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Abstract

In recent years, the ability to synthesize, engineer & observe low dimensional materials,
with properties determined by variations on the nanometer length scale has led to novel
phenomena and applications. On the other hand, modern lasers deliver powerful,
ultrashort pulses of light allowing us to observe the interaction of electrons and atoms
on the femtosecond timescale. Together, these technologies allow us to study new
paradigms in light-matter interaction — with femtosecond temporal resolution and
nanometer spatial resolution. In FY2021, Femtosecond Spectroscopy Unit has directed
these broad capabilities towards four different areas of study:

a. Energy Materials, where we study the ultrafast trapping dynamics at defect sites
in perovskite photovoltaic materials.

b. Terahertz Devices and Applications, where we develop array structures for the
generation of engineered terahertz radiation.

c. Low-dimensional materials and interfaces, where we study the electronic
structure and dynamics in 2D semiconductors and metal-insulator or metal-
semiconductor interfaces.

d. Interdisciplinary research ,— On Demand Drug Delivery, where we study the use
of powerful ultrafast lasers to trigger controlled release in a drug delivery system.
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3. Activities and Findings

3.1 Energy Materials

A. Unraveling the Varied Nature and Roles of Defects in Hybrid Halide Perovskites with
Time-Resolved Photoemission Electron Microscopy

[Energy & Environmental Science 14, 6320 (2021)]

Hybrid halide perovskites have emerged as one of the most promising photovoltaic
materials of the past decade. Perovskite solar cells now regularly output over 20 % of
photo-conversion efficiency in single junction solar cells, and already exceeded 29 % in
tandem devices. However, the presence of defects in hybrid perovskite thin films [1] has
been detrimental to material properties, and has been a critical reason preventing
devices from reaching their full potential [2]. Circumventing these detrimental effects
requires understanding the nature of the defects that can occur, theirrole in
performance losses and their stability under controlled operational conditions.

(a)

Energy analyzer

Pristine perovskite
(100)

10.2 104 106 462 483 5.04 |
20 , 20

550 572 5.94

Figure 1:Presence of multiple types of defects on nanoscale. (a) Schematic of photoemission electron
spectro-microcopy experiment. Inset shows energy level diagram of hybrid perovskite: arrows indicate
transitions from defect states (defects) below the Fermi level (EF), valence band states (Ey), conduction
band states (Ec) to vacuum states (Evac) upon probing of sample with photon energies of 4.65 eV (green
arrow) and 6.2 eV (grey arrow). (b) Overlaid PEEM image of surface morphology obtained by illuminating
the sample with 6.2 eV photons (grey contrast) and image of defects acquired with 4.65 eV photons (green
contrast). (c) PEEM image of defects overlaid with colored boxes showing nXRD regions of interest. (d)
Local diffraction pattern extracted from the pristine region marked grey in (c) showing the (100) peak of a
cubic perovskite. (e) Local diffraction pattern extracted from the defect cluster marked with a red box in
(c) showing the (011) peak of Pbl,. (f) Local diffraction pattern extracted from the defect cluster marked
with a blue box in (c) showing the (011) peak of a 6H hexagonal perovskite polytype.



In this work, we have utilized photoemission electron spectro-microscopy (PEEM) [3] to
directly image the nanoscale defects in state-of-the-art triple cation mixed halide
perovskite thin films (Figure 1a). By combining PEEM with synchrotron based x-ray
microscopies, we have uncovered the presence of multiple types of defects (Figure 1b-
f). By employing time-resolved photoemission electron microscopy (TR-PEEM) [4]
(Figure 2a), we found that depending on their nature, these defects played surprisingly
varied roles in charge carrier trapping — from highly detrimental to relatively benign
(Figure 2b). They also showed a varied response to passivation strategies [5] (Figure 2c-
e). The presence of multiple types of defects, with varied roles in device performance
and varied responses to passivation strategies, highlights the need to develop targeted
approaches that address each type of defect and their detrimental impact.
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Figure 2: Role of different types of defects in performance losses. (a) Schematic of TR-PEEM experiment.
Inset shows energy level diagram for perovskite sample: red arrow shows transition from valence band
(Ev) to conduction band (Ec) upon photo-exciting sample with 1.55 eV pump photons; green arrow shows
transitions from mid-gap defect levels (defects) below the Fermi level (Eg) to vacuum levels (Evac) upon
probing the sample with 4.65 eV photons in PEEM. (b) TR-PEEM traces, i.e. percentage change in PEEM
intensity after photoexcitation ([l-lo]/1ox100) plotted versus pump-probe time-delay for the pristine
region and for the three types of defects, as labelled. Solid lines represent exponential decay fits. TR-
PEEM decay curves for unexposed case and after treatment with 1 mbar dry air pressure upon
illumination for (c) grain boundary, (d) Pbl, and (e) polytype defects.
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B. Nanoscale chemical heterogeneity dominates the optoelectronic response of alloyed
perovskite solar cells

[Nature Nanotechnology 17, 190-196 (2022)]

Halide perovskites have recently seen tremendous success in photovoltaic
applications, despite their heterogenous optoelectronic, chemical, and structural
properties, which has been an ongoing paradox [1-3]. Here, we employed a combination
of correlative nanoscale optical, structural, and compositional techniques to identify
local regions of disorder that affect the optoelectronic response. Quantitative
hyperspectral microscopy in conjunction with spatially-resolved photoluminescence on
solution-processed mixed-cation [4], mixed-halide

FA0.7sMA0.16CSs0.0sPb(lo.s3Bro.17)s perovskite thin films revealed that regions of low
photoluminescence quantum efficiency (PLQE) were correlated with regions of low
quasi-Fermi level splitting (QFLS) and hence a lower implied open circuit voltage (Figure
1).
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Figure 1:Hyperspectral microscopy of perovskite solar cell device stacks. (a) Schematic of the
hyperspectral microscopy setup used to characterize the FAy7sMA0.16CS0.0sPb(lo.s3Bro.17)s perovskite films
and devices. (b) PL spectra from the black and red highlighted regions in d, e and f. (c) Reflectance (R),
transmittance (T) and absorptance (A) spectra from the region highlighted in black in those panels. (d-f)
Absolute PLQE (d), broadband reflectance (e) and QFLS maps (f) of a

FA0.7sMAs.16Cs0.05Pb(lo.s3Bro.17)s perovskite device stack (without the back metal contact). Reflectance is
normalized to the mean value of the map. (g) Scatter plot of QFLS versus PLQE extracted from the maps
in d and f compared to the Ross relation. All scale bars represent 2 um.

Using this methodology, we then calculated and compared the Urbach Energy (a
measure of the crystalline disorder [5]) to nanoscale maps of the chemical composition
and structure obtained from nano X-ray diffraction and fluorescence (nXRD and nXRF)
measurements (Figure 2). This revealed that the higher Br:Pb regions exhibited the
highest PLQE and lowest electronic disorder, despite the presence of a low-energy
emission shoulder, which indicated disorder. Meanwhile, sites with low Br content
contained deep trap states associated with non-radiative recombination and electronic
disorder, which was identified by correlative photoemission electron microscopy
(PEEM) measurements at OIST [3]. This apparent contradiction in the disorder of high Br
content regions was explained through a charge-funneling phenomenon, which was
verified using transient absorption microscopy. The higher Br content regions contain
low-energy, ordered inclusions, which tend to collect free charge carriers. This funneling
prevents the carriers from being captured by deep trap states located in low Br content
regions, resulting in high luminescence yields and device performance. Thus, our work
provides a nanoscale picture of how the energetic landscape of halide perovskites
influences photodoping, carrier recombination, and trapping, as well as explaining the
apparent defect tolerance of these materials.
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Figure 2:Spatial relationships between halide composition, structural and optoelectronic variations in
FAo.7sMA.16CS0.05Pb(lo.s3Bro.17)s perovskite films. (a) Normalized Br:Pb ratio map of a thin film. (b) Strain
map of the {210} family of planes extracted from nXRF and nXRD of the same area as in a. (c) Histograms
of the lattice constants extracted from nXRF (AXRF) and from nXRD (AXRD) from the 100, 200 and 210
peaks. (d) 2D kernel density estimation plot of Urbach energy versus {210} strain showing a weak positive
correlation between the two properties (Spearman’sr=0.07, P =4 x 10-3). (e, f) Urbach energy maps
overlaid with the regions of highest Br (e) (>80th percentile, light blue) and lowest Br (f) (<20th percentile,
light grey) content, respectively. (g, h) Histograms of the Urbach energies (g) and PLQEs (h) in the highest
Br (>80th percentile, blue) and lowest Br content regions (<20th percentile, light grey). The populations
are statistically different in both cases as determined by two-sample Kolmogorov-Smirnov testing (P <<
0.0001). (i) Schematic highlighting emission behavior in high and low Br regions. All scale bars are 2 uym.

References Section 3.1.B:

[11J.Y.Kim, et al.,, Chem. Rev. 120, 7867-7918 (2020).

[2] E. M. Tennyson, et al., Nat. Rev. Mater. 4, 573-587 (2019).
[3]T. A. S. Doherty, et al., Nature 580, 360-366 (2020).

[4] M. Saliba, et al., Energy Environ. Sci. 9, 1989-1997 (2016).

[6] M. Ledinsky, et al., J. Phys. Chem. Lett. 10, 1368-1373 (2019).



3.2 Terahertz Devices and Applications

A. Photoconductive emitters for pulsed terahertz generation
[Journal of Optics, 23, 6, 1-29 (2021)]

Conceived over 30 years ago, photoconductive (PC) emitters have proved essentialin
the development and spread of Terahertz (THz) technology [1]. Since then, it has
undergone significant improvements in output power, conversion-efficiency, and
bandwidth, all of which have led to its use in various spectroscopic and commercial
imaging applications [2]-[4]. An image of a typically PC antenna is shown in Figure 1a. In
its simplest form it consists of a semiconducting material with two metallic contacts,
separated by the photoconductive gap. When the gap is illuminated by an ultrafast
optical beam, free carriers are accelerated by a bias field applied between the electrical
contacts resulting in pulsed THz emission. Its simplicity, ease of use, its reliability and
relatively low cost have all led to its widespread use in almost every THz laboratory in
the world.

In this review article, we provide an overview of the literature, highlighting the key
milestones which has brought about the success of the PC antenna. After discussing
the basic principles of THz emission, and its use in a THz time-domain spectroscopy
setup, we examine the various improvements it has undergone since it was first
realised. These include the numerous materials and antenna designs which have been
proposed to improve its capabilities [5]-[8]. Next, we examine how large-scale PC array
structures, depicted in Figure 1b, have proved a viable source of high-field THz radiation
[9], [10]. We finish by looking forward to the future of the technology and examine how
these devices can be adapted to work with high-power laser systems.

Figure 1: (a) A small-area photoconductive emitter with 10-um-wide gap fabricated using low-
temperature-GaAs-on-Quartz. (b) labelled microscope image of a large-area photoconductive antenna
array structure with 200-pm-wide gap.
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B. High Field Single- to Few-Cycle THz Generation with Lithium Niobate
[Photonics 08, 183 (2021)]

The transient Terahertz (THz) radiation, as a gap between traditional electronics and
optics, has attracted enormous research interest due to its fascinating applications in
physics, chemistry, and biology. In condensed matter physics, it has been widely used
as a spectroscopic tool that provides a unique probe for low energy excitations such as
lattice vibration [1], exciton transition [2], charge carrier motion [3], and spin excitation
[4]. Recent advances in generation techniques have provided access to transient THz
pulses with peak fields exceeding the MV/cm range using tabletop setups. This intense
THz radiation has enabled new applications in the manipulation of matter over
picosecond timescales [5]. Among various tabletop techniques, lithium niobate (LN)
crystal shows unique advantages for generating high-field THz pulse with a narrow
spectrum at relatively low frequencies.



In this review, we focus on introducing single- to few-cycle THz generation in LN,
including the basic principles, techniques, latest developments, and current
limitations. First, we discuss the phase matching requirements of LN, which leads to
Cherenkov-like radiation (Figure 1a, b), and the tilted pulse front (TPF) technique (Figure
1c). Particularly, we emphasize on the TPF technique, which has been shown to improve
THz generation efficiency, but still has many limitations. Different geometries used to
produce continuous and discrete TPF are systematically discussed. We summarize the
advantages and limitations of current techniques and future trends.
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Figure 1: Phase matching conditions for different generation geometries. (a) The point focus beam
radiates THz with Cherenkov angle 6_c and the generated THz symmetrically forms a cone. (b) A side view
for line focus. The THz radiates to two sides to form a wedge. (c) A top view of THz generation in TPF
technique, THz wave radiates along with the propagation of pump pulse front on one side.
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C. Ultrafast Frequency-Shift Dynamics at Temporal Boundary Induced by Structure-
Dispersion Switching of Waveguides

[Physical Review Letters 127, 053902 (2021)]

Space-time phenomena have allowed the emergence of exotic physics such as
broadband nonreciprocal applications [1] and Hawking radiation [2]. Among them, a
temporal boundary, a time-domain counterpart of the spatial boundary, which can be
established via a sudden change of material parameters, is considered a fundamental
element. The frequency of a propagating wave can be abruptly shifted, while conserving
incident wavenumber, when it propagates across a temporal boundary, breaking
translational symmetry. This allows to achieve high frequency conversion efficiencies,
even with weak signals [3].

Here, we experimentally demonstrate the observation of frequency shift at a temporal
boundary an its dynamics in the THz range. Our scheme relies on the control of the
structural dispersion of a metal-semiconductor waveguide. The waveguide is
photoexcited with an optical pump pulse while a THz pulse propagates in the waveguide
(Fig.1 (a)) leading to ultrafast structural-dispersion switching at sub-picosecond
timescales. We observe up to 23% conversion efficiency associated with a rapid
variation of the THz frequency around the temporal boundary (Fig.1 (b) and (c)). Our
approach opens a new avenue for efficient wavelength conversion in the THz range.
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Figure 1: :Experimental configuration and frequency shift at a temporal boundary in the time- and
frequency-domain. (a) An optical pump photoexcites a semiconductor-metal waveguide creating the
temporal boundary by transiently switching the waveguide dispersion. The effect is the observed on the
simultaneously propagating THz pulse in the waveguide. (b) Propagating THz pulse with no pump (dashed
line) and pump (blue) showing the frequency shift in the time-domain. (c) Frequency domain data without
pump (gray) and with pump showing the frequency shift and high conversion efficiency using bandpass
filters (BPFs) centered at 0.35 (BPF 1), 0.42 (BPF 2) and 0.48 THz (BPF 3).

References Section 3.2.C:



[1] E. Galiffi, et al., Broadband nonreciprocal amplification in luminal metamaterials,
Phys. Rev. Lett. 123, 206101 (2019).

[2] S. Weinfurtner, et al., Measurement of stimulated Hawking emission in an analogue
system, Phys. Rev. Lett. 106, 021302 (2011).

[3]1K. Lee, et al., Linear frequency conversion via sudden merging of meta-atoms in
time-variant metasurfaces, Nat. Photonics 12, 765-773 (2018).

3.3 Low Dimensional Materials and Interfaces

A. Visualization of two-dimensional transition dipole moment texture in momentum
space using high-harmonic generation spectroscopy

[Phys. Rev. B 103, L161406 (2021)]

High-harmonic generation (HHG) in atomically thin materials is strikingly different from
that in atomic gases [1,2], and it enables us to access electronic properties such as the
band structure, Berry curvature, and valence electron density. Despite the differences,
the HHG process in solids can be understood in the three-step model framework
analogous to the gaseous media: 1) creation, 2) acceleration, and 3) recombination of
electron hole pair. Creation and recombination of electron-hole pair originates from the
interband polarization and is dictated by the transition dipole moment (TDM).
Acceleration on the other hand induced an intraband current which provides
information about the band structure of the material. Typically, HHG measurements
have been carried out using intense light far off from the resonance of the band gap
energy of the material. In this regime, it is difficult to separate out the relation between
HHG and the TDM texture as several bands in the entire Brillouin zone get involved in the
process. In this study we show that polarization-resolved HHG measurements with
band-gap resonant excitation can be used to probe the transition dipole moment (TDM)
texture in momentum space in two-dimensional semiconductors. We use bulk black
phosphorus for our study as it offers a simple two-band system with anisotropic
properties based on its crystal structure (see fig 1(a)). Using a mid-infrared (MIR) pump
of 0.26 eV, we generate HHG in bulk BP up to 13" harmonic (see fig 1(c)). We also
observed a unique crystal-orientation dependence of the HHG yields and polarizations
for different harmonics (see fig 1(d-g)). Such pump arrangement allows us to map out
the TDM texture related to the interatomic bonding structure. Our results show the
potential of HHG to probe the electronic structure in solids.
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Figure 1:Higher harmonic generation in bulk BP: (a) Crystal structure of black phosphorus showing the
armchair (AC) and zigzag (ZZ) directions. (b) optical image of the bulk black phosphorus sample. (c) HHG
spectrum from black phosphorus with mid IR intensity 0.37 TW/cm? at the focal point and polarization
06=35°. Crystal orientation dependence of HHG yield for (d) third, (e) fifth, (f) seventh, and (g) ninth
harmonic.
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B. Experimental measurement of the intrinsic excitonic wave function
[Science Advances 7, eabg0192 (2021)]

An exciton, a two-body composite quasiparticle formed of an electron and hole, is a
fundamental optical excitation in condensed matter systems. Theoretical description of
excitons is naturally formulated in terms of the relative electron-hole coordinates,
particularly for the Wannier-type excitons, where electron-hole separation extends over
many lattice sites [1,2]. These descriptions, constituting the excitonic wave function in
real space, analogous to the well-known wave functions describing the hydrogen atom,
directly define the exciton’s size and shape. However, since its discovery nearly a
century ago, a measurement of the excitonic wave function has remained beyond
experimental reach.



Over the past decade, the discovery of robust excitons in two-dimensional systems and
advances in angle-resolved photoemission spectroscopy (ARPES) techniques [4-6]
have created opportunities for us to tackle this problem. In this work, we use time-
resolved and spatial resolved ARPES technique pioneered in our laboratory [6] to
directly image the excitonic wave function in reciprocal space. By measuring the
momentum distribution of electrons photoemitted from excitons in monolayer WSe,,
we obtained a direct visual of the electron distribution around the hole in an exciton,
revealing its 1.4 nm radial shape delocalized over many lattice sites (Figure 1a,b).
Furthermore, we confirm the elusive theoretical prediction that the photoemitted
electron exhibits an inverted energy-momentum dispersion relationship reflecting the
valence band where the partner hole remains, rather than that of conduction band
states of the electron (Figure 1c).
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Figure 1:Exciton wavefunction squared of the K-valley exciton in monolayer WSe2. (a) Experimental
measurement of photoemission signal of the exciton in momentum space. (b) Wave function squared in
real space obtained by Fourier transform of the experimental data, overlaid with WSe, lattice structure to
show the size of the exciton. (¢c) Measured energy momentum dispersion relationship over 2D momentum
space of the electron photoemitted from the exciton and from the valance band.
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C. The 2021 ultrafast spectroscopic probes of condensed matter roadmap
[Journal of Physics: Condensed Matter 33, 353001 (2021)]

In the 60 years since the invention of the laser, the scientific community has developed
numerous fields of research based on these bright, coherent light sources, including the
areas of imaging, spectroscopy, materials processing and communications. Ultrafast
spectroscopy and imaging techniques are at the forefront of research into the light—
matter interaction at the shortest times accessible to experiments, ranging from a few
attoseconds to nanoseconds. Light pulses provide a crucial probe of the dynamical
motion of charges, spins, and atoms on picosecond, femtosecond, and down to
attosecond timescales, none of which are accessible even with the fastest electronic
devices. Furthermore, strong light pulses can drive materials into unusual phases, with
exotic properties. This perspective article describes the current state-of-the-artin
experimental and theoretical studies of condensed matter using ultrafast probes.

The specific contribution of the Femtosecond Spectroscopy Unitis in Section 9 — Time-
resolved photoemission spectroscopies of 2D semiconductors and their
heterostructures. In particular, we discuss the development of time-resolved
photoemission electron microscopy (TR-PEEM) and time-resolved angle-resolved
photoemission spectroscopy (TR-ARPES) to study 2D semiconductors. After a brief
description of current capabilities, we describe the future challenges in the field.



D. Visualizing superconductivity in a doped Weyl semimetal with broken inversion
symmetry

[Phys. Rev. B 104,115102 (2021)]

Weyl semimetals are three dimensional topological and gapless materials that hosts
fermi arcs on the surface and Weyl cones in the bulk [1]. Weyl semimetals can host
superconducting states as well which leads to exotic topological superconductivity [2].
This provides a possible direction to realize zero energy modes related to Majorana
fermions which may be useful for quantum computation. Recently, the experimental
discovery of edge supercurrent in MoTe; has increased the interest in the material for
the possible existence of topological superconducting phase [3]. The transition
temperature for the superconducting phase in Mole; is below 0.1K at ambient pressure
and can be enhanced to a few kelvin though chemical substitution. However, strong
chemical substitution/doping can also prevent the structural transition from T to

T4 phase in the system which is important for observing Weyl semimetal state. Here,
using scanning tunneling microscopy, we study an optimally doped MoTe gsSeo.15 with
bulk T; close to 1.5K. We identify the existence of a low temperature T4 phase through
quasiparticle interference imaging and confirm the presence of global
superconductivity in the sample (see figure 1). We also find that the superconducting
coherence length is larger than the characteristic length scale of existing chemical
disorder making the system a robust superconductor in the Weyl semimetal normal

phase.
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Figure 1:Superconductivity in MoTe1.85Se0.15: (a) Scanning tunneling microscopy image of the sample.
The white line indicates the trace on which the spectra shown in (b) are obtained. (b) dl/dV spectra taken
at 0.3 K showing the homogeneous superconductivity in the doped sample. (c,d) Temperature
dependence of the tunneling spectra and superconducting gap. The black curve in (d) shows a BCS fitting
of the spectra at 0.3 K. (e,f) Magnetic field dependence of the tunneling spectra and the gap. The black
curve indicates the expectation of Ginzburg-Landau theory.
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E. Structure of the moiré exciton captured by imaging its electron and hole
[Nature 603, 247-252 (2022)]

Heterostructures created by stacking two different van der Waals monolayer (1L)
semiconductors such as transition metal dichalcogenides (TMDCs, e.g., MoS;) provide
a path way to engineer novel materials with unique optoelectronic properties [1].
Recently, interlayer excitons (ILX) in hetero-bilayer systems have attracted great
interest. ILXs are spatially separated bound electron hole pairs such that electrons
present in one layer are bound to holes in another layer of the heterostructure by
coulomb interaction. Such spatial separation results in the ILXs having long lifetimes
which has made them an attractive platform to study many-body exciton physics as
well as various device applications. On top of that the two 1L semiconductors in the
heterostructure can be put together with a small twist angle between them, giving rise
to moiré superlattices which modulates its electronic structure and can give rise to
various novel phenomena such as superconductivity. However, a better understanding
of various properties of ILXs such as its size, its valley configuration, and the effect of
the moiré confinement is still largely missing. Several optical spectroscopic studies,
performed on a variety of heterostructure systems, provide only partial information
regarding the nature of ILXs[2]-[4]. For instance, optical studies can access only a
limited portion of the momentum distribution of the ILX and thus cannot provide
complete information about its size or its valley configuration reliably. One needs
access to the full momentum space distribution of both of its bound electrons and
holes for a complete understanding.

In this study, using Time-Resolved Angle Resolved Photoemission Spectroscopy (Tr-
ARPES), we map out the full first Brillouin zone of the WSe,/Mo0S; heterostructure with a
2° twist angle between them (see Fig 1(a, b)). We excite the system with 1.6 eV pump
and probe the band structure by photoemitting electrons using XUV probe. We show the
band structure of the system at 25ps time delay after the pump pulse in Fig 1(c, e). We
clearly see the electron distribution of interlayer excitons around 1 eV at the K point



confirming the direct band gap nature of the ILX in WSe,/MoS; heterostructure.
Strikingly, we also see the absence of electrons, i.e., holes in the valence band at the K
point (see figure 1(c, d)). The ability to directly measure both the constituent electron
and hole distribution of the ILXs allow us to determine some of its key properties such
as its size compared to the moiré superlattice as well its confinement within the moiré
potential. We find that even though the size of the ILX (5.2 nm) is comparable to the
moiré superlattice size (6.1 nm), the ILX is well confined within the moiré potential. Until
recently large moiré patters were understood to be crucial to confine ILXs. However, our
result shows that even small-period moiré patters can successfully confine ILXs, which
are uniform over large regions, allowing the realization of extended arrays of localized
excitations for quantum technology.
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Figure 1:TR-p-ARPES measurements on WSe,/MoS; heterostructure: Energy— momentum cuts along the
K-T direction (a) without pump and (c) 25 ps after the pump excitation (counts above 0.85 eV are
enhanced by a factor of 50 for visibility). Momentum-space images of (b) valence band maxima (VBM)
without pump, (d) valence band maxima 25ps after the pump showing ILX bound holes at the K point, (e)
ILX 25ps after the pump showing the ILX bound electrons at the K point. The momentum space images
are formed by integrating the energy ranges shown in (a) and (c). (f) The ILX-bound electron distribution
showing the anomalous negative dispersion confirming the presence of a bound state. (g) Line cuts of the
dispersion (dashed line - ILX electron, solid line - VBM) along the kx axis.
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F. Dominating Interlayer Resonant Energy Transfer in Type-Il 2D Heterostructure
[ACS Nano 2022, 16, 3, 3861-3869]

Type-ll heterostructures (HSs) are integral part of modern-day electronics. Majority of
the available layered transition metal dichalcogenide (TMD) materials form type-Il HSs
after vertically stacking them onto each other [1]. Upon photoexcitation interlayer
charge (CT) and energy transfer (ET) are the two major carrier relaxation pathways in
these HSs. Earlier reports [2,3] have shown that in the type-ll TMD HSs interlayer CT is
the main carrier relaxation pathway, which dominates over the interlayer ET process. In
this work, we have shown that in a type-Ill HS formed between monolayers (1Ls) of
molybdenum diselenide (MoSe,) and rhenium disulfide (ReS;) (Figure 1a), interlayer ET
process dominates over the traditional CT process even without having any charge-
blocking interlayer in between. This unusual dominating ET process results in 3.6 times
enhanced photoluminescence (PL) emission from the HS area as compared to the 1L
MoSe; area alone (Figure 1b). After completely encapsulating the HS with hexagonal
boron nitride (hBN) the enhancement factor was increased to 6.4.
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Figure 1: (a) Optical micrograph of a ReS,-MoSe, Heterostructure (HS). Inset is the schematic illustration
of the side-view of HS. (b) Room temperature PL spectra from the three areas. Inset is the ReS2 PL
emission obtained at ~30 times higher laser power and much longer accumulation time.

To check the distance (d) dependency in the reported ET process, we made several
ReS,-MoSe, HSs with varying hBN interlayer thicknesses (Figure 2a). Specifically, at a



separation distance of 13.5 and 14.7 nm we achieved more than 1 order of magnitude
higher PL emission from the HS area as compared to the 1L MoSe2 area, which then
decreased with ~1/d? dependency in our study (Figure 2b). The experimentally obtained
1/d? dependency proves that 2D-to-2D transition dipole coupling dominates in our HSs
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Figure 1:(a) Schematic illustration of the HS with varying hBN interlayer thickness. (b) Change of PL
enhancement factor with distance. (c) Time-resolved PL (TR-PL) dynamics from the MoSe,, ReS, and HS
area.
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3.4 Interdisciplinary Research

A. An On-Demand Drug Delivery System for Control of Epileptiform Seizures
[Pharmaceutics 14(2), 468 (2022)]

Drug delivery systems have the potential to deliver high concentrations of drug to target
areas on demand, while elsewhere and at other times encapsulating the drug, to limit
unwanted actions. Here, in collaboration with the Neurobiology Research Unit at OIST,
we show proof of concept in vivo and ex vivo tests of a novel drug delivery system based
on hollow-gold nanoparticles tethered to liposomes (HGN-liposomes), which become
transiently permeable when activated by optical or acoustic stimulation. We show that
laser or ultrasound simulation of HGN-liposomes loaded with the GABAA receptor
agonist, muscimol, triggers rapid and repeatable release in a sufficient concentration to
inhibit neurons and suppress seizure activity [Fig. 1]. In particular, laser-stimulated
release of muscimol from previously injected HGN-liposomes caused subsecond
hyperpolarizations of the membrane potential of hippocampal pyramidal neurons,
measured by whole cell intracellular recordings with patch electrodes. In hippocampal
slices and hippocampal-entorhinal cortical wedges, seizure activity was immediately
suppressed by muscimol release from HGN-liposomes triggered by laser or ultrasound
pulses. After intravenous injection of HGN-liposomes in whole anesthetized rats,
ultrasound stimulation applied to the brain through the dura attenuated the seizure
activity induced by pentylenetetrazol. Ultrasound alone, or HGN-liposomes without
ultrasound stimulation, had no effect. Intracerebrally-injected HGN-liposomes
containing kainic acid retained their contents for at least one week, without damage to
surrounding tissue. Thus, we demonstrate the feasibility of precise temporal control
over exposure of neurons to the drug, potentially enabling therapeutic effects without
continuous exposure. For future application, studies on the pharmacokinetics,
pharmacodynamics, and toxicity of HGN-liposomes and their constituents, together
with improved methods of targeting, are needed, to determine the utility and safety of
the technology in humans.
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Figure 1:Experimental setups for three different models. (A) Hippocampal slice experiments. Schematic
of hippocampal slice shows location of electrical field stimulating electrode (Stim) in area CA3, and

whole cell intracellular recording electrode (Rec) in area CA1. Femtosecond pulses (Laser) were applied
via the use of a 2-Photon microscope. Expanded schematic of CA1 shows location of dendrites (red) and

liposomes (purple) in relation to sequential laser scan lines (dashes), forming a grid pattern in the
dendritic zone. Example cryo-transmission electron microscope image shows liposomes tethered to
hollow gold nanoshells (black; scale bar =50 nm). (B) Entorhinal cortex wedge experiments. Schematic
shows position of entorhinal cortex wedge, and wedge positioned in two-compartment grease gap
chamber. Liposomes were stimulated with ultrasound as they passed into the tissue chamber. Grey
arrows indicate flow of ACSF. (C). In vivo preparation. Field potential signals were obtained via an
extracellular recording electrode (Rec) in the left frontal cortex. Liposomes were stimulated using an
ultrasound transducer coupled to an acoustic collimator and positioned on the dura above the cortex.
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