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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 FY2020, Femtosecond Spectroscopy Unit has directed 
these broad capabilities towards three 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/semiconductor interfaces. 
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3. Activities and Findings 

3.1 Energy Materials 

A. Performance-Limiting Nanoscale Trap Clusters at Grain Junctions in Halide 
Perovskites 

[Nature 580, 360-366 (2020)] 

Hybrid organic-inorganic perovskites (HOIP) are an emerging material for applications in 
low-cost photovoltaic devices. Despite the rapid development of HOIP solar cell 
devices with record efficiencies exceeding 25% [1, 2], there are still ongoing efforts to 
reach the theoretical efficiency limits, which requires fundamental understanding of the 
sub-bandgap non-radiative trap states which lead to undesired charge carrier losses [3, 
4]. Further, it is known that non-radiative losses and other detrimental effects such as 
strain and halide segregation can occur on sub-micrometer length scales, suggesting 
that the underlying trap clusters responsible could be very local in nature [4-7]. 

Figure 1: Photoemission electron microscopy revealing the spatial distribution of trap sites leading to 
non-radiative power losses in (Cs0.05FA0.78MA0.17)Pb(I0.83Br0.17)3 films. (a) Spatially averaged photoemission 
spectra from a ~10 µm x 10 µm scan area (solid black line), and spatially resolved spectra from (blue 
triangles) and away from (red circles) a trap cluster. Inset: Schematic of PEEM setup for imaging 
photoelectrons. (b) PEEM image from nanoscale trap clusters (blue) overlaid on PEEM image from 
valence band states showing the grain morphology (grey). (c) Line profile of the intensity from the trap 
clusters (blue) against the intensity from the morphology (grey). Numbering corresponds to regions of 
interest in panel (b). (d) The same regions of interest as in b) and c) with PEEM maps of trap clusters 
overlaid on atomic force microscope (AFM) images. 

In this work, we use photoemission electron microscopy (PEEM) [8] to show for the first 
time the nanoscale presence and distribution of trap clusters in a mixed-cation mixed-
halide HOIP films. We observe that there are local nanoscale regions which display a 
high density of mid-gap trap states (Figure 1a blue triangles) compared to other regions 
(Figure 1a red dots) or the spatially averaged response (Figure 1a black line). We find 
that these locations contain nanoscale clusters of traps (Figure 1b blue spots), which 
occur primarily at junctions between particular material grains (Figure 1b-d), where one 
grain is distorted structurally and compositionally, as revealed through correlated 



scanning electron diffraction (SED) microscopy and scanning transmission electron 
microscopy (STEM-EDX) measurements. We then studied the effect of these trap 
clusters on carrier recombination in the film. From regions of low photoluminescence 
(PL) yield (Figure 2a), we measure the subsequent trapping dynamics at these trap 
clusters using time-resolved PEEM [8] measurements (Figure 2b). We find that there is 
hole carrier trapping (Figure 2c) which happens only at the nanoscale trap clusters 
(Figure 2d) and not at other locations. By analyzing the trapping kinetics from many trap 
clusters simultaneously, we find that the trapping dynamics are consistent with a 
diffusion-limited trapping process. Our observations and results on trap sites in HOIP 
materials provide new nanoscale information which will better direct further 
investigations into understanding more fundamental properties of how these trap 
clusters form and affect device properties. These results have important implications 
for engineering future HOIP materials to prevent, isolate, or better-tolerate traps, which 
will lead to more efficient devices. 

Figure 2: Nanoscale photo-excited carrier trapping dynamics. (a) Overlaid PL and PEEM images from a 
HOIP thin film. (b) Schematic of the TR-PEEM setup for time-resolved imaging of photoelectrons. (c) 
Measured average TR-PEEM signal extracted from all the trap clusters within the field of view. Inset: a 
simplified energy diagram, where the pump photons (red arrow) excite electrons (blue circles) from the 
valence band (VB) to the conduction band (CB). The trap states occupied with electrons can then trap 
holes (hollow blue circles), where an electron moves from the trap state to the valence band (green 
arrow). d, TR-PEEM images from the marked area in (a) showing the change in photoemission intensity 
(I(t) – I0) with time delay after excitation at the trap clusters. 
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3.2 Terahertz Devices and Applications 

A. Monolithic Patch-Antenna THz Lasers with Extremely Low Beam Divergence and 
Polarization Control 

[ACS Photonics 2021, 8, 2, 412–417] 

Arrays of patch antennas have impacted modern telecommunications in the RF range 
significantly, owing to their versatility in tailoring the properties of the emitted radiation 
such as beam width and polarization, along with their ease of fabrication. At higher 
frequencies, in the terahertz (THz) range, there exists a pressing need for a similar 
monolithic platform to realize and enable the advanced functionalities available in RF 
technology. This platform would benefit a wide variety of fields such as astronomy, 
spectroscopy, wireless communications, and imaging. In this work, we demonstrate 
THz lasers made of planar arrays of 10 X 10 patch antenna microcavities containing 
quantum cascade active semiconductor heterostructures that provide up to 25 mW 
output power with robust single mode frequency and spatial mode. This device 
architecture leads to an unprecedented beam divergence better than 2°x2° and radiates 
with any desired coherent polarization state. By interconnecting the symmetric square 
microcavities with narrow plasmonic wires along one direction, we introduce an 
asymmetry into the originally degenerate and cross-polarized TM01 and TM10 modes, 
leading to a precise control of the resonant frequency detuning between the TM modes. 
This feature allows to design devices radiating with any polarization from linear to 
circular. Our platform provides a solution to finally achieve monolithic terahertz 
emitters with integrated capabilities which could pave the way towards achieving a 
long-standing goal to transfer the advanced RF functionalities to the THz range. 



Figure 3: (a) SEM image of a fabricated device. (b) Colored close-up view of one section of the device. 
Typical dimensions for a laser emitting at 3.2 THz are s=15 µm (lateral size of the square patch 
microcavity), d=25 µm (distance of separation between elements). (c) Emitted far-field intensity map of a 
device with a beam divergence ~ 2° x 2°. (d) polar graph of the measured THz intensity showing the 
polarization of the device. From left to right: circular polarization, elliptical polarization, and linear 
polarization. An SEM image of the top of a single wired patch antenna is placed in the background of the 
polar plots to indicate the direction of the emitted THz signal relative to the structure. 

B. Photoconductive arrays on insulating substrates for high-field terahertz generation 

[Optics Express 28.12 (2020): 17219-17231] 

Applications of high-field Terahertz (THz) pulses are diverse and include the ability to 
ionize Rydberg states in Na atoms, to vary superconductivity through the breakup of 
cooper pairs in YBa2Cu3O7 and to manipulate and control electron spin in 
antiferromagnets. The high THz fields required for these experiments, have typically 
been generated using table-top systems through optical rectification (OR) [1], two-
colour air-plasma [2]. However, an alternative method is through the use of large-area 
photoconductive antennas (LAPCA) [3], [4], which produces THz radiation through the 
generation and acceleration of electron-hole pairs in semiconducting materials. 
Despite well documented saturation and heating effects, PC emission has several 
advantages over OR including a bias controllable output field and electrically 
switchable polarisation, while not requiring high-cost fragile non-linear crystals. 

In this work we report on the design, fabrication and characterisation of large-area 
photoconductive THz array structures, consisting of a thin LT- GaAs active region 



transferred to an insulating substrate using a unique bonding process. The success of 
this fabrication process allowed the creation of 1.8x1.8cm2 array structure (pictured in 
Figure 4 with full dimensions in the caption). The electrically insulating, transparent 
substrate reduces the parasitic currents in the devices, allowing peak THz-fields as high 
as 120 kV/cm to be generated over a bandwidth >5 THz. These results are achieved 
using lower pulse energies than demanded by conventional photoconductive arrays and 
other popular methods of generating high-field THz radiation. Furthermore, when the 
emission properties are compared directed with OR with a ZnTe crystal, we obverse 
optical-to-THz conversion efficiencies 3 orders-of-magnitude greater using the array 
structure. The significant difference in emission properties of these two methods is 
highlighted in Figure 4b below. 

Figure 4: (a) Annotated microscopy image of an LT-GaAs PC interdigitated array fabricated on a sapphire 
substrate with a 324mm2 active region, and 46 separate PC gaps, each 200-μm-wide and 18-mm-long. (b) 
Main: THz pulse generating using device B (a) (electrical bias field set to 10 kVcm-1) and a ZnTe crystal 
(scaled), both excited with an optical fluence of 170 μJ cm2 and measured using a 150-μm-thick <110> 
cut GaP EO detection crystal. Inset: Normalised FFT spectra of the time-domain THz pulses. 
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3.3 Low-Dimensional Materials and Interfaces 

A. Directly visualizing the momentum forbidden dark excitons and their dynamics in 
atomically thin semiconductors 

[Science 370 (6521), 1199-1204 (2020)] 

The unique optical properties of two-dimensional semiconductors, such as monolayer 
transition metal dichalcogenides, have provided deep insights into fundamental 
materials research and emerging nanotechnologies [1,2]. The strong Coulomb 
interactions and distinct structural symmetries in these materials give rise to a rich 
variety of photoexcited states, including bright and dark excitonic complexes that are 
tightly bound and valley-spin polarized [3]. However, directly accessing both bright and 
momentum-forbidden dark excitons and fully capturing their relaxation processes, 
occurring rapidly along both the energy and momentum axes, has not been possible 
with conventional experimental probes. In particular, a direct determination of the 
quasi-equilibrium exciton distribution over the entire Brillouin zone after the initial 
cooling is essential for future research and optoelectronic applications of two-
dimensional materials. Here, by performing time- and momentum-resolved 
photoemission spectroscopy based on table-top MHz XUV source (21.7 eV) on a 
micron-scale monolayer flake of WSe2, we directly observe the exciton distribution at 
the K- and Q-valleys and measure their dynamics and relaxation pathways under 
different excitation conditions across the Brillouin zone. 

In Figure 5, we present the ARPES data (K’-Γ-K cut) corresponding to the single particle 
bandstructure of WSe2 monolayer without optical pump (Figure 1a) and after 
photoexcitation with a 1.72 eV pump in resonance with the A exciton. The later shows 
the presence of two nearly degenerate excitonic states, with electrons at the K- and Q-
valley respectively at an energy of ~1.72 eV above the valence band maximum. 

Figure 5: Experimental bandstructure of monolayer WSe2 with (a) no optical pump and (b) with a 1.72 eV 
optical pump at a 0.5 ps time delay after photoexcitation. The dashed lines are the theoretical bands. 

These excitons are characterized by multiple near-degenerate species involving holes in 
the K-valley and electrons in both the K- and Q-valleys of the Brillouin zone, with 



relaxation pathways dictated by the initial excitation conditions. For resonant excitation, 
we see the rapid formation of K-valley excitons, followed by scattering of the exciton 
population to the Q -valley in 400 fs In contrast, for above-gap excitation at 2.5 eV, we 
observe excitons forming within 500 fs, with electrons in the K- and Q-valley, but with a 
larger initial density at Q, and net scattering from the Q- to K-valley. Surprisingly, we also 
find that momentum-forbidden excitons dominate the quasi-equilibrium distribution. 
Our measurements provide the first global view of the ultrafast optical response of 2D 
semiconductors and demonstrate the impact of studying excited-state dynamics over 
the full Brillouin zone in condensed matter systems. 
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B. Examining the surface phase diagram of IrTe2 with photoemission 

[Physical Review B 101, 235120 (2020)] 

In transition metal dichalcogenide IrTe2, low-temperature charge-ordered phase 
transitions involving Ir dimers lead to the occurrence of stripe phases of different 
periodicities, and nearly degenerate energies [1-3]. Here, we carried out a detailed and 
systematic studies of the temperature dependent charge-ordered phases of IrTe2 with 
ARPES and XPS. We revealed that the first-order phase transition at Tc3 = 165 K is related 
to the (6 × 1) stripes phase, previously proposed to be the surface ground state. 

Using XPS, we measure the evolution of the Ir dimer density upon cooling down to 30 K 
and warming back to room temperature by quantifying the Ir 4f core level peak 
intensities. While we confirm the sharp first-order transition occurring at Tc1, we 
observe a more intricate behavior below Tc2 at the surface. The (5 × 1) phase is replaced 
by the (8 × 1) phase that progressively changes into the (6 × 1) phase, indicating (6 × 1) 
domain growth at the expense of the (8 × 1) domains. However, our ARPES 
measurements reveal that a third first-order structural transition between the (8 × 1) and 
(6 × 1) phases occurs at Tc3 = 165 K. By analyzing both XPS and ARPES data over the full 
warming and cooling cycle and combining them with LEED measurements, we 
constructed the complete surface phase diagram of IrTe2 with the hysteretic behavior of 
all (5 × 1), (8 × 1), and (6 × 1) phases. 



Figure 6: (a) Intensity ratio of the Ir4+/(Ir3+ + Ir4+) peaks in the Ir 4f core levels as a function of temperature. 
(b) Schematic description of the stripe periodicities in the Ir planes for different phases. 
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C. Strong Plasmon–Exciton Coupling in Ag Nanoparticle-Conjugated Polymer Core-
Shell Hybrid Nanostructures 

[Polymers 12, 2141 (2020)] 

Strong light-matter interactions involving organic semiconductors are important for a 
number of technological applications, including low-threshold lasing [1] and room-
temperature Bose-Einstein condensates [2]. Excitons in organic materials have large 
binding energies, on the order of a few hundreds of meV, making them stable at room-
temperature and generate interesting phenomena when in the presence of strong fields. 
When placed near the surface of a noble metal nanoparticle, excitons in organic 
semiconductors can interact with the strong electromagnetic field of the metal 
nanostructure, arising from its localized surface plasmon resonance (LSPR) (Figure 7b). 
When the resonance energy of one of the modes (e.g., the excitonic resonance) is swept 
across the resonance energy of the other mode (e.g., the LSPR), two new modes 
emerge, with a clear anti-crossing behavior at resonance (Figure 7c). The new modes 



are plasmon-exciton polaritons, and the degree of splitting energy between the 
polaritons indicates the strength of the coupling [3]. 

Figure 7: (a) Core-shell nanoparticle structure used to investigate coupling between excitons in 
conjugated polymers (CPs) and localized surface plasmon resonances (LSPRs). The silver nanoparticle 
(AgNP) core radius is given by r, and the CP shell thickness is given by h. (b) Schematic illustration of 
plasmon-exciton coupling between the plasmonic fields Ec of a AgNP and the transition dipole moment of 
the exciton ς ex within an example CP. The energy exchange between plasmon and exciton is represented 
by ħΩ, which is the Rabi splitting energy, and is calculated as the energetic difference between the 
polariton modes. The inset shows an example of scattering from a AgNP-CP core-shell structure where 
the CP shell had 5 vibronic resonances, giving rise to multiple uncoupled shell modes, separated by the 
two polariton modes. (c) Example anti-crossing phenomena in the scattering spectra from a AgNP-CP 
core-shell structure, obtained using analytical Mie theory calculations, by fixing the LSPR and sweeping 
the resonance energy of the Lorentizian oscillator of the CP shell. 

In this work, we explored plasmon-exciton coupling in Ag-conjugated polymer core-
shell nanostructures (Figure 7a) using a combination of numerical finite-difference 
time-domain (FDTD) and analytical Mie theory calculations. Conjugated polymers have 
not been not been previously considered as candidates for strong coupling applications 
due to their broad spectral linewidths and multiple vibronic features. Here, we show 
that the linewidth of conjugated polymers plays a minimal role on the splitting energy 
between the plasmon-exciton-polariton modes (Figure 8a,b). We show that strong 
plasmon-exciton coupling can be achieved through the use of thick CP shells, large 
oscillator strengths (Figure 8c), modest high-frequency relative permittivities (Figure 
8d), and multiple vibronic resonances (Figure 8e), all characteristic of typical 
conjugated polymers, and that Rabi splitting energies of over 1000 meV can be obtained 
using realistic material dispersive relative permittivity parameters. 

Figure 8: (a) Normalized scattering cross-section calculated using Mie Theory for hore-shell structures 



having a single Lorentzian oscillator shell with r = 25 nm, h = 5 nm, ε∞ = 1.77, λ0 = 420 nm, f = 0.05 with 
varying exciton resonance linewidth, ħγ. The effect of the linewidth is minimal on the splitting energy, as 
confirmed in (b), particularly for typical exciton linewidths for common conjugated polymers. (b-e) For 
realistic oscillator parameters for conjugted polymers, there are many conditions that lead to strong 
coupling, with coupling energies on the order of 0.4 meV to nearly 2000 meV. 

The results presented in this work give insight into the mechanisms of plasmon-exciton 
coupling when broadband excitonic materials featuring strong vibrational-electronic 
coupling are employed, and are relevant to organic optoelectronic devices and hybrid 
metal-organic photonic nanostructures. 
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5. Intellectual Property Rights and Other Specific Achievements 

Madéo, J., Man, M. K. L. and Dani, K. M. “Laser-driven microplasma XUV source,” US 
patent application 16/845,419, Oct 2020. 

6. Meetings and Events 

6.1 Seminar 
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• Venue: Online 
• Speaker: Prof. Gil Refael 
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Nothing to report. 
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