-layer counterpart, giving rise to a plasmonic absorption over 40% in
terahertz regime (338). By further tuning the ribbon width, the plasmonic resonant wavelength
can be modulated. Therefore, it is highly attractive to investigate plasmonic properties of thin-
film graphite in mid-infrared regime. It is expected that the overall optical absorption in thin-film
graphite nanoribbon array is enhanced since it is contributed by both interband and plasmonic
absorption. Meanwhile, the TCR of thin-film graphite and its plasmonic device has rarely been
investigated. Therefore, it is also necessary to experimentally evaluate its potential as the

thermistor of the microbolometer.

Graphite flakes were directly deposited onto 60-nm diamond-like carbon (DLC)/Si substrate

using the mechanical exfoliation method. The DLC was used as the substrate due to its low
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surface trap density and high phonon energy from its nonpolar nature (339). Therefore, the
interaction between graphite plasmons and substrate surface polar phonons can be minimized
compared with SiO2 and other commonly used substrates (105). Meanwhile, DLC has a low
thermal conductivity of 0.15-0.3 W-m™-K! (340), which is highly desired for thermal isolation
of a microbolometer. Large and homogeneous graphite flakes with size over 50 pum were
required for patterning graphite nanoribbon arrays and infrared spectra measurements. The
thickness of the graphite flakes was determined by AFM measurements and we focused on
graphite flakes with thickness ranging from 15 nm to 40 nm. The PMMA was used as the e-beam
resist and the dry etch mask, which was spin-coated onto graphite flakes at 3000 rpm for 90
seconds. The graphite nanoribbon arrays was defined by a Vistec 100 kV electron-beam
lithography system and was then patterned in a SFe environment for 100 seconds by an Oxford
Plasmalab 100 reactive ion etching system. The PMMA mask was removed in Acetone before
infrared spectra measurements. Fig 4.2.1 exhibits the optical image of the graphite nanoribbon

array with width of 200 nm, thickness of 35 nm and period of 400 nm.
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Fig 4.2.1 The optical image of the graphite nanoribbon array for infrared spectra measurements.
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Fig 4.2.2 The linearly-polarized infrared extinction spectra of the graphite nanoribbon array. The red
(green) curve shows the spectra for incident light polarization perpendicular (parallel) to graphite

nanoribbon direction.

We performed infrared extinction spectra measurements on the graphite nanoribbon array to
investigate its plasmonic resonance. The infrared spectra was measured by a Bruker Vertex 70
FTIR spectrometer coupled with a Hyperion 2000 infrared microscope. Both the transmission
spectra through the graphite nanoribbon array (T) and the reference area nearby without graphite
(To) were recorded, and the extinction spectra can be calculated by 1-T/To. The optical window
size was kept as 32 um by 32 um throughout the measurements, smaller than the area of the
graphite nanoribbon array. We measured the extinction spectra under excitation polarizations
either perpendicular or parallel to the graphite nanoribbon array at room temperature. The
polarization of incident radiance was tuned by rotating a zinc selenide (ZnSe) wire-grid polarizer
with respect to the graphite nanoribbon direction. The linearly-polarized extinction spectra were

plotted in Fig 4.2.2. For light polarization perpendicular to the graphite nanoribbon direction, a
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prominent plasmonic resonance was observed at 740 cm™ with plasmonic absorption of 10%,
corresponding to the absorption resonant wavelength of 13.5 um. In contrast, the plasmonic
resonance completely vanished for light polarization parallel to the graphite nanoribbon direction,
verifying the nature of light-plasmon interaction. Notably, an isotropic background absorption of
10% was observed under both excitation polarizations, arising from interband optical transition
in thin-film graphite (338). Due to the low Fermi level in intrinsic graphite, the onset of the
interband absorption is significantly redshifted. Since both plasmonic absorption and interband
absorption can contribute to the light detection in microbolometers, the graphite nanoribbon
arrays exhibit a total absorption of 20% at resonant wavelength. This value takes significant
advantages over the optical absorption achieved in graphene and engineered graphene
nanostructures in mid-infrared reported in previous work. By further tuning the ribbon width of
the graphite nanoribbon array, the resonant wavelength can be modulated, covering a wide

spectrum region in mid-infrared.

Fig 4.2.3 The optical image of the graphite nanoribbon array device for transport measurements.
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The transport properties and TCR of the graphite nanoribbon array were further investigated to
characterize its feasibility as the thermistor of microbolometer. The electrode pattern was defined
by another electron-beam lithography process. 3 nm chromium and 37 nm gold were then
evaporated by Kurt J. Lesker Nano 38 thermal evaporator, followed by a lift-off in acetone to
form the metal contacts. The optical image of a fabricated graphite nanoribbon array device was
shown in Fig 4.2.3. The temperature dependent transport measurements were performed in a
Lakeshore CPX cryogenic probe station. The source-drain bias voltage was applied by an
Agilent B1500A semiconductor parameter analyzer. Fig 4.2.4 exhibits the 1-V characteristics of
the graphite nanoribbon array device. The device current reaches 74 pA under a forward bias of
10 mV, corresponding to an equivalent resistance of 135 Q. Considering the geometry parameter
of the graphite nanoribbon array, the resistivity can be calculated as 120 pOhm-cm, consistent
with previously reported value. To explore the TCR, the 1-V characteristics of the device were
measured from 80K to 300K with an interval of 20K, as shown in Fig 4.2.5a. The insert of Fig
4.2.5a exhibits the detailed |-V characteristics at bias voltage near 0.01 V for clarity. The
temperature dependence of the resistivity can be divided into two regimes, as illustrated in the
insert of Fig 4.2.5a by the blue arrows. For temperature below 100K, the resistivity increases
with increasing temperature, dominated by the enhanced electron-phonon scattering. In contrast,
for temperature above 100K, the resistivity decreases with increasing temperature, arising from

the activated thermal carrier excitation. The TCR at temperature To was estimated by

R(T, — 20K) — R(T,)
R(T,)

TCR = ( )/20K x 100% (41)

The calculated temperature dependence of TCR was plotted in Fig 4.2.5b. The graphite

nanoribbon array device exhibits a maximum TCR of 0.34%/K at 160K and a moderate TCR of
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0.09%/K at room temperature. The TCR of the graphite nanoribbon array as the thermistor is still
significantly lower than that of Ti-Si-Ti Schottky barrier resistor (5%) and amorphous Si or VOx
(2-3%) (288, 289). However, it takes advantages over the CVD graphene plasmonic devices

(0.06%/K) and unpatterned CVD graphene devices (<0.01%/K) for mid-infrared light detection

(99).
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Fig 4.2.4 The 1-V characteristics of the graphite nanoribbon array device at room temperature.
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Fig 4.2.5 (a) The temperature dependent I-V characteristics of the graphite nanoribbon array device.
The insert: detailed |-V characteristics at bias voltage near 0.01 V. (b) The calculated temperature
dependence of TCR.
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In summary, the thin-film graphite nanoribbon array exhibits significantly higher mid-infrared
optical absorption compared to its monolayer or few-layer counterpart. The resonant absorption
wavelength can be easily modulated over a broadband spectrum region in mid-infrared by tuning
the ribbon width. These distinguished characteristics make thin-film graphite nanoribbon array
an appropriate candidate as infrared absorber for microbolometers. Meanwhile, as the thermistor,
the TCR of graphite nanoribbon array device is also slightly elevated compared to that of CVD
graphene plasmonic devices. Therefore, the overall performance of the graphite nanoribbon array
device will be superior to that of the graphene based mid-infrared microbolometers reported in
previous work. Since its ultrathin nature preserves its ultrafast operational speed, the graphite
nanoribbon array device exhibits a promising perspective for mid-infrared light detection

applications.

However, we also point out that the performance of thin-film graphite nanoribbon array may
vary from device to device. This is because the thin-film graphite is quite intrinsic with low
Fermi level (338). Therefore, a slight variation in Fermi level among thin-film graphite flakes
can prominently influence both the optical and transports properties of the fabricated graphite
nanoribbon array devices. The investigations on engineered thin-film graphite nanostructure
devices for mid-infrared light detection applications is still at its preliminary stage. Future work
should focus on the synthesis of large and homogeneous graphite flakes, the optimization of the
nanostructure fabrication techniques, and the fine tuning of Fermi level for controllable optical

and transport properties.
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4.2.2 Mid-infrared light emissions from thin-film Tellurene

The 2D Te has been recently discovered as a new member of the 2D material family (341-343).
The bandgap of 2D Te evolves with its layer number, exhibiting an indirect to direct bandgap
transition from bilayer Te to its bulk counterpart (344, 345). The thin-film Te exhibits a
moderate bandgap of 0.3 eV, similar to that of thin-film BP. Since BP is highly reactive to
moisture atmosphere, it suffers severely from oxidation issues (95, 96). The BP-based devices
requires complicated passivation techniques, which limits its commercialized applications. On
the contrary, thin-film Te exhibits an excellent air stability (346, 347), making it a promising

substitute of BP for mid-infrared optoelectronic applications.

Fig 4.2.6 Optical image of a Te flake on a 285-nm SiO,/Si substrate.

The Te crystals with purity over 99.99% was purchased from Smart Elements. Te flakes for
optical characterizations were directly deposited onto the 285-nm SiO2/Si substrate using the
standard mechanical exfoliation method. Fig 4.2.6 shows the optical microscope image of a

typical Te flake used for optical characterization.
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Fig 4.2.7 (a) Raman scattering spectra of the Te flake. (b) Polarization-resolved Raman spectrum of

the Te flake. (c) The measured (dotes) and fitted (line) angular-resolved Raman intensity of A, mode.

The Te flake was first characterized by Raman spectroscopy. The Raman spectroscopy was
performed with Horiba LabRAM HR Evolution Raman Microscope with excitation photon
energy of 2.33eV. Three prominent Raman modes were resolved, corresponding to the E1, As
and E> mode, as reported previously (346). All these Raman modes show the typical Lorentz
shape and they are positioned at 90 cm™, 118 cm™ and 138 cm™, respectively, as illustrated in
Fig 4.2.8a. The angular-resolved Raman spectrum was then performed by rotating the sample
with respect to the laser polarization to determine the crystal orientation, as exhibited in Fig

4.2.8b. The Fig 4.2.8c shows the angular-resolved Raman intensity of A1 mode, where 0 degree
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is determined as the x-direction of the Te crystal. We performed the PL measurements on the
thin-film Te flake at 80K with excitation power of 10 pW/pum?. As shown in Fig 4.2.9, the PL
spectrum exhibits a peak position at 0.127 eV, which is significantly lower than the bandgap of
thin-film Te estimated by theoretical calculation. This weak emission peak may arise from
optical transition from the defect level due to the low quality of the Te flake. The light emission

from intrinsic band transition in thin-film Te still remains an unexplored topic up to date.
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Fig 4.2.8 PL spectra from the Te flake and SiO,/Si substrate .

Recently, the large-scale, high-quality monolayer and few-layer Te flakes have been successfully
synthesized by a substrate-free solution process (346). Based on that, thin-film Te-based field
effect transistors (FET) have been realized (346), exhibiting a high field effect mobility of 700
cm?-V1.st and a high on-off ratio of 10°, comparable to that of thin-film BP transistors (149).
Remarkably, the performance of Te-based FET exhibits insignificant degradation after 55 days’

exposure in air, demonstrating its extraordinary air stability (346). The Te infrared photodetector
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with high gain and wide bandwidth was then fabricated, indicating its great potential for infrared
optoelectronic applications (348, 349). Therefore, with much improved sample quality and
measurement scheme, it is appealed to investigate its possibility for mid-infrared light emitting
applications. Meanwhile, the detection wavelength of Te photodetector was limited by 3.4 pum
due to its intrinsic bandgap (348). It is also highly desired to explore the bandgap tunablity of

thin-film Te to extend its mid-infrared optoelectronic applications beyond the cut-off wavelength.
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5. Conclusion

In this thesis, we explore thin-film materials from both perspective of fundamental light-matter
interaction properties and mid-infrared optoelectronic applications. On the one hand, the light-
matter interaction in thin-film 2D materials provides new perspective and new materials system
for probing the lattice symmetry and valley physics, giving rise to its great potential for next
generation valleytronic and phononic applications. First, we discover the strong electron-phonon
interactions in engineered 2D material/SiO> vdWs heterostructures where two optically silent
phonon modes in amorphous SiO> are activated through coupling with the electronic transitions
in 2D materials. We show that the chirality and anisotropy of the phonon modes in amorphous
SiO; are dominated by the lattice symmetry and band properties of 2D materials. Our
observation gives rise to a new perspective for probing the electronic band properties and optical
selectivity in atomically thin materials. We then reveal that phonons in crystalline 2D materials
can exhibit unique anisotropy and chirality as well, subjected to the crystal symmetry of 2D
materials. We show that the phonon chirality in 2D honeycomb lattice can be influenced by
vdWs interlayer interaction, evidenced by the decreasing circular polarization degree with
increasing layer number. Our work provides a new method to probe the interlayer interaction in
vdWs materials and heterostructures with honeycomb lattice symmetry. Finally, we demonstrate
the valley-selective linear dichroism in SnS with orthorhombic lattice structure and reduced
lattice symmetry. We show that the PL emissions, arising from the optical transitions from I'-X
and I"-Y valley, are purely linearly polarized along x- and y-directions respectively. Our findings
opens up new material system beyond 2D honeycomb lattice for exploring valley physics and

valleytronic applications.
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On the other hand, the thin-film technology provides a promising pathway for mid-infrared
optoelectronics due to its high efficiency, high speed and wide tunability. First, we report a
bright and widely tunable mid-infrared light emission from thin-film BP. We show that the
brightness of PL emission from thin-film BP is comparable to that of InAs MQW, which has
been applied for infrared room-temperature lasers. The PL emission can be further tuned from
3.7 um to 7.7 um under a moderate displacement filed of 0.48 V/nm, covering a wide spectrum
region in mid-infrared. Our results demonstrate the high efficiency and wide tunablity of light
emissions from thin-film BP, giving rise to its great potential for mid-infrared light generation
applications. In addition, we demonstrate an ultrafast long-wavelength infrared microbolometer
based on ultrathin silicon nanomembrane. The ultra-thinness of the silicon nanomembrane results
in an ultra-small Ct, of around 1.9 x 10711 J /K, which allows for its operation at a speed of over
10 kHz. This represents the record-high speed in LWIR microbolometers, which has been
improved by over 500 times compared to that of typical commercialized ones. Moreover, a
compact diabolo antenna is leveraged for efficient LWIR light absorption, enabling the
downscaling of the active area size to 6.2 um by 6.2 um. By establishing a FOM, our
microbolometer significantly outperforms the commercialized ones, making it promising for
future mid-infrared light detection applications. We further provide our outlooks on thin-film
technology for mid-infrared optoelectronic applications and discuss some possible future works.
We discuss the possibility of thin-film graphite plasmonic device for mid-infrared light detection
applications since its optical absorption and TCR are superior to that of graphene-based
microbolometers. We also discuss the potential of thin-film Te as an appropriate substitute of BP

for mid-infrared light emitting applications.
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