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Cover Image:
Bacteria can catalyze chemical reactions with high selectivity, but solid-state inorganic
materials outperform biological light absorbers. The Yang group has developed a strategy
to augment bacteria with inorganic light-absorbing nanomaterials, creating a bio-inorganic
hybrid or "cyborg bacteria" microreactor to convert CO2 to chemicals using solar energy.
Article Citation:
K. K. Sakimoto, A. B. Wong & P. Yang. Self-Photosensitization of Nonphotosynthetic
Bacteria for Solar-to-Chemical Production. Science, 2016. 351(6268). DOI:
10.1126/science.aad3317
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“Campanile near sunset, looking
toward the Bay” by Alan Nyiri, ©
Atkinson Photographic Archive
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Nature is brimming with examples of
efficiency, from the way plants capture
energy in sunlight to the molecular
machines that make muscles contract. The
Kavli Energy NanoScience Institute (ENSI) at
UC Berkeley, partnered with the Lawrence
Berkeley National Laboratory, brings
together some of the world’s top
researchers from across the fields of
materials science, physics, engineering,
and biology. Their investigations into
nature’s ways of managing energy at the
nanoscale will lead to real change in our
capacity to generate, store, and use
energy. Together, these researchers aim to
improve the performance of existing
energy technologies and develop entirely
new ways of harnessing energy for the
world’s growing population.
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“Campanile at dusk” by Steve
McConnell © UC Regents

Kavli ENSI Programs
KAVLI ENSI HEISING-SIMONS JUNIOR
FELLOWSHIP
Established in 2016, the Heising-Simons Junior
Fellowships are two-year postdoctoral
fellowship positions designed to attract the
most talented and promising young
researchers in nanoscale science.
KAVLI ENSI PHILOMATHIA GRADUATE
STUDENT FELLOWSHIP
Established in 2016, the Philomathia Graduate
Fellowships are one-year graduate fellowship
positions designed to give promising young
researchers the opportunity to work across the
disciplines of nanoscience to discover new
ways in probing and/or controlling energy
processes on the nanoscale.
UC Berkeley – Kavli ENSI Graduate Student
Fellowship in NanoScience
In 2018, the Kavli ENSI established a new fouryear fellowship award in nanoscience.
Candidates for the Kavli ENSI Fellowship in
Nanoscience will participate in a campus-wide,
cross-disciplinary competition for multi-year
fellowships administered by the Graduate
Division. This competition is recognized as one
of the pillars of Berkeley’s comprehensive
excellence, as uniformly high standards are
applied to the nominees from all programs —
including the range of fields that intersect with
nanoscience research, including chemistry,
engineering, physics, and environmental
science.
Student Thesis Prize Awards
The Kavli ENSI Thesis Prize is awarded
annually to a graduate student for his/her
outstanding PhD thesis based on their quality
of work, publication status, strength of up to
two supporting letters, CV of the nominee, and
relevance to the thesis of the Kavli mission.
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Winton Program for the Physics of
Sustainability, U.K. - Kavli ENSI Exchange
Program
An Exchange program between the Winton
Program for the Physics of Sustainability
(Winton Program) at the University of
Cambridge and the Kavli Energy NanoScience
Institute (Kavli ENSI) was established in 2016 to
promote and further academic links between
the two institutions. In that time, this
partnership has produced a shared
commitment to exchange ideas and solutions
in order to advance science through joint
workshops, sharing resources, and academic
exchanges of postdoctoral researchers and
faculty members annually. The exchange
program would run a competitive processes,
explore joint hires and resources, and would
continue in subsequent years.
Institute for Basic Science, South Korea Kavli ENSI Exchange Program
In 2017, Kavli ENSI and IBS signed a
memorandum of understanding to establish an
informal partnership between the two
organizations. The scope of the program is to
develop activities that advance scholarship
through cooperative relationships.
Computer Resources
Kavli ENSI provides computer resources at The
Molecular Graphics and Computation Facility
(MGCF) for Kavli ENSI researchers. There are
two dedicated workstations for Kavli
researchers at MGCF with Kavli specific
software (Comsol, Lumerical, Materials Studio,
Origin and Solidworks ). In addition, Kavli
researchers have full access to all MGCF
resources as described on the MGCF website.
For access, please contact Dr. Kathy Durkin,
Director of MGCF <mgcf@berkeley.edu>

Kavli ENSI Faculty

Paul Alivisatos
Director, Kavli ENSI
Professor of Chemistry &
Materials Science and
Engineering

Carlos Bustamante
Professor of
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Michael Crommie
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Tsu-Jae King Liu
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Professor of
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Kavli ENSI Faculty

Gabor Samorjai
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Feng Wang
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Birgitta Whaley
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Eli Yablonovitch
Professor of
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Omar Yaghi
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Piedong Yang
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Xiang Zhang
Professor of Mechanical
Engineering

Building on Success: Student Engagement with a
global scientific community

Kavli ENSI graduate students and postdoctoral scholars interactions within the
Kavli community has been key to establishing collaboration and scientific exchange.
Individual excellence supported by an engaging community has fostered a vibrant
environment.
Over the past year, the Kavli ENSI graduate and postdoctoral scholars group has
met monthly with 100% attendance to share their latest research and participate in
planning activities and events to raise awareness of the institute. In addition, Kavli ENSI
has engaged its community of students and postdoctoral scholars in the form of flash
talks and seminars from visiting scientists. The graduate students and postdoctoral
scholars of Kavli ENSI routinely host "Flash Talk" sessions, during which they would give
short, informal presentations about their work. These talks help build awareness about
ongoing projects in our very diverse research community.
Kavli ENSI also had three seminars. In February 2018, Prof. Peter Jomo
Walla, Kavli ENSI Visiting Scholar from the Braunschweig Institute of Physical and
Theoretical Chemistry and the Max Planck Institute for Biophysical Chemistry,
presented on High-Efficiency Light-Harvesting, Nanoscale Microscopy and
Molecular Neurobiology. In March 2018, Dr. Alexey Chernikov from the University
of Regensburg, presented advances in energy diffusion processes in atomically thin
semiconductors. In May 2018, Prof. Vinod Menon, from the City College of New York
and Graduate Center of City College of New York, presented on exciton-polariton
complexes and color centers in two-dimensional semiconductors and insulators.
These seminars were well received, eliciting large audiences followed by several
one on one meetings with Kavli ENSI graduate students, postdoctoral scholars and
professors.
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Spotlight on the Fellows
Christian Diercks
2017-2018
Christian Diercks was awarded the Philomathia Graduate
Student Fellowship, from Fall 2017 to Summer 2018.
Advisor: Prof. Omar Yaghi

Covalent Organic Frameworks for the Electrocatalytic Reduction of Carnon Dioxide

My research in the context of this fellowship was concerned with reticular
chemistry – the design of crystalline porous extended frameworks from molecular building
blocks. The focus of my research has been
covalent organic frameworks (COFs) for the
electrocatalytic reduction of carbon dioxide to
carbon monoxide.1 The grand challenge in
photo- and electrocatalytic carbon dioxide
reduction to value-added carbon products lies
in the fact that a singular catalytic system must
control the interplay between efficiency,
activity, and selectivity and we believe that the
reticular chemistry of COFs can address it.2
Prior to receiving the funding I had
shown that COFs outperform conventional
catalysts for the electrocatalytic reduction of
carbon dioxide into value-added carbon
products3 and over the past year I have
continued working on improving their
performance. One major drawback of our initial
system was that only a small portion, 4-8%, of
the cobalt sites were in fact electrochemically
accessible which we attributed to the poor
contact of the sample with the electrode surface
8

Figure 1. Optimizing the morphology of the COF catalyst.
GIWAXS of the film on HOPG shows preferred orientation
(a). The COF forms uniform films of 250 nm in thickness
as shown by SEM (b). The data suggest that the COF
layers are oriented in a 90° angle with respect to the
substrate (c). The 2D line-profile of the GIWAXS data is
in good agreement with the expected diffraction pattern
(d). The oriented thin films of COF-366-Co outperform
deposited COF on porous carbon fabric and films without
preferred orientation obtained on glassy carbon (e)

and sluggish transportation between individual COF crystallites. As such, we chose to move
from depositing microcrystalline COF powder onto porous carbon fabric towards directly
growing thin films of COF onto the electrode surface. I chose highly ordered pyrolytic graphite
(HOPG) as the electrode material and obtained oriented thin films of COF-366-Co which
exhibited significantly improved catalytic performance on a per cobalt basis with current
densities for the formation of CO of 45 mA/mg cobalt and a faradaic efficiency of 87% which
constitutes a 9-fold improvement over the microcrystalline COF powders (Figure 1).4
Reticular Electronic Tuning of the Active Sites
With the optimized morphology at
hand, I chose to advance a step further
and utilize the organic backbone of the
structure which allows for chemical
modification.
Through
mechanistic
studies we deduced the mechanism for
CO2 reduction and found that in the rate
determining step cobalt(II) gets reduced
to cobalt(I) (Figure 2). In order to facilitate
this step, we decided to introduce
electron withdrawing functional groups Figure 2. Proposed mechanism of CO2 reduction with COF-366-Co.
The first step was found to be rate-determining.
onto the linker of the COF to take away
electron density from the cobalt center and make it more prone to reduction.
Analogous to the optimization of molecular transition metal catalysts by modification of
their ligands, COFs can be optimized by covalent modification of their backbone. Substitution of
the BDA linker in COF-366-Co by 2,3,5,6-tetrafluoroterephthaldehyde [BDA-(F)4], 2-

Figure 3. Backbone functionalization of COF-366-Co to yield the derivative structures COF-366-(OMe)2-Co, COF-366-FCo, and COF-366-(F)4-Co.
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fluoroterephthaldehyde [BDA-(F)] and 2,5-dimethoxyterephthaldehyde [BDA-(OMe)2] was
carried out resulting in the formation of three new COFs termed COF-366-(F)4-Co, COF-366(F)-Co and COF-366-(OMe)2-Co (Figure 3). Investigation of the electronic structure of the frontier
d-orbitals of the catalytically active cobalt center revealed a pronounced impact of the functional
groups on the linker on the active site. Specifically, the electron withdrawing character of the
ligand field around the cobalt center was found to increase in the order of COF-366-Co < COF366-(OMe)2-Co < COF-366-(F)4-Co < COF-366-(F)-Co. This was also reflected in the cyclic
voltammograms of the COF catalysts where the reduction wave was shifted to less negative
potentials for the substituted COFs. Controlled potential electrolyses of the catalysts at 650mV
vs. Ag/AgCl revealed significant differences in the reactivities of the materials with the best
performing catalyst being COF-366-F-Co which reached a current density for CO production of
up to 65mA/mg of COF.
Publications:
1.
Diercks, C. S.; Yaghi, O. M., The atom, the molecule, and the covalent organic framework. Science 2017, 355 (6328).
2.
Diercks, C. S.; Liu, Y.; Cordova, K. E.; Yaghi, O. M., The role of reticular chemistry in the design of CO2 reduction catalysts.
Nature materials 2018, 1.
3.
Lin, S.; Diercks, C. S.; Zhang, Y.-B.; Kornienko, N.; Nichols, E. M.; Zhao, Y.; Paris, A. R.; Kim, D.; Yang, P.; Yaghi, O. M.,
Covalent organic frameworks comprising cobalt porphyrins for catalytic CO2 reduction in water. Science 2015, 349 (6253),
1208-1213.
4.
Diercks, C. S.; Lin, S.; Kornienko, N.; Kapustin, E. A.; Nichols, E. M.; Zhu, C.; Zhao, Y.; Chang, C. J.; Yaghi, O. M., Reticular
Electronic Tuning of Porphyrin Active Sites in Covalent Organic Frameworks for Electrocatalytic Carbon Dioxide Reduction.
Journal of the American Chemical Society 2017.
Other Work Supported by Fellowship:
5.
Waller, P. J.; AlFaraj, Y. S.; Diercks, C. S.; Jarenwattananon, N. N.; Yaghi, O. M. Conversion of Imine to Oxazole
and Thiazole Linkages in Covalent Organic Frameworks. J. Am. Chem. Soc., 2018, 140, 9099-9103.
6.
Kalmutzki, M. J.; Diercks, C. S.; Yaghi, O. M. Metal–Organic Frameworks for Water Harvesting from Air. Adv.
Mater., 2018, 30, 1704304.
7.
Diercks, C. S.; Kalmutzki, M. J.; Yaghi, O. M. Covalent Organic Frameworks—Organic Chemistry Beyond the
Molecule. Molecules, 2017, 22, 1575.
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Spotlight on the Fellows
Patrick Gallagher
2016-2018

Patrick Gallagher was awarded the Heising-Simons
Postdoctoral Fellowship, from Fall 2016 to 2018.
Advisor: Prof. Feng Wang

On-chip terahertz probes of the Dirac fluid in graphene
Graphene is an atomically thin layer of carbon atoms in which electrons obey a
relativistic band structure. These properties lead to a particularly striking electronic phase
diagram: at charge neutrality, graphene is expected to behave like a relativistic plasma of
rapidly-colliding electrons and holes. This so-called “Dirac fluid” behavior was predicted a
decade ago, but very little evidence for its existence has yet been presented.
Terahertz spectroscopy should be an ideal probe of the Dirac fluid, because the
characteristic scattering rate of the plasma should fall in the terahertz frequency range for
experimentally accessible temperatures. But owing to the large mismatch between terahertz
wavelength (~300 micron) and the size of high-quality graphene samples (tens of microns),
existing terahertz spectroscopy techniques are not suitable for this purpose. Over the past two
years, we have developed a new technique for quantitative, on-chip terahertz spectroscopy.
Our on-chip method confines terahertz waves to subwavelength dimensions using a
waveguide structure (Fig. 1), allowing us to collect terahertz spectra of ultraclean, ten-micronscale graphene samples embedded in the waveguide.
Our measurements reveal characteristic signatures of Dirac fluid behavior. First, our
data show that the electron-electron scattering rate at charge neutrality grows linearly with
temperature (Fig. 2), as predicted for the Dirac fluid. Theory further predicts that the coefficient
of this linear growth is set by the effective fine-structure constant in graphene; following this
prediction, the fine-structure constant extracted from our data quantitatively agrees with
expectations. Additionally, our data show evidence for a “two-fluid” transport model predicted
by the hydrodynamic theory that governs the Dirac fluid. These results are presently under
review [1].
We expect our technique to be a useful probe of other exotic features of the Dirac liquid,
such as a collective cyclotron resonance of the electron-hole plasma and wave-like transport of
heat. Our on-chip method will also be useful for terahertz studies of other few-micron-scale
electronic systems.

11

[1] P. Gallagher, C.-S. Yang, T. Lyu, F. Tian, R. Kou, H. Zhang, K. Watanabe, T. Taniguchi, F.
Wang. Quantum-critical electrodynamics of the Dirac fluid in graphene. Under review (2018).
Figure 1: On-chip
terahertz spectroscopy
technique. A metallic
waveguide (horizontal
golden traces) is
patterned across the
graphene flake under
study. The graphene
flake is encapsulated in
dielectric layers
(hexagonal boron nitride,
hBN) to ensure high
quality, and is gated by
an electrode made of
WS2. Two semiconductor pieces (“emitter” and “detector”) emit and detect terahertz signals
which propagate along the waveguide and through the graphene structure. Femtosecond laser
pulses are used both to trigger the emission and detection events, and to excite the graphene.

Figure 2: Extracted scattering rate τ -1 as a function of
electron temperature Te in charge-neutral graphene.
Experimental data are shown as blue circles. The
scattering rate follows a linear trend at high
temperature as predicted by Dirac fluid theory. It
deviates from this trend at low temperature due to
impurity scattering, which should evolve approximately
as Te-1. The dashed line is a fit to a sum of an impurity
scattering contribution (dotted line) and the Dirac fluid
theory (solid green line) with effective fine structure
constant α = 0.23. This extracted value of α agrees
well with expectations for the dielectric environment of
our sample.
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Spotlight on the Fellows
Stephen (Matt) Gilbert
2018-2019
Stephen (Matt) Gilbert was awarded the Philomathia
Graduate Student Fellowship, from Fall 2018- Spring
2019.
Advisor: Prof. Alex Zettl
Road-Signs for the Nanoscale: Steering Electrons in Graphene with Nano-Patterned h-BN

The ability to control the flow of ballistic electrons in graphene promises to be an
exciting new platform for the development of low-dissipation and quantum coherent devices.
Several prominent theoretical predictions demonstrate that with sufficiently sharp potential
modulations, charge-carriers in graphene can be focused and collimated without scattering.1,2
These predictions remain unrealized, however, due to the large minimum feature sizes of
conventional lithography.
In this proposed work, I will explore the role of two classes of h-BN nano-patterns for
controlling the flow of charge carriers in graphene. By laminating pristine graphene directly on
patterned h-BN, the carriers in graphene are directly exposed to the modulations in the h-BN
due to the intimate contact of the layers. The carriers thereby experience atomically-sharp
potential variations across the surface from the charge on the edge atoms of the patterns and
the variation in doping of the graphene caused by the vacancies. Proposed Research: The
first system I will study is a novel quantum dot (QD)
comprised of graphene laminated on atomicallyprecise h-BN triangular vacancies (Fig 1b).
Electrons in graphene incident at an abrupt P-N
junction are predicted to follow trajectories similar to
negative index of refraction lensing.1 With a
triangular junction, this phenomenon would yield
electron focusing and steering (Fig 1c). This
prediction of lensing remains experimentally
FIG 1: TEM Image and Schematic for Part
unrealized with lithographically defined features.
1

When h-BN is exposed to electron irradiation, atomically- precise triangular vacancies
are formed with controllable size (Fig 1a) as I show previously with transmission electron
microscopy (TEM).3 This yields a perfect nitrogen terminated zig-zag edge with a negative
charge that can be tuned by gating. When graphene is laminated directly onto these
structures, preliminary DFT simulations show that a bound state is formed in the graphene
within the vacancy, locally creating a P-N junction with sufficient sharpness that lensing can be
achieved.
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The second system I propose to study is a 1D superlattice structure comprised of
graphene laminated on an array of patterned slots on h-BN. Theoretical predictions have
demonstrated that when a 1D superlattice potential is applied to graphene, an anisotropic
electronic structure and fermi velocity are induced (Fig 2c).2 These calculations have shown
that there is a sharp decrease in the fermi velocity in the direction parallel to the potential
stripes. When current is flowed perpendicular to the stripes, this leads to a “supercollimation”
effect in which electron waves can travel 100 microns before spreading even 500 nm.
To achieve this supercollimation, I will create precise 1D potentials on graphene by
etching a large series of parallel slots in h-BN using helium ion milling (HIM). After laminating
and gating pristine single-layer graphene on this
nano-patterned h- BN structure (Fig 2b), the
graphene will experience a 1D periodic potential that
varies in period and pitch with that of the h-BN slots.
Features patterned by conventional electron-beam
lithographic techniques are nearly a full order of
magnitude larger than the 5 nm size assumed in the
theory. I have shown that I can make features of near
this scale with HIM (dot-array in Fig 2a), allowing us to
FIG 2: HIM Image and Schematic for Part
test this hypothesis. Research Plan: Though I have
II
already successfully demonstrated the fabrication of these structures, revealing their electronic
properties will require collaboration; scanning tunneling microscopy (STM) and spatially
resolved optical spectroscopy will be the key to unveiling these electron steering properties.
In the Wang lab, we will first use spectroscopy to measure the gate dependent depth of
our QD and the anisotropic electronic properties of our 1D lattice. Ultrafast spatially resolved
pump probe spectroscopy will be used to measure the anisotropic electrical responses of both
of our structures.
In the Crommie lab, STM will be used to study the static electron wave functions of these
two structures and the electron densities when current is flowed across each structure. From
the electron wave-functions and dI/dV maps we can directly observe states in the QD and the
anisotropy of wave-functions inside the superlattice structure. By flowing current in STM, we
will measure the lensing effect of these two structures.
1.
2.
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V. V. Cheianov, V. Fal‘ko & B. L. Altshuler, Science 315, 1252 (2007).
C.-H. Park, L. Yang, Y.-W. Son, M. L. Cohen & S. G. Louie, Nature Physics 4, 213 (2008). 3. S. M. Gilbert, et al. Nature
Scientific Reports. Just Accepted. (2017)

Spotlight on the Fellows
Shaowei Li
2019-2020
Shaowei Li was awarded the Heising-Simons Postdoctoral
Fellowship, from Spring 2019 to Spring 2020.
Advisor: Prof. Michael Crommie

Probing Light Matter Interactions at the Space-Time Limits
Research Scope: The proposed project concerns developing a novel imaging technique
combining a femtosecond laser and a scanning tunneling microscope (STM) to probe the
spatially inhomogeneous properties of low dimensional materials with joint spatial-temporal
resolution. The desire for observing finer details using optical microscopy, particularly in bioscience and material-science, is driving developments in imaging techniques beyond the
diffraction limit. The coupling of photon excitation with electron tunneling at the junction of a
STM combines the femtosecond sensitivity of a laser and the Angstrom resolution of tunneling
electrons. The joint fs-Å resolution will provide a new window for viewing the unique ultrafast
dynamics of individual nano-scale objects.
Project Rationale and Justification: The progress of science has depended greatly on how
fine and how fast we can see. The optical properties of atoms and molecules serve as a
fingerprint for chemical identification and as a basis for understanding their behavior. The
advantages of optical techniques are apparent, such as the high energy resolution, widely
tunable spectral range, and high temporal resolution down to a few femtoseconds. However, the
spatial resolution of traditional optical techniques is diffraction limited, preventing them from
resolving the inhomogeneity between nano-objects. On the other hand, the invention of the STM
has revolutionized surface science and nanoscience. For the first time, we have a nondestructive
probe that can image individual atoms and molecules. The combination of STM with optical
spectroscopy will enable the investigation of ultrafast events at the atomic scale that would not
be possible with either technique individually.
During my Ph.D. study, I have successfully developed a technique combining a Ti-sapphire
femtosecond laser with a low temperature STM. With this experimental set-up, we have
demonstrated the coupling of laser photons to the tunneling electron and observed the photoassisted C-H activation at the single bond level. We have also resolved the ultrafast dynamics
in the structural transformation of a single pyrrolidine molecule and determined the transition
states and reaction coordinate. During my stay in Berkeley, I will expand the laser-STM studies
into probing the charge carrier dynamics of low-dimensional materials, such as perovskites,
which have shown extraordinary electronic and optical properties that are applicable in a wide
range of nanotechnology.
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Experimental Arrangement: The first experiment I will pursue is to probe
the dynamics of bound excitons in 2D transition-metal dichalcogenides
(TMDC). The schematic diagram of the experimental set-up is shown in Fig.
1A. The sample is illuminated by a pair of time correlated ultrafast laser
pulses and probed by an STM. The large Coulomb interactions in atomicallythin 2D materials allow optically generated electron–hole pairs in TMDCs to
form stable exciton states even at room temperature. Previous studies with
time resolved photo-luminescent spectroscopy (PL) and near-field optical
microscopy have revealed exotic physics such as giant oscillator strength
when the excitons are bound to a surface defect or dopant. STM can provide
unparalleled real-space visualization to these novel properties by mapping
the spatial distribution of the charge carrier density with the scanning
Fig. 1
tunneling spectroscopy. The time evolution of the carrier density determined
by the delay time between two pulses near individual bound centers can be
imaged in real-space. This experiment will allow us to visualize the inhomogeneous dynamics
between exciton centers, as exemplified by the effects of the vacancy size or the interaction
between two nearby dopants.
The STM can also act as a localized electron source to excite the exciton. Similar to PL, the
recombination of the electron-hole pairs excited by the tunneling electron leads to luminance
resolvable by a monochromator. Previously I have demonstrated that the electrons in the STM
tip can be optically pumped into energetic photo-assisted electrons: when the tip is illuminated
by laser pulses, the electrons are excited to a higher level before tunneling to the substrate
(Fig. 1B). These photo-assisted tunneling electrons are confined both in the time domain by
laser pulses and in the real-space by the size of tunneling. They yield information with both
spatial and temporal resolutions. The second experiment I propose is to locally excite the
electron-hole pairs in TMDCs using photo-assisted tunneling electrons and collect the
luminescence with time-correlated CCD cameras. This technique is expected to be especially
useful for probing the inhomogeneity in the exciton excitation probabilities.
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Spotlight on the Fellows
Luis Pazos-Outon
2017-2019

Luis Pazos-Outon was awarded the Heising-Simons Postdoctoral
Fellowship, from Fall 2017 to Fall 2019.
Advisor: Prof. Eli Yablonovitch

Technology enabled by luminescence: Thermo-photovoltaics and solar
In solar photovoltaics, thermal radiation is converted to electricity. The source of thermal
radiation is the sun, a body at 5500°C, 150 million kilometers away from the Earth. Our work
focuses on the development of a similar type of systems known as thermophotovoltaics. In
these systems, instead of using the sun as a thermal source, thermal radiation is generated
with a local hot source. All hot materials radiate light, as a consequence of Planck’s law of
blackbody radiation. Based on this principle, the light emitted by the local hot source can be
absorbed by the photo voltaic device, generating electrical power. The source can be heated
from multiple sources: combustion of fuel, concentration of sunlight, or even nuclear power.
As these sources are generally much cooler than the sun, the emitted thermal radiation
will be mainly composed of very low energy photons, unusable by a photovoltaic cell. In order
to efficiently convert from heat to electricity, photovoltaic cells capable of absorbing low energy
photons are needed, as well as a high quality mirror to bounce the large number of very low
energy photons, that cannot be absorbed by the solar panel, back to the hot source.
A new breakthrough in creating highly efficient thin-film solar cells enabled to break the
efficiency world record in single- junction solar cells, reaching 28.8%. This was achieved by
recognizing that a good solar cell needs to reflect infrared radiation at the back surface, to
effectively recycle infrared luminescent photons. The effort to reflect luminescence in solar
cells has serendipitously created the technology to reflect all infrared wavelengths, which can
revolutionize thermophotovoltaics. We have never before had such high back reflectivity for
low energy radiation, permitting highly efficient recycling of very low energy photons for the first
time.
Making use of these highly reflective mirrors, we have recently demonstrated a new
world record in the efficiency of thermophotovoltaics, reaching an efficiency of 28.1% with an
emitter temperature of 1200C.
We estimate that with improvements in the rear mirror, which currently has a reflectivity
of 94% and could be improved to 98%, combined with improvements in the internal
luminescence efficiency of the device, we expect to be able to realize a > 50% efficient
thermophotovoltaic system. This is comparable to a turbofan jet engine, yet being able to fit in
a pocket.
17

Spotlight on the Fellows
Archana Raja
2017-2019

Archana Raja was awarded the Heising-Simons
Postdoctoral Fellowship, from Fall 2017 to Fall 2019.
Advisor: Prof. Paul Alivisatos

Tuning the band structure of 2D materials using the external environment and lateral
confinement
Since the advent of graphene in the past decade, a variety of van der Waals crystals have
been prepared and found to exhibit unique optical and electronic properties due to their
atomically thin, two-dimensional nature. In particular, semiconducting transition metal
dichalcogenides (TMDCs) of the MX2 family (M= Mo, W and X=S, Se, Te) have garnered
attention for the emergence of a direct bandgap in the visible and near-infrared in the monolayer
limit, yielding robust excitonic effects and access to
new valley degrees of freedom. The electronic
properties of a monolayer TMDC is very sensitive to
Figure 1. a Photoemission intensity maps along the
K’-Γ-K-M direction of monolayer WS2 on BN and on
graphite. b Core level spectra and fits for both sample
areas in a. c Example fit to the valence bands at the
K-points for both samples shown in a. d Top:
Dispersion of monolayer WS2 on BN (orange) and on
graphite (blue) as determined by fitting raw spectra
shown in a at every pixel in parallel momentum
direction. The valence bands on BN are shifted using
the core-levels on each substrate as a reference.
Bottom: Difference between the valence band
positions on both substrates.

the dielectric environment. Over the past year, I have been collaborating with Dr. Eli Rotenberg
at LBL to apply the cutting-edge technique of micro-angle resolved photoemission spectroscopy
to understand the bandstructure of monolayer TMDCs in different dielectric environments. We
find that the primary effect of different dielectric screening is like a scissor operator where the
bandstructure rigidly shifts in response to different dielectric environments. This is the first
observation of such a phenomena, enabled by the unique technique I have have been able to
apply to an experimentally challenging atomically thin system. I am currently working with theory
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collaborators to prepare a manuscript based on these results. Figure 1 describes the rigid shift
of the bandstructure of monolayer WS2 on highly screening metallic graphite as compared to the
less screening, insulating hexagonal BN. These combinations of materials are particualrly
relevant from a device standpoint where monolayer TMDCs are incorporated in metallic and
insulating environments.
Another aspect of my research during the first year has focussed on the synthesis and
characterization of 2D TMDC quantum dots. Due to reduced screening in 2D, TMDC excitons
are very tightly bound with binding energies on the order of 0.5 eV, which not only allows their
manipulation at room temperature and above, but also yields a very short radiative lifetime,
making them desirable for ultrafast optoelectronic devices. These effects can become even more
pronounced when the dimensionality is further reduced, as in TMDC quantum dots. In parallel,
these materials are of significant interest for both catalysis and energy storage since the edge
states and tunable interlayer spacing in these confined architectures can be active sites for a
variety of reactions.
Recently, it was shown that 2D TMDC monolayers less than 10 nm in lateral dimension exhibit
strong confinement effects where the exciton peak increases in energy on the order of 100’s of
meV as the size is decreased. However, the understanding of why this happens on lengthscales
larger than the exciton size remains unexplored. The chemical synthesis itself is also at an early
stage, comparable to what the II-VI semiconductor nanocrystal literature was over a decade ago.
I have been building upon the well-established literature for II-VI semiconductor nanocrystals for
the growth of 2D quantum dots and decorating the edges with ligand molecules. Figure 2 shows
inital results on the synthesis of multi-layer WSe2 quantum dots with 5 nm lateral sizes.
Elemental analysis in an electron microcope of these samples revealed a chalcogen-rich
material with dominant selenium edge sites. This makes them particularly suitable for adapting
advances in metal chalcogen ligand chemistry that has resulted in the development of strong
electronic coupling in nanocrystal superlattices.
Figure 2 | Transmission electron
microscopy of multilayer WSe2
nanoplatelets. a Dots lying plan-view
on a TEM grid. The dashed blue line
highlights one such dot. FFT inset
suggests hexagonal symmetry. b Dots
oriented edge-on display a layered
structure. Inset shows an isolated
bilayer dot and the observed average
interlayer spacing of around 7 Å.
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Spotlight on the Visiting Scholars
David Limmer
David Limmer is an Assistant Professor of Chemistry at UC Berkeley.
He is also a Chevron Professor of Chemisty. He was the Kavli ENSI /
Heising-Simons fellowship, from July 2016 until June 2018.

In the last year my group has benefited significantly from our affiliation with the Kavli ENSI on
campus. Engaging with researchers in the institute directly through monthly lunch meetings and our
offsite continues to broaden my understanding of NanoScience research going on across campus. These
interactions have fostered collaborations and discussions that transcend the Kavli institute, providing
fruitful new avenues for research in my group. Below I summarize my activities that have been directly
been a direct result of Kavli programs and workshops, as well as work that has grown out of collaborations
fostered through the ENSI.
My direct experience with the Kavli ENSI has come from the monthly lunch meetings, which I
have attended roughly 80% since joining the Chemistry Department July 2016. In the fall of 2016 I
presented an overview of my own groups work at one of these lunch meetings. During this presentation
I discussed avenues of overlap with the other members, including my groups interest in ionic liquid based
supercapacitors, hybrid perovskite photovoltaics and carbon based thermal conductors. A number of the
members of the Kavli community on campus are interested in similar materials for energy storage and
generation including Felix Fischer, Naomi Ginsberg, Jeff Neaton, Gabor Somorjai. My work in thermal
conductivity in low dimensional carbon based materials is directly motivated by pioneering work done
from Alex Zettle and Feng Wang’s groups. In addition, in the reporting period I have agreed to join for a
Cambridge-Berkeley offsite visit at Bodega-Bay, which promises to afford ample opportunity to discuss
work by my colleagues here and at the University of Cambridge, as well as with their students, many of
whom will attend this meeting.
Indirectly, the Kavli ENSI has fostered ongoing collaborations with a number of the institute's
members, on topics of direct interest to the ENSI's program. These collaborations have been with
directors Paul Alivisatos and Peidong Yang, and also Naomi Ginsberg. With Naomi, we have worked to
understand an exotic light induced phase separation in lead halide based perovskites. We have found
that this transition results from lattice strain generated by the formation of polarons upon photoexcitation.
This work was published early this year in Nano Letters. With Peidong and Paul, I have worked to
understand how exposure to humidity can affect the rate of a structural phase transition in the same
perovskite materials. The catalytic action of this water films that form on the surface of these materials
results from an increase vacancy concentration at their interfaces, which serve as sites for heterogeneous
nucleation. This work is under review at Nature Materials. I am continuing both collaborations and expect
further joint work to be submitted within the next year.

20

Spotlight on the Visiting Scholars
Peter Jomo Walla
Peter Jomo Walla is Professor at the University of Braunschweig
with an additional research group within the department of
Neurobiology at the Max-Planck-Institute for Biophysical Chemistry
in Göttingen. He was awarded the Kavli ENSI / Heising-Simons
fellowship, from August 2017 to July 2018.

Over millions of years, nature has achieved a remarkable efficiency in harvesting diffuse light
photons and directing them onto an energy-converting device, the photosynthetic reaction center.
These processes occur in light-harvesting pigment protein complexes that consist of about 300
randomly oriented pigments funneling the energy of absorbed photons toward the reaction center via
several ultrafast, very efficient energy transfer steps. The concept nature teaches us is based on
efficient absorption of diffuse light, funneling excitation energy to special pigments, and directing them
on very efficient charge separating units. Depending on the actual supply of solar photons, nature
achieves close to unity efficiencies in converting photons into a primary charge transfer.
Efficient sunlight harvesting and re-directioning onto small areas has also great potential for
more widespread use of precious high-performance photovoltaics but so far intrinsic solar concentrator
loss mechanisms outweighed the benefits. Therefore, we developed an antenna concept that allows for
high light absorption without high reabsorption or escape-cone losses. (Pieper et al., Nature
Communications, 9, 666 (2018)). An excess of randomly oriented pigments collects light from any
direction and funnels the energy to individual acceptors all having identical orientations and emitting
~90% of photons into angles suitable for total internal reflection waveguiding to desired energy
converters. This is achieved using distinct molecules that align efficiently within stretched polymers
together with others staying randomly orientated. Emission quantum efficiencies can be >80% and
single-foil reabsorption <0.5%. Efficient donor-pool energy funneling, dipole re-orientation, and ~1.5–2
nm nearest donor–acceptor transfer occurs within hundreds to ~20 ps. Single-molecule 3D polarization
experiments confirmed nearly parallel emitters.
When combining with a stacked pigment selection this concept will allow for efficient conversion
of the entire solar spectrum. Nevertheless, in our initial publication we provided only a proof-of-concept
for the blue spectral range and using pigments that are not photostable enough for very long time
exposures to sun light. However, the group of Paul Alivisatos has done pioneering work in the
development of photostable emitting nano particle pigments and recently they were able to show that
emission quantum yields of essentially 100 % can be achieved. Since these pigments are much more
photostable than organic fluorophores they represent ideal candidates to replace the less photostable
pigments in our proof of principle study. In addition, they are spectrally tunable to cover the entire solar
spectrum. Therefore, we have begun to cooperate in the integration of such nanoparticle pigments into
our light harvesting concept. The Group of Paul Alivisatos kindly provided custom made particles that
should be able to substitute our randomly oriented light-harvesting pigments as well as light-redirecting
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emitting pigments. We are currently working on developing preparation methods to incorporate them
into suitable polymers in appropriate structural and orientational arrangements and to characterize
them by our Pump-Probe and Single-molecule 3D polarization techniques. In addition, entirely new
concepts for redirection of diffusive light based on combinations of organic as well as nano particle
pigments are also explored. Furthermore, we started developing experiments that will allow to test if
flexible, “soft” nanoparticles can be embedded into liposome systems as membrane markers or sensors
for membrane dynamics. As lipids in the membranes can be labelled with fluorophores that are colored
differently than the potentially embedded particles, two-color fluorescence correlation spectroscopy will
allow to provide quantitative information about the efficiency of the incorporation of these particles into
the liposomes. As liposome systems should always be investigated directly after their preparation, we
moved parts of one of our fluorescence correlation spectroscopy equipment to Berkeley to extend one
of the microscope set-ups in the group of Graham Fleming by this technique. Potentially, this will
provide a broad spectrum of application possibilities of this technique not only for liposomes containing
soft nanoparticles but also for a multitude of other projects.
In another project, we investigated the possibility of using computer-aided microscopy tools
developed in the group of Laura Waller for microscopic polarization modulation data. Previously, we
found that a special technique allowing for microscopic determination of the 3D-Polarisation in
fluorescently labelled samples allows to greatly improve disentanglement of subdiffractional structures.
However, our computational approach was extremely slow and did also not use 100 % of the
information provided by such data. Both limitations were greatly improved when Laura Waller's tools
were used to analyze our data. We are currently preparing a manuscript describing these results.
Of course, and last but not least, I also participated in several projects in the Group of Graham
Fleming. I was involved in the initial steps of a project together with Birgitta Whaley that explores the
use of entangled photons to achieve both, high temporal as well as high spectral resolution. Also, I
participated in projects exploring natural light-harvesting and its regulation. For this project, a
manuscript has been already submitted and is currently in the stage of second revision.
In summary, a multitude of different, very fruitful collaborations and projects have been initiated
and conducted that already have and will provide very valuable insights about natural as well as
artificial light-harvesting systems as well as quantum spectroscopy and computational microscopy. I am
very grateful for the support of the Kavli Foundation during my sabbatical which made my participation
in these projects possible.
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Thesis Prize
The 2016-2017 student thesis prize was awarded to Dr. Felipe H. da Jornada and Dr.
Yingbo Zhao.

Dr. Felipe H. da Jornada
Quasiparticle and Optical Properties of Quasi-Two-Dimensional Systems

Since the experimental isolation of graphene in 2004, there has been
tremendous interest in studying quasi-2D systems. These materials are
atomically thin, and display many fascinating properties not found in
regular bulk materials. Their high carrier mobility, high optical absorption, and tunable
electronic properties make these quasi-2D materials ideal building blocks for next-generation
chips and solar-cell devices. My dissertation seeks to explain, from a fundamental physics
perspective, why these quasi-2D materials behave like this. In order to give unbiased
predictions of how these systems behave, we use theoretical frameworks that do not rely on
experimental fitting parameters and use supercomputers to perform calculations. We show that
many of these interesting electronic and optical properties stem from the weak electronic
screening in these materials, which a result of their reduced dimensionality and which often
cannot be accounted for with simpler models. We also introduce new computational
approaches to make these calculations much faster and more realistic, and we show, for
instance, that even the substrate that holds these materials in experiments can dramatically
influence the measured properties.

Dr. Yingbo Zhao
Reticular Chemistry of Mesoscopic Constructs, Glasses, and Weaving
Materials

Zhao’s dissertation focuses on the development of reticular chemistry,
where molecular building blocks are linked into extended frameworks
using strong bonds, in the context of nanomaterial design. Specifically,
the dissertation advances the frontier of reticular chemistry is three aspects: ((a) bringing
metal-organic frameworks (MOFs) and covalent organic frameworks (COFs), the products of
reticular chemistry, into nanometer size regime and integrating them into mesoscopic
constructs; (b) developing reticular chemistry beyond crystalline materials and synthesizing
glassy form of MOFs; (c) Designing woven frameworks where interlacing molecular threads
form crystalline three-dimensional frameworks. These developments not only provide a series
of porous building blocks for nanomaterial design, but also lead to energy related applications
such as electrochemical carbon dioxide reduction.
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Faculty Awards
Alivisatos received the Wilhelm-Exner-Medal In 2018 from the Wilhelm-Exner-Medal Foundation.
This Austrian award is awarded to outstanding scientists and researchers.
Alivisatos awarded the NAS Award in Chemical Sciences in 2017 from The National Academy of
Sciences. This award honored Alivisatos for making fundamental contributions to the controlled
synthesis of colloidal inorganic nanocrystals, measuring and understanding their unique physical
properties, and utilizing these properties for applications ranging from light generation and harvesting to
biological imaging.
Fleming elected a visiting fellow in 2018 to Magdalene College, Oxford. A Visiting Fellowship is
intended to offer an established scholar, either from abroad or from elsewhere in the United Kingdom,
an opportunity to pursue his or her own study and research as a member of the College.
Fleming elected honorary member to the International Solvay Institutes for Physics and
Chemistry, Brussels in 2018. The Solvay Institutes support and develop curiosity-driven research in
physics, chemistry and allied fields with the purpose of enlarging and deepening the understanding of
natural phenomena.
Fleming received the Morino Foundation Award in 2017. This award recognizes achievement in
scientific research.
Fleming elected honorable foreign member to the Chemical Society of Japan in 2017. This
election recognizes their distinguished and continuing achievements in original research.
Ginsberg awarded the Miller Professorship in 2017. Named a Miller Professor for Basic Research in
Science at UC Berkeley.
King Liu elected fellow of the National Academy of Inventors in 2018. Elected to membership for
contributions in the field of semiconductor devices and technology.
King Liu named to National Academy of Engineering in 2017. Elected to membership for
contributions to the fin field effect transistor (FinFET) and its application to nanometer complementary
metal-oxide-semiconductor (CMOS) technology.
Neaton awarded the 2017 NERSC Award for High-Impact Scientific Achievement. Led by Neaton
and Qimin Yan from UC-Berkeley and LBNL, a team of researchers from Lawrence Berkeley National
Laboratory, University of California Berkeley and Caltech were honored in this category for using
NERSC resources to speed up the discovery of commercially viable materials that can be used to
produce solar fuels. The group gathered a list of potentially useful compounds and then were able to
rapidly screen and test the best materials with NERSC. This process would normally take an immense
amount of time to conduct all the tests and experiments by hand. The researchers were able to go
through 174 compounds containing vanadium and oxygen, called vanadates, and were able to identify
12 useful materials. These materials will be very useful for developing solar fuels, which are a clean
and renewable alternative to fossil fuels.
Whaley elected fellow of the American Academy of Arts and Sciences, Physics Division in 2018.
This election honors exceptional scholars, leaders, artists and innovators, and engages them in sharing
knowledge and addressing challenges facing the world.

24

Yablonovitch received the Edison Medal from the Institute of Electrical and Electronic Engineers
(IEEE) in 2018. This award, named after inventor Thomas Edison, honored Yablonovitch for his
leadership, innovations, and entrepreneurial achievements in photonics, semi-conductor lasers,
antennas, and solar cells. The IEEE Edison Medal has been presented since 1909.
Yablonovitch received the William R. Cherry Award from the Institute of Electrical and
Electronic Engineers (IEEE) Photovoltaic Specialists Conference in 2017. This award recognized
Yablonovitch’s many contributions to solar cell device physics and technology. This award is named in
honor of William R. Cherry, a founder of the photovoltaic community and the purpose of this award is to
recognize an individual engineer or scientist who devoted a part of their professional life to the
advancement of science and technology of photovoltaic energy conversion.
Yablonovitch named National Academy of Inventors fellow in 2017. This election recognizes
Yablonovitch’s achievements in optoelectronics, the technology that makes high-speed communication
possible and has demonstrated a prolific spirit of innovation in creating or facilitating outstanding
inventions that have made a tangible impact on quality of life and welfare of society.
Yablonovitch received an honorary doctorate Ph. d. (honoris causa) from McGill University,
Montreal, Canada in 2018. Honorary doctorates are McGill University’s highest honors and given to
exceptional individuals for their outstanding contributions to both their fields and to society as a whole.
Yaghi received the BBVA Foundation´s Frontiers of Knowledge Award in 2018. Yaghi won the
BBVA Foundation Frontiers of Knowledge Award in the Basic Sciences category, for his pioneering
work in developing materials that can capture and store carbon dioxide, harvest water from
atmospheric vapor in the desert, or produce clean, hydrogen-based fuels. The BBVA Foundation
Frontiers of Knowledge Awards honors the outstanding work of a number of scientists and their
contribution to the advancement of knowledge in recent decades.
Yaghi won the 2017 Japan Society of Coordination Chemistry International Award. This award is
presented to a researcher who has contributed to the development of coordination chemistry through
outstanding and pioneering works. Yaghi received this award for his pioneering research in Reticular
Chemistry and the development of porous crystalline Metal-Organic Frameworks (MOFs) and Covalent
Organic Frameworks (COFs).
Yaghi received the 2017 Kuwait Prize in the category of Fundamental Science (Chemistry).
These prizes are a part of the Foundation’s efforts to celebrate and recognize the achievements and
accomplishments of Kuwaiti and Arab scientists worldwide, fostering the promotion and advocacy of
science, innovation and technology within Kuwait and the Arab region.
Yaghi awarded Medal of Excellence of the First Order bestowed by King Abdullah II of Jordan in
2017. The Monarch bestowed the King Abdullah II Order of Distinction of the First Class to Yaghi, the
highest honor to a civilian in the Hashemite Kingdom of Jordan, in appreciation of his exceptional
efforts and leadership in scientific research, education, and chemistry.
Yaghi received the 2017 Royal Society of Chemistry Spiers Memorial Award. The Spiers Memorial
Award is presented in recognition of individuals who have made an outstanding contribution to the topic
of a Faraday Discussion and is presented each year to the discussions' introductory lecturers who are
likely to provide the most stimulating and wide-ranging introduction. Yaghi was awarded for pioneering
the conceptual and experimental basis of crystalline metal-organic frameworks and covalent organic
frameworks with exceptional porosity and applications.
Yaghi awarded the 2017 John C. Bailar, Jr. Medal by the University of Illinois at UrbanaChampaign. The award is made yearly to scientists who have distinguished themselves in an area of
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inorganic chemical research. Yaghi received the John C. Bailar Medal in recognition of his pioneering
research in the chemistry of Metal-Organic Frameworks.
Yaghi received the Albert Einstein World Award of Science by the World Cultural Council in
2017. This award was created as a means of recognition and encouragement for scientific and
technological research and development that contributes to the wellbeing of mankind. Yaghi was
recognized for his leadership in research and mentoring emerging scholars in multiple countries around
the world, along with his commitment to developing innovative solutions to global sustainability
problems. Yaghi’s ground-breaking scientific contributions have spurred the creation of new fields of
chemistry, developing new materials for application in clean energy, hydrocarbon separation, clean
water production, catalysis and more recently electronics.
Yaghi awarded the Prince Sultan Bin Abdulaziz International Prize for Water (PSIPW) in 2018.
This scientific prize focuses on innovation and was established in 2002 by HRH Crown Prince Sultan
Bin Abdulaziz. It rewards the efforts made by scientists, inventors and research organizations around
the world which contribute to the sustainable availability of potable water and the alleviation of the
escalating global problem of water scarcity. PSIPW awards five biennial prizes and encourages
research to find solutions to the various water-related challenges facing the world today.
Yang presented for the Julia S. and Edward Lee Memorial Lectureship, University of Chicago in
2018. This lecture series by the chemistry department hosts a guest lecturer who presents work of
general interest. This seminar series is highlighted each year by five endowed lectureships in memory
of Chicago graduate Edward Clark Lee and University of Chicago Professors: William Draper
Harkins, Morris S. Kharasch, Julius Stieglitz and Robert S. Mulliken.
Yang received the Edward Mack Jr. Award from Ohio State University in 2018. This award honors
a prestigious speaker in the scientific community who is both an exemplary researcher and educator.
Yang presented at the Brumley D. Prichett Lecture Series at Georgia Tech in 2017. The Brumley
D. Pritchett Lecture Series was established by the School of Polymer, Textile & Fiber
Engineering (now Materials Science and Engineering) in 2006 as a memorial to the late Col.
Brumley D. Pritchett.
Yang presented for the Allergan Distinguished Lectureship, California State University, Long
Beach in 2018. Sponsored by the department of chemistry and biochemistry along with support from
the Allergan Foundation, this lecture series brings innovate researchers and scientists to the CSU Long
Beach community.
Yang presented at Nanyang Technological University’s College of Engineering Distinguished
Lectureship Series in 2017. This lecture series hosts researchers and scientists who are leaders in
their field.
Zhang awarded A.C. Eringen Medal from the Society of Engineering Science in 2017. The award
is given annually to an individual in recognition of sustained outstanding achievements in Engineering
Science.
Zhang presented for the 2017 John R. and Donna S. Hall Engineering Lecture Series, Vanderbilt
University. This lecture series, established in 2002, allows the Vanderbilt Engineering community to
hear renowned engineers from universities, agencies, and industry address engineering topics of
particular interest.
Zhang presented for the 2017 John and Virginia Towers Distinguished Lecture Series, Michigan
Technology University. This lecture series, brings industry leaders to engage and educate members
of the Michigan Technology University scientific community.
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Winton Program for Physics and Sustainability, UK – Kavli
ENSI Exchange Program
Professor Stephen Elliott
Faculty
Department of Chemistry, Cambridge
Hosts: Prof. Jeffrey Neaton, Department of Physics, UC Berkeley and Prof.
Xiang Zhang, Department of Mechanical Engineering, UC Berkeley
Stephen is Professor of Chemical Physics, a position he has held since
1999 and Fellow of Trinity College, Cambridge. His research involves
computational modelling of functional materials to gain a basic atomistic
understanding of their physical properties. His research has included
studying materials for non-volatile ‘phase-change’ random-access
memory for flash-replacement applications. More recently he has
demonstrated, via finite-element computer modelling, ‘thermal metamaterials’ that can be used
to construct thermal waveguides that confine propagating heat and can therefore be used to
steer heat along complex geometric paths.
The aim of the exchange is to extend Stephen’s research interests in thermal functionality of
materials to thermoelectric generation (TEG) for energy-harvesting applications. He plans to
use a DFT-based computational approach to design and discover new (families of) TEG
materials with ‘engineered’ optimized thermo-electric and cognate properties in the first
instance. To establish this new research the exchange will enable learning at first-hand about
various relevant techniques employed by researchers at Kavli ENSI, and to forge
collaborations with colleagues there which will further strengthen links between the Winton
Programme for the Physics of Sustainability and Kavli ENSI.

Dr. Hannah Stern
Postdoctoral Researcher
Supervisor: Dr. Akshay Rao Optoelectronics Group, Cambridge
Host: Prof. Naomi Ginsberg, Department of Chemistry, UC Berkeley
Hannah obtained a BSc in Chemistry, from University of Otago, New
Zealand graduating top of the year. She then completed a PhD with
Professor Richard Friend in the Optoelectronics Group of the Physics
Department, Cambridge, as a Winton Scholar. Currently she holds a
Junior Research Fellow at Trinity College, Cambridge since July 2017.
Working between the groups of Professor David Klenerman and Dr.
Steven Lee in the Chemistry Department, Professor Stephen Hoffman in the Department of
Engineering and Dr. Akshay Rao in the Physics Department. Her research focus is to
investigate using super-resolution photoluminescence techniques to probe defect states and
structural heterogeneity in 2D material systems.
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While in Berkeley Hannah worked primarily within the group of Professor Naomi Ginsberg,
using a combination of diffraction-limited optical spectroscopic techniques to probe quantum
emission in monolayers of hexagonal boron nitride (h-BN). h-BN is a 2D wide band-gap
semiconductor that has recently been shown to display bright room-temperature single photon
emission in the visible, sparking immense interest in the material as a solid state quantum
emitter for use in quantum communications. As part of this work, in collaboration with The Zettl
research group in Berkeley, Hannah is investigating the structural properties and
morphological dependence of h-BN single photon emission.

Dr. Aditya Sadhanala
Postdoctoral Research Associate
Supervisor: Prof. Richard Friend, Optoelectronics Group, Cambridge
Host: Prof. Peidong Yang, Department of Chemistry, UC Berkeley
Aditya completed his PhD in Physics in 2015 in Cambridge
investigating photo-physical properties of hybrid perovskites using
photothermal deflection spectroscopy (PDS) . Prior to this he
completed a Masters in Nanoelectronics at University of Manchester
and a BEng at University of Mumbai, India. His research on thin-film
semiconductors has led to the understanding of role of defects in
semiconductors. Furthermore, his work on LEDs have produced the highest luminescence
efficiency at the time for perovskite based LEDs. Outside of his research he is involved in
outreach projects to propagate STEM education in schools situated in remote corners of India,
UK and Africa.
The advent of perovskite semiconductors has brought a paradigm shift in semiconductor
science and technology opening up unique set of opportunities to realize novel high performing
optoelectronic applications. The magic of these polycrystalline thin-film perovskites is their
demonstration of intrinsic semiconductor behavior, perfect clean characteristics and low
disorder similar to those obtained in extremely purified single crystals of inorganic
semiconductors. Aditya’s research at Berkeley is to synthesize and explore lead-free
perovskite semiconductors based nanostructures like nano-crystals, nano-wires and nanoplatelets. There are various synthesis routes available for making this possible and Prof.
Yang’s group has strong expertise on this front. Aditya’s extensive expertise in working with
perovskite based semiconductors will be deployed to studying their vastly varying photophysical properties for applications including solar cells, LEDs and FETs.

Camille Stavrakas
Graduate Student
Supervisor: Dr. Sam Stranks, Optoelectronics Group, Cambridge
Host: Dr. Edward Barnard, Molecular Foundry, LBNL
Camille is a Doctoral researcher investigating the photophysics of
perovskite materials for novel solar cell and LEDs. Originally a
theoretical physicist with a BSc in Fundamental Physics from the
University Paris VI which included an exchange year at the National
University Singapore, followed by a Masters in Condensed Matter from
Paris VI and the University of Uppsala, Sweden.
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The project aims to “Explore non-radiative loss mechanisms and recombination pathways in
metal-halide perovskite through 3D photoluminescence tomography.” The Strank’s group
recently found that light and atmospheric treatments on polycrystalline perovskite thin films
resulted in large enhancements in the luminescence of the dark grains, with macroscopic
optoelectronic properties approaching those of the best crystalline semiconductors reported to
date. The visit of Camille for three months would enable samples produced in Cambridge to be
studied with subsurface two-photon microscopy, a technique pioneered by Edward Barnard to
study photovoltaic materials. The results may lead to a detailed understanding of the charge
dynamics that are crucial for further improvements of device performance of perovskite based
solar cells and LEDs.

Mustafa Caglar
Graduate Student
Supervisor: Prof. Ulrich Keyser, Biological and Soft Systems Group,
Cambridge
Host: Prof. Alex Zettl, Department of Physics, UC Berkeley
Mustafa is a Doctoral researcher studying “Single Molecule
Detection through a 2D membrane”. During his undergraduate
studies, electronic engineering at University of Southampton, he
was involved in a range of healthcare projects including
developing point of care diagnosis equipment. In his Master
project he designed and built a real time Raman spectrometer, before coming to Cambridge to
study a MRes in Graphene Technology.
The project is closely linked to the PhD research of Mustafa, to understand and control ionic
selectivity across semi-permeable membranes that is crucial to key applications such as
batteries and reverse osmosis power generation. Within the Keyser group he is studying the
behavior of graphene and hexagonal-boron nitride (hBN) as 2D porous membranes, utilizing
intrinsic defects within chemical vapor deposition (CVD). The Zettl group also has a wealth of
expertise in creating, imaging and manipulating nanopores using a different technique
involving TEM drilling and dielectric breakdown pore creation. This project will provide an
opportunity to explore the benefits and drawbacks of the respective methods and apply these
to studies of ionic flux across these membranes to study reverse osmosis process.
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Institute for Basic Science, South Korea – Kavli ENSI
Exchange Program
Min Gee Cho
Graduate Student
Advisor: Prof. Taeghwan Hyeon, Institute of Basic Science (IBS) , Seoul
National University
Host: Prof. Paul Alivisatos, Department of Chemistry, UC Berkeley
Min Gee is a Doctoral researcher investigating the catalytic properties of the
strained oxide nanocrystals. She received a Bachelor’s degree in Biomaterials
engineering from Seoul National University (SNU) , Korea, followed by the
Ph.D. candidate in Chemical and Biological Engineering in SNU, Korea.
The project aims to investigate the relationship between strain and morphology in
heterostructured oxide nanocrystals and their physical/chemical properties for various applications. The
Hyeon’s group recently developed over 20 different kinds of heterostructured oxide nanocrystals with
combinations of spinel oxides and lanthanide oxides and correlated the grain boundary defects in coreshell structure and their electrocatalytic activity. And very recently, they also produced multigrain
monometallic nanocrystal. This can be of great importance in that multigrain core nanocrystal is largely
strained and can further provide structural diversification in core-shell nanocrystals with improved
catalytic properties. During the visit to Berkeley, the three-dimensional atomic structure determination of
unusually strained oxide nanocrystals produced in SNU will be studied. The study may lead to propose
a principle that the strained multigrain nanocrystal can determine the final morphology of the
nanocrystal.

Myounghwan Oh
Postdoctoral Researcher
Advisor: Prof. Taeghwan Hyeon, Institute of Basic Science (IBS) , Seoul National
University
Host: Prof. Paul Alivisatos, Department of Chemistry, UC Berkeley
Myoung is a postdoc investigating the catalytic properties of the grain boundary
defects in the core-shell nanocrystals. He received his B.S. in Chemical Biological
Engineering from Seoul National University (SNU) , Korea, followed by a M.S. in
Interdisciplinary of Nanoscience and Technology and a Ph.D. in Chemical
Biological Engineering.
The goal of this project is to investigate the three-dimensional (3D) self-organization of the grains
and the emergent phenomena from their geometry such as magnetic/electric ordering and enhancement
of catalytic activity at the grain boundaries (GBs). Grains can be considered as the functional and
structural building block of polycrystalline materials. From this perspective, the multigrain nanocrystals
are a small cluster of the building blocks. Our approach to design and synthesize multigrain nanocrystals
with well-organized grain structure provided a fundamental model system for understanding the GB
properties and the collective behavior of the grains. We were able to observe the structure of GB at the
atomic level and obtain a correlation between the GB defects and bulk electrocatalytic property using the
multigrain nanocrystal system. This is hard to achieve with bulk polycrystalline materials or nanocrystal
random aggregates. Our next step is to study the collective elastic behavior of the grains which can lead
to an unusual atomic structure of crystals. Our research group expects a new way of lattice engineering
of nanocrystal to improve the electromagnetic and catalytic property in this study.
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Research Highlights
Alivisatos Group
Understanding and exploiting imperfections in nanocrystals
Imperfections in materials can be viewed as a bane or boon depending on where the material
needs to be used. Typically, modern semiconductor based electronics and energy harvesting devices
like solar cells need high quality, defect-free materials for improvements in performance. On the other
hand, for applications in chemical catalysis it is crucial to have surface states and grain boundaries that
promote catalytic activity. At the nanoscale, the Alivisatos group has pursued both elimation and rational
design of imperfections into quantum dots to address these challenges across the broad domain of
energy applications, while using advanced electron microscopy and optical spectroscopy techniques to
characterize the materials.
We have been using in-situ Transmission Electon Microscopy (TEM) to look at the atomic
strucutre of nanocrystals which contain defects. We have
learned that certain types of defects behave in some ways
according to the same rules that govern their movement
in bulk materials, and in other ways, their behavior is
unique to nanoscale objects. By understanding the
behavior of defects in nanoscale materials, we can
develop design rules to prepare nanoscale materials with
ever increasing material quality. In addition, we have been
studying how atoms are removed from nanocrystals
during etching processes using liquid cell TEM. A greater
understanding of nanoscale shape transformations will
allow better synthetic control in the future.
Several nanocrystal applications that rely on the Graduate student, Justin Ondry, in the Alivisatos
optical performance of quantum dots intimately depend Group uses a transmission electron microscope to
on the photoluminescence, the absorption and emission take pictures of the arrangement of atoms in
of light, from the material. Our effort has focused on nanocrystals.
improving the photoluminescence efficiencies of the
prototypical CdSe/CdS core/shell quantum dots through synthetic refinement. Initially our progress was
easy to monitor, improving the performance from 93±3% to 99±3%. However, the differences between
samples became much smaller than the uncertainty of the measurement techniques and this led us to
develop, in collaboration with the Salleo Group at Stanford, a technique that measures the small number
of excitations lost to heat through a thermal deflection setup. By changing our approach, we have been
able to reduce our measurement uncertainty from 3-5% to 0.2%. Currently we are limited by finite
counting times, affording us more knowledge in the optical performance of our ultra high efficiency
materials.
It is particularly important to investigate the three-dimensional (3D) self-organization of the grains
and the emergent phenomena from their geometry such as magnetic/electric ordering and enhancement
of catalytic activity at the grain boundaries (GBs). Grains can be considered as the functional and
structural building block of polycrystalline materials. From this perspective, multigrain nanocrystals are a
small cluster of these building blocks. Our approach to design and synthesize multigrain nanocrystals
with well-organized grain structure provided a fundamental model system for understanding the GB
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properties and the collective behavior of the grains. We were able to observe the structure of the GB at
the atomic level and obtain a correlation between these GB defects and bulk electrocatalytic property.
This is hard to achieve with bulk polycrystalline materials or random nanocrystal aggregates. We expect
to eventually develop a new way of nanocrystal lattice engineering to improve the electromagnetic and
catalytic property in this study.
Recent research in our group has looked at the growth of NaLnF4 nanoparticles, and how to effect
different shapes of core/shell particles. We have found that starting from the same core particles we could
make perfect spherical particles or elongated rods by only changing the injection rate of the precursors.
Injecting the precursors all at once
gives a faceted spherical shape
while slowly injecting over the
course of hours creates the long
rods. Depending on the shape, we
can
tune
the
luminescent
properties of the material to either
take either near-infrared or ultraviolet light to the visible. This work
has important applications in solar
energy conversion and biological
imaging.
Article Citation: S. Fischer, J. K. Swabeck & A. P. Alivisatos. Controlled Isotropic and Anisotropic Shell Growth in β-NaLnF4
Nanocrystals Induced by Precursor Injection Rate. J. Am. Chem. Soc., 2017, 139(35). DOI: 10.1021/jacs.7b0796
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Hauwiller MR, Ondry JC, Alivisatos AP. Using Graphene Liquid Cell Transmission Electron Microscopy to Study in Situ Nanocrystal
Etching. J Vis Exp. 2018 May 17;(135). DOI: 10.3791/57665.
Bekenstein Y, Dahl JC, Huang J, Osowiecki WT, Swabeck JK, Chan EM, Yang P, Alivisatos AP. The Making and Breaking of LeadFree Double Perovskite Nanocrystals of Cesium Silver-Bismuth Halide Compositions. Nano Lett. 2018 May 7. DOI:
10.1021/acs.nanolett.8b00560.
Wisser MD, Fischer S, Siefe C, Alivisatos AP, Salleo A, Dionne JA. Improving Quantum Yield of Upconverting Nanoparticles in
Aqueous Media via Emission Sensitization. Nano Lett. 2018 Apr 11;18(4):2689-2695. DOI: 10.1021/acs.nanolett.8b00634.
Würth C, Fischer S, Grauel B, Alivisatos AP, Resch-Genger U. Quantum Yields, Surface Quenching, and Passivation Efficiency for
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Sheng H, Oh MH, Osowiecki WT, Kim W, Alivisatos AP, Frei H. Carbon Dioxide Dimer Radical Anion as Surface Intermediate of
Photoinduced CO(2) Reduction at Aqueous Cu and CdSe Nanoparticle Catalysts by Rapid-Scan FT-IR Spectroscopy. J Am Chem
Soc. 2018 Mar 28;140(12):4363-4371. DOI: 1021/jacs.8b00271.
Wong AB, Bekenstein Y, Kang J, Kley CS, Kim D, Gibson NA, Zhang D, Yu Y, Leone SR, Wang LW, Alivisatos AP, and Peidong Y.
Strongly Quantum Confined Colloidal Cesium Tin Iodide Perovskite Nanoplates: Lessons for Reducing Defect Density and Improving
Stability. Nano Letters 2018 Mar 5; DOI: 10.1021/acs.nanolett.8b00077
Ondry JC, Hauwiller MR, and Alivisatos AP. Dynamics and Removal Pathway of Edge Dislocations in Imperfectly Attached PbTe
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Lin J, Lai M, Dou L, Kley CS, Chen H, Peng F, Sun J, Lu D, Hawks SA, Xie C, Cui F, Alivisatos AP, Limmer DT, and Yang P.
Thermochromic halide perovskite solar cells. Nature Materials 2018 Jan 22; DOI: 10.1038/s4a563-017-006-0
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Research Highlights
Bustamante Group
Molecular machines, one molecule at a time
Gabizon R, Lee A, Vahedian-Movahed H, Ebright R, and Bustamante C. “Pause sequences
facilitate entry into long-lived paused states by reducing RNA polymerase transcription
rates”. Nature Communications 9 (2018).
Transcription by RNA polymerase (RNAP) is interspersed with
sequence-dependent pausing. The processes through which
paused states are accessed and stabilized occur at spatiotemporal
scales beyond the resolution of previous methods, and are poorly
understood. Here, we combine high-resolution optical trapping with
improved data analysis methods to investigate the formation of
paused states at enhanced temporal resolution. We find that pause
sites reduce the forward transcription rate of nearly all RNAP
molecules, rather than just affecting the subset of molecules that
enter long-lived pauses. We propose that the reduced rates at pause
sites allow time for the elongation complex to undergo
conformational changes required to enter long-lived pauses. We
also find that backtracking occurs stepwise, with states backtracked
by at most one base pair forming quickly, and further backtracking
occurring slowly. Finally, we find that nascent RNA structures act as
modulators that either enhance or attenuate pausing, depending on
the sequence context.
Bustamante Group Postdoctoral
researcher, Juan Pablo Castillo working
with high-resolution optical tweezers
instruments.

Tafoya S, Liu S, Castillo J, Atz R, Morais M, Grimes S, Jardine P,
Bustamante C. “Molecular switch-like regulation enables global
subunit coordination in a viral ring ATPase”. PNAS 115 (2018) .
Subunits in multimeric ring-shaped motors must coordinate their activities to ensure correct and efficient
performance of their mechanical tasks. Here, we study WT and arginine finger mutants of the pentameric
bacteriophage φ29 DNA packaging motor. Our results reveal the molecular interactions necessary for
the coordination of ADP–ATP exchange and ATP hydrolysis of the motor’s biphasic mechanochemical
cycle. We show that two distinct regulatory mechanisms determine this coordination. In the first
The ring ATPase is a set of five molecular switches arranged
in a close configuration. (1) The DNA-bound subunit
releases ADP on interacting with the DNA (red loop in the
subunit; red). (2) The subunits display poor ATPase activity
during the ATP-binding phase (light blue). Each subunit uses
its arginine finger to facilitate ADP release in its neighbor. All
of the subunits bind ATP in a sequential manner. Hydrolysis
can only take place slowly at a basal spontaneous rate. (3)
The subunit contacting the DNA hydrolyzes ATP first (navy).
(4) The subunits display efficient ATPase activities during the
translocating phase (orange). Each subunit uses its arginine
finger to activate ATP hydrolysis in its neighbor, resulting in a
rapid hydrolysis cascade. (Center) Schematic representation
of each regulatory mechanism in the context of a molecular
packaging trajectory.
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mechanism, the DNA up-regulates a single subunit’s catalytic activity, transforming it into a global
regulator that initiates the nucleotide exchange phase and the hydrolysis phase. In the second, an
arginine finger in each subunit promotes ADP–ATP exchange and ATP hydrolysis of its neighbor.
Accordingly, we suggest that the subunits perform the roles described for GDP exchange factors and
GTPase-activating proteins observed in small GTPases. We propose that these mechanisms are
fundamental to intersubunit coordination and are likely present in other ring ATPases.

Righini M, Lee A, Cañari-Chumpitaz C, Lionberger T, Gabizon R, Coello Y, Tinoco I Jr,
Bustamante C. “Full molecular trajectories of RNA polymerase at single base-pair
resolution”. PNAS 115 (2018).
In recent years, highly stable optical tweezers systems have enabled the characterization of the
dynamics of molecular motors at very high resolution. However, the motion of many motors with
angstrom-scale dynamics cannot be consistently resolved due to poor signal-to-noise ratio. Using an
acousto-optic deflector to generate a “time-shared” dual-optical trap, we decreased low-frequency noise
by more than one order of magnitude compared with conventional dual-trap optical tweezers. Using this
instrument, we implemented a protocol that synthesizes single base-pair trajectories, which are used to
test a Large State Space Hidden Markov Model algorithm to recover their individual steps. We then
used this algorithm on real transcription data obtained in the same instrument to fully uncover the
molecular trajectories of Escherichia coli RNA polymerase. We applied this procedure to reveal the
effect of pyrophosphate on the distribution of dwell times between consecutive polymerase steps.
Publications:
Bustamante C, and Tafoya S. “Biochemistry and biophysics in singulo: when less is more”. Proceedings of the Workshop Cell Biology
and Genetics 137 (2018).
Gabizon R, Lee A, Vahedian-Movahed H, Ebright R, and Bustamante C. “Pause sequences facilitate entry into long-lived paused
states by reducing RNA polymerase transcription rates”. Nature Communications 9 (2018).
Tafoya S, Liu S, Castillo J, Atz R, Morais M, Grimes S, Jardine P, Bustamante C. “Molecular switch-like regulation enables global
subunit coordination in a viral ring ATPase”. PNAS 115 (2018) .
Tafoya S, Bustamante C. “Molecular switch-like regulation in motor proteins”. Philos T R Soc B 373 (2018).
Liu N, Chistol G, Cui Y, Bustamante C. “Mechanochemical coupling and bi-phasic force-velocity dependence in the ultra-fast ring
ATPase SpoIIIE”. eLife 7 (2018).
Righini M, Lee A, Cañari-Chumpitaz C, Lionberger T, Gabizon R, Coello Y, Tinoco I Jr, Bustamante C. “Full molecular trajectories of
RNA polymerase at single base-pair resolution”. PNAS 115 (2018).
Bustamante, A., Sotelo-Campos, J., Guerra, D. G., Floor, M., Wilson, C. M. A., Bustamante, C., and Baez, M. “The energy cost of
polypeptide knot formation and its folding consequences”. Nat Commun 8 (2017).
San-Martin Á, Rodriguez-Aliaga P, Molina JA, Martin A, Bustamante C, Baez M. “Knots can impair protein degradation by ATPdependent proteases”. PNAS 114 (2017).
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Research Highlights
Crommie Group
Synthesis and atomic-scale characterization of novel organic and inorganic nanostructures
Over the last year the Crommie research group has studied the structural and electronic
properties of Graphene Nanoribbons (GNRs), Covalent Organic Frameworks (COFs), two-dimensional
Transition Metal Dichalcogenides (TMDs), and gate-tunable Graphene/Hexagonal Boron Nitride
devices by means of Scanning Tunneling Microscopy/Spectroscopy (STM/STS).
Graphene Nanoribbons (GNRs) are very narrow strips of graphene that can potentially form the
basis of powerful new nanotechnologies. This year our group explored new routes to topologically
engineer atomically-precise graphene nanoribbons based on the recent theoretical prediction that
GNRs can be made into one-dimensional topological insulators. Using bottom-up synthetic strategies,
we are able to carefully control the GNR topology based on the design of molecular precursors
(synthesized by members of Felix Fischer’s group). We performed low temperature STM/STS
measurements and observed topological boundary states on the interior and ends of GNR superlattices
that exhibit alternating topological characteristics.
We performed the synthesis of single-layer Covalent
Organic Frameworks (COFs), which are extended
crystalline organic networks of light elements. We tuned
COF electronic properties in a new way by inducing
spatially modulated internal potentials between adjacent
molecules in a COF material. We successfully fabricated
and electronically characterized a new COF (called COF420) which exhibits a single-layer porphyrin-based square
lattice structure. In contrast to previous donor-acceptor
COFs, COF-420 is constructed from building blocks that
yield identical cores upon COF formation, but that are
bridged by electrically asymmetric linkers that support
oriented electronic dipoles. Our STS measurements
revealed a staggered gap (type II) band alignment between
adjacent molecular cores in COF-420, in agreement with
first-principles calculations. A theoretical charge analysis
indicates that dipole fields from oriented imine linkages
within COF-420 are the main cause of the staggered
electronic structure in this network of atomically-precise
molecular heterojunctions.

Graduate students from the Crommie Group
transferring graphene samples into a lowtemperature scanning tunneling microscope to
study how molecular
nanostructures modify graphene's electronic
properties. From left Franklin Liou and Andrew
Shunichi Aikawa, Graduate Student
Researchers, University of California, Berkeley.

Two-dimensional Transition Metal Dichalcogenides (TMDs) have recently been put into the
limelight of fundamental and application-specific research due to their rich behavior. Bulk 2H-TaSe2 has
been known since the 1970s to be a prototypical charge density wave (CDW) material, which exhibits a
spatially-periodic charge density distribution that spontaneously develops at low temperatures. The
recent progress in van der Waals materials synthesis has enabled us to explore novel physics at the
atomically-thin limit of these systems. By growing single-layer 2H-TaSe2 through molecular beam
epitaxy, we were able to unveil its quantum ground state using state-of-the-art STM and angle-resolved
photoemission spectroscopy. We have discovered that the same CDW state seen in bulk 2H-TaSe2
persists down to the single-layer limit, despite their different electronic structure. By mapping out the
Fermi surface and the gap structure of this material we were able to identify the origin of this CDW
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formation as an electron-phonon-coupling mechanism. This study constitutes the first growth and
electronic structure characterization of 2H-TaSe2 at the two-dimensional limit.
Recent theoretical studies have predicted that single-layer 1T’-WSe2 is a quantum spin hall
insulator, meaning it should have an insulating bulk but exhibit helical edge currents. We experimentally
confirmed this prediction by measuring the band structure and edge state behavior of this material. In
addition, 1T’-WSe2 has been predicted to be able to switch between three structurally degenerate
orientations. Using the atomically sharp tip of an STM, we have confirmed that it is possible to
structurally and electronically manipulate this material.
We have induced mechanical strain in the material which
allowed us to switch it between the three orientations,
thus creating and rearranging grain boundaries between
topologically non-trivial 1T’ regions. The interface states
created in this way were investigated by STM/STS
measurements. In contrast to 1T’ edge-state that host
topological edge currents, the grain boundary states seen
here were trivial. This potentially enables the realization
"Scanning tunneling microscope image of a
of a complex device where dissipationless transport can
topological nanoribbon superlattice. Electrons are
be passed through a topological edge state or be retrapped at the interfaces between wide ribbon
routed through the trivial channel.
segments (which are topologically non-trivial) and
narrow ribbon segments (which are topologically

trivial). The wide segments are 9 carbon atoms
Gate-tunable Graphene/hBN devices are ideal
platforms for probing the electronic structure of molecular across (1.65 nanometers) while the narrow segments
are only 7 carbon atoms across (1.40 nanometers)."
systems and two-dimensional materials. Due to lattice
mismatch, a moiré pattern between graphene and hBN can be formed. We have explored the effect of
the moiré pattern on graphene’s electronic structure. An electrostatic back gate was used to tune this
two-dimensional system, thus allowing us to explore spectroscopic features that vary with electric field.
In addition, molecules were deposited onto graphene devices, which allowed us to explore electric fieldinduced structural and electronic changes at the atomic scale. Two-terminal graphene devices were
also fabricated to explore electronic properties of hybrid graphene / molecule systems under nonequilibrium conditions induced by the application of electric current.

Publications:
P. Cao, P. Bai, A. A. Omrani, Y. Xiao, K. L. Meaker, H.-Z. Tsai, A. Yan, H. S. Jung, R. Khajeh, G. F. Rodgers, Y. Kim, A. S. Aikawa,
M. A. Kolaczkowski, Y. Liu, A. Zettl, K. Xu, M. F. Crommie, and T. Xu. Preventing Thin Film Dewetting via Graphene Capping. Adv.
Mater, 29, 1701536 (2017
G.D. Nguyen, H.-Z. Tsai, A.A. Omrani, T. Marangoni, M. Wu, D.J. Rizzo, G.F. Rodgers, R.R. Cloke, R.A. Durr, Y. Sakai, F. Liou, A.S.
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Kim, B. I. Min, C. Hwang, M. F. Crommie, S.-K. Mo. Persistent Charge-Density-Wave Order in Single-Layer TaSe2. Nano Letters 18,
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C. Chen, T. Joshi, H. Li, A. D. Chavez, Z. Pedramrazi, P.-N. Liu, H. Li, W. R. Dichtel, J.-L. Bredas, and M. F. Crommie. Local
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C. Bronner, R. A. Durr, D. J Rizzo, Y.-L. Lee, T. Marangoni, A. Miksi Kalayjian, H. Rodriguez, W. Zhao, S. G. Louie, F. R. Fischer, and
M. F. Crommie. Hierarchical On-Surface Synthesis of Graphene Nanoribbon Heterojunctions. ACS Nano 12, 2193 (2018)
Z. Pedramrazi, C. Chen, F. Zhao, T. Cao, G. D. Nguyen, A. A. Omrani, H.-Z. Tsai, R. R. Cloke, T. Marangoni, D. J. Rizzo, T. Joshi, C.
Bronner, W.-W. Choi, F. R. Fischer, S. G. Louie, and M. F. Crommie. Concentration Dependence of Dopant Electronic Structure in
Bottom-up Graphene Nanoribbons. Nano Letters 18, 3550 (2018)
J. Velasco, Jr., J. Lee, D. Wong, S. Kahn, H.-Z. Tsai, J. Costello, T. Umeda, T. Taniguchi, K. Watanabe, A. Zettl, F. Wang, and M. F.
Crommie. Visualization and Control of Single-Electron Charging in Bilayer Graphene Quantum Dots. Nano Letters 18(8), 5104 (2018)
D. J. Rizzo, G. Veber, T. Cao, C. Bronner, T. Chen, F. Zhao, H. Rodriguez, S. G. Louie, M. F. Crommie and F. R. Fischer. Topological
band engineering of graphene nanoribbons. Nature 560, 204 (2018)
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Research Highlights
Fischer Group
Rational Synthesis of Atomically Defined Graphene Nanoribbons
Our research focuses on the rational design and detailed investigation of the exotic physical
phenomena in carbon nanomaterials. Carbon
nanomaterials like graphene, an atomically thin
sheet of carbon atoms, have a myriad of electronic
properties that make them promising alternatives to
silicon semiconductors. Graphene nanoribbons
(GNRs) are narrow strips of graphene where the
electronic and atomic structure are intertwined. To
study these ribbons, it is necessary to have a
method to reliably produce GNRs. Classical topdown methods of fabrication involve cutting strips of
graphene or unzipping carbon nanotubes.
Unfortunately, the edges of these ribbons are
typically defective and non-uniform complicating the
characterization. Instead our group uses a bottomup approach where GNRs are synthesized from a
small molecule precursor. Here the ribbons
produced are uniform and reproducible across
multiple samples. We have developed a suite of
synthetic tools that offer control over parameters
such as length, width, and edge structure. The
Raymond Blackwell, a graduate student in the Fisher Group,
synthesis of GNRs in the group can be divided into uses a Low-Temperature (LT) Scanning Tunneling Microscope
two broad categories: surface-assisted synthesis
(STM)/Atomic Force Microscope (AFM) for characterization of
graphene nanoribbons (GNRs).
and solution synthesis
Surface-assisted Synthesis
One primary advantage of surface synthesized GNRs is the ability to characterize single
ribbons. Using a single molecular precursor and a metallic substrate, the synthesis of GNRs with
varying widths and atomic compositions can be realized. The final structure of the GNR is determined
by the precursor molecule and only the desired product is formed. The ribbons are characterized with
Scanned Probe Microscopy (SPM) methods which allow measurements of the electronic and atomic
structure. Over the past year, we have been working on making controlled junctions between ribbons of
different widths to explore the physics at the interface. While it is possible to create junctions using
multiple precursors, the length of each segment is random. We have designed a molecule that leads to
the formation of a hybrid nanoribbon that contains regularly spaced and alternating “wide” (9-carbons)
and “narrow” (7-carbons) segments. We have shown that the interface contains an electronic state that
is not present in either segment. This state is due to differences in topology between the two segments.
Topology can be broadly defined as the shape propagating electronic states take on as the move
through the nanoribbon. Because these states are localized at the interface, these ribbons could be
especially interesting in quantum computing applications. The hybrid ribbons produced may be chains
of qubits, the basic elements of a quantum computer.
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Figure 1. Electronic
structure of 7/9-GNR
superlattice

Solution Synthesis
On the other hand, GNRs synthesized in solution tend to be on the length scale that is useful for
electronic devices. Similarly, to surface grown GNRs, ribbons grown in solution are built up from a
single precursor that defines the final structure. However, because it is difficult for the ribbons to remain
in solution due to their size, additional functional groups along the ribbon are necessary for further
characterization. We have developed a method for modifying the functional groups along the edges of
GNRs after they have been synthesized in solution. Here the GNR is synthesized with functional
groups that allow us to “click” dye molecules along the ribbon. These dye molecules can be used to
perform super-resolution fluorescence microscopy which gives us the exact location of a ribbon within a
given sample. With this knowledge, it becomes more straightforward to identify and characterize
individual ribbons and incorporate them into electrical devices.
Figure 2. Comparison
between conventional
fluorescence and
super-resolution
microscopy of dyefunctionalized Cy5cGNRs on Si and
Si/SiO2wafers
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Research Highlights
Fleming Group
Nonlinear Spectroscopic Methods to Investigate Photosynthetic Light-harvesting and LowDimensional Materials
In the Fleming group, we have continued to work on understanding the various aspects of
photosynthetic light-harvesting, and low-dimensional materials.
The first step in photosynthesis is the absorption of photons of sunlight by the light-harvesting
chromophores in plants. The absorbed
photons create electronic excitations in
the chromophores. However, if there’s an
excess of excitation energy, it could result
in oxidative damage to the plant. The
photosynthetic organisms, therefore, use
nonphotochemical quenching processes
to regulate the amount of excitation
energy reaching the reaction centers.
Energy-dependent
quenching
(qE)
mechanisms are the fastest, among these.
Zeaxanthin (Zea), a carotenoid, is the
major player in qE. There could be two
possible, mutually exclusive mechanisms Laser spectroscopists in the Fleming Group at work on the experimental
for qE: 1. Charge-transfer quenching: Zea setup for nonlinear spectroscopy. Names (L-R): Peter Jomo Walla
and a chlorophyll (Chl) act as a dimeric (Faculty Visitor), Collin Steen (Graduate Student), Alexandra Fischer
complex, which when electronically (Graduate Student), Eric Arsenault (Graduate Student), Eric Wu
excited, undergoes charge separation to (Postdoc), Soomin Park (Postdoc).
transiently form Zea cation and a Chl
anion, followed by recombination; 2. Excitation energy transfer quenching: energy transfer from Chl Qy
state to Zea S1 state, which then rapidly relaxes. We have developed Snapshot Transient Absorption
(TA) Spectroscopy to understand qE in high-light-acclimating spinach thylakoid membranes, where TA
enables us to directly monitor the species involved in quenching. Our snapshot TA studies monitored the
appearance and evolution of the Zea.+ cation on exposure of the thylakoid membranes to high light. The
studies suggest that Zea is involved in charge-transfer (CT) quenching (mechanism 1) in higher plants
when they are exposed to high light.
We have studied quantitative modeling of nonphotochemical quenching in Arabidopsis thaliana.
We have addressed multiple quenching mechanisms in our paper, one of which involves the charge
transfer quenching by the xanthophyll zeaxanthin. Another mechanism discusses quenching by the
xanthophyll lutein. The principal steps to address are absorption, energy transfer and charge separation,
which are fundamentally quantum mechanical in nature. But again, a quantum mechanical treatment of
the entire system and processes is a herculean and an impractical task. We, therefore, need to perform
multiscale modeling and coarse-graining by incorporating approximations which will simplify the quantum
dynamical calculations.
We have continued in our efforts to understand the microscopic dynamics behind light-harvesting.
For this, in collaboration with Prof. B. Whaley, we have performed a full quantum mechanical calculation
of the dynamics of photon absorption in light-harvesting complexes. We have used Quantum Stochastic
Differential Equations (QSDE) for chromophore excitations driven by quantum noise, associated with the
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multi-mode pulses and Hierarchical Equations of Motion (HEOM) for the electronic excitations coupled
to the phonon environment. The studies suggest that a single molecule of Chla absorbs the full energy
of a single photon every 0.09 s. Note this is a probability argument arising from the low probability of
individual absorption events, not the timescale of absorption which for the full bandwidth of sunlight is
~2.4 fs. This, in turn, relates to a time of roughly 0.1 ms for having the full excitation energy of a single
photon harvested and transferred to the reaction center in PSII, consistent with the experimental value
of the turnover rate for PSII.
We have used 2DEV (2 Dimensional Electronic Vibrational) spectroscopy to study the dynamics
of the lowest singlet excited states of Malachite Green and Crystal Violet, specifically by monitoring the
C=C IR stretch. We have been able to track the wavepacket diffusing on the excited state PES (Potential
Energy Surface) and then relaxing to the ground electronic state through the conical intersection
connecting the ground and excited electronic states.
We used 2DES (2 Dimensional Electronic Spectroscopy) to study the excitons of monolayer
MoS2. We found that our results are not consistent with the conventional ‘Ising’ exciton picture. In
collaboration with Prof. S. G. Louie, we showed that there is a strong intravalley exchange interaction
between the two spin states that had not been considered previously and will have to be considered in
the design of TMDC-based spintronics and valleytronics devices.
Publications:
Quantitative modeling of energy dissipation in Arabidopsis thaliana. J. M. Morris and G. R. Fleming, Env. and Exp. Botany
154, 99 (2018)
Single-photon absorption by single photosynethic light-harvesting complexes. H. C. H. Chan, O. E. Gamel, G. R. Fleming, and
K. B. Whaley, J. Phys. B: At. Mol. Opt. Phys. 51, 054002 (2018)
The contributions of 49ers to the measurements and models of ultrafast photosynthetic energy transfer. G. R. Fleming,
Photosyn. Res. 135, 3 (2018)
Snapshot Transient Absorption Spectroscopy of Carotenoid Radical Cations in High-Light-Acclimating Thylakoid
Membranes. S. Park, A. L. Fischer, Z. Li, R. Bassi, K. K. Niyogi, and G. R. Fleming, J. Phys. Chem. Lett. 8, 5548 (2017)
Bennett, Fleming, Amarnath, PNAS, in press
Guo et al. Nature Physics, in revision
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Research Highlights
Ginsberg Group
Tracking Energy and Charge Migration Through Disordered Nanoscale Systems for Energy
Applications

The Ginsberg group develops microscopes to study the dynamic processes within
disordered nanoscale materials that may find use in next generation solar cells, light emitting diodes,
and transistors. One example is our low-dose cathodoluminescence (CL) microscope, which has been
used in collaboration with Kavli ENSI members Prof. Limmer and Prof. Yang to study the structural
dynamics of organic-inorganic mixed-halide perovskites, an exciting new photovoltaic material. Mixing
the proportions of various halogen atoms tunes the material properties, but has the unfortunate sideeffect of causing the material to separate into distinct phases when exposed to light. By doing CL on
samples created by the Yang group and combining the results with calculations from the Limmer group,
we have definitively shown that this phase segregation is caused by interactions between electrons and
lattice vibrations, and that it can be suppressed by partial substitution of the cation [Bischak 2018].
Visualizing diffusion in solids is crucial to many energy applications, and our group has
approached this problem in several ways. One is to take Stimulated Emission Depletion (STED)
microscopy, a known super-resolution technique, and use a sequence of pulsed lasers to achieve
temporal resolution as well. This technique was
used on a conjugated polymer to directly
measure nanometer- and picosecond-scale
diffusion, leading to a better understanding of the
material’s energetic landscape and an
understanding of how it could be used in a
flexible photovoltaic [Penwell 2017]. In addition to
translational diffusion, rotational diffusion can also
be important to understanding device
performance. We used optical Kerr effect
spectroscopy to study the rotational dynamics of
an excited emitter molecule embedded in a
polymer matrix. These solid state solvation
dynamics are especially important for designing
an organic light emitting diode, but had never
been directly observed. We found that the
Graduate students Trevor Roberts (left) and Brendan Folie
rotational dynamics could be tuned by including
(right) in the Ginsberg group tune up an optical parametric
amplifier (OPA). The OPA allows us to create ultrashort pulses dopant molecules in the film and that this tuning
of laser light across the spectrum from near-ultraviolet to near- affects the emission properties [Delor 2017].
infrared, and through all the visible wavelengths in between.
Finally, our group has recently developed a new
These pulses are focused into a microscope and used to excite
technique called StroboSCAT that uses
our samples. The ability to vary the wavelength allows us to
interferometric scattering and pulsed diode lasers
study a wide variety of samples. By incorporating a second
laser pulse we probe the way the sample responds to
to track multiple types of diffusion in a wide variety
excitation, and in doing so learn about the ultrafast (less than a of samples over timescales from 100 picoseconds
trillionth of a second) dynamics of nanoscale objects.
to hundreds to nanoseconds. It is non-damaging
and easy to use, revolutionizing the study of diffusion in disordered solids. A manuscript is currently
undergoing revision.
Within a polycrystalline semiconductor, the ability to study individual crystalline domains can be
valuable not only because it can reveal heterogeneity, but also because the anisotropy of a single
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crystal can be exploited. This was recently done using our broadband polarization-resolved transient
absorption microscope, an instrument that measures the ultrafast spectra of excitations in a micronscale crystal, and can reveal the contributions due to individual electronic transitions. This ability was
turned on the organic semiconductor TIPS-Pentacene to study singlet fission, in which an excited
electron entangles with its neighbor and shares its energy. This process could make photovoltaics more
efficient, but much about it remains understood. With our microscope we were able to infer the
attraction energy and dynamics between these two entangled electrons, providing new insight into the
singlet fission process. Our conclusions were reinforced with calculations done by the group of Kavli
ENSI member Prof. Neaton [Folie 2018].
Our group is also engaged in a collaboration (including the Neaton group among others) to
make and characterize artificial light harvesting systems, with the goal of using these insights to better
understand energy transfer in photosynthesis. In a recent work, light absorbing chromophores were
attached using a variety of linkers to a protein scaffold. The linkers changed the chromophore’s ability
to move around after excitation, significantly altering how long it was able to transfer energy [Delor
2018].

Figure: Schematic of suppressed
phase separation in a lead halide
perovskite film. On the left, light
induces separation into bromineand iodine-rich regions, mediated
by electrons causing strong lattice
distortions (known as small
polarons, shown in purple). On the
right, partially substituting the
methylammonium (MA) cation with
cesium (Cs) leads to weaker lattice
distortions, larger polarons, and
suppressed phase separation
[Bischak 2018].

Publications:
Delor, M; McCarthy, D G; Cotts, B L; Robets, T D; Noriega, R; Devore, D D; Mukhopadhyay, S; De Vries, T S; Ginsberg, N S.
Resolving and Controlling Photoinduced Ultrafast Solvation in the Solid State. J. Phys. Chem. Lett. 2017, 8, 4183 – 4190.
Penwell, S. B. Ginsberg, L D S; Noriega, R: Ginsberg, N S. Resolving ultrafast exciton migration in organic solids at the
nanoscale. Nat. Mat. 2017, 16, 1136-1141.
C. G. Bischak, R. B. Wai, C. Cherqui, J. A. Busche, S. C. Quillin, C. L. Hetherington, Z. Wang, C. D. Aiello, D. G. Schlom, S.
Aloni, D. F. Ogletree, D. J. Masiello, N. S. Ginsberg, "Non-invasive cathodoluminescence-activated nano-imaging of dynamic
processes in liquids," ACS Nano, 11, 10583-10590 (2017).
B. D. Folie, J.B. Haber, S. Refaely-Abramson, J.B. Neaton, N. S. Ginsberg, "Long-Lived Correlated Triplet Pairs in a ΠStacked Crystalline Pentacene Derivative," J. Am. Chem. Soc. 140, 2326–2335 (2018).
M. Delor, J. Dai, T. D. Roberts, J. R. Rogers, S. M. Hamed, J. B. Neaton, P. L. Geissler, M. B. Francis, N. S. Ginsberg,
"Exploiting chromophore–protein interactions through linker engineering to tune photoinduced dynamics in a biomimetic lightharvesting platform," J. Am. Chem. Soc. 140, 6278-6287 (2018).
C.G. Bischak, A.B. Wong, E. Lin, D.T. Limmer, P. Yang, N. S. Ginsberg, "Tunable polaron distortions control the extent of
halide demixing in lead halide perovskites," J. Phys. Chem. Lett. 9, 14, 3998-4005 (2018).
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Research Highlights
Liu Group
Nanotechnology for Energy Efficient Electronics
We are developing ultra-low-voltage circuits using micro-electro-mechanical switches for
applications such as Internet of Things devices. An improved switch design and self-assembled
molecular coating allows circuits to operate at an order of magnitude
lower voltage than current
Fig. 8a. AND 50mV
approaches, enabling reduced power consumption for future energy-efficient electronics.
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Fig 1. Schematic diagram of the microelectro-mechanical switch. A voltage
applied across the Gate and Body creates
an electric field to pull down the movable
Gate electrode. Then, the Source and
Drain come into contact and conduct
current.

c)

Fig 2. a) Circuit and b) timing schematics for an
example AND gate implemented using microelectro-mechanical relays. When VA and VB are
both logic high, VOUT is logic high. Otherwise, VOUT
is logic low. c) Scanning electron microscope
image of the AND gate.

Since variability in relay switching voltages can practically limit reduction in the operating voltage
of a relay-based integrated circuit, the effects of process-induced variations and device operating
conditions, as well as the stability of relay switching voltages, are investigated.
Perfluorooctyltriethoxysilane (PFOTES), was used as the antistiction coating material, which is shown to
stably reduce hysteresis voltage and random variation thereof, which is beneficial for voltage scaling.
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Fig. 3. (a) Measured current-voltage characteristics and (b) evolution of measured hysteresis
voltage for PFOTES-coated relay operated over 100 gate voltage sweeps. These data indicate
significantly decreased value and variability in VH due to the PFOTES coating.
Another research direction is towards scaling planar metal-oxide-semiconductor field-effect
transistors (MOSFETs) to achieve shorter gate length, which is desirable for improved transistor
performance characteristics (higher on-state current and lower capacitance for faster and more energyefficient circuit operation), but requires commensurate scaling of the source/drain junction depths. The
effects of oxygen-inserted (OI) layers on the diffusion of boron (B), phosphorus (P), and arsenic (As) in
silicon (Si) are investigated, for ultra-shallow junction formation by high-dose ion implantation followed
by rapid thermal annealing. The OI layers are beneficial as they impede the diffusion of Si self-interstitials
so that dopant diffusion beyond the OI layers is reduced. The OI layers can also help to retain more
dopants within the Si, which is beneficial for achieving ultra-shallow source/drain extension regions with
lower sheet resistance to enable further miniaturization of planar MOSFETs for improved integratedcircuit performance and cost per function.

(a)
(b)
(c)
Fig 3: Plot of sheet resistance for different implantation dose and junction depths for (a) Boron
diffusuion, (b) Aresnic diffusion and (c) Phosphorus diffusion.

Liu Group researchers characterizing
nanoelectromechanical relays at Device
Characterization Lab. From L to R: Zhixin
(Alice) Ye (graduate student), Aldo Vidana
(visiting researcher), Fei Ding( graduate
student), and Xi (Robin) Zhang (graduate
student).

Publications:
B. Osoba et al., "Variability Study for Low-Voltage Microelectromechanical Relay Operation," in IEEE Transactions on Electron
Devices, vol. 65, no. 4, pp. 1529-1534, April 2018.
Manuscript submitted: Z. A. Ye et al., “Demonstration of 50-mV Digital Integrated Circuits with Microelectromechanical Relays”,
2018 IEEE International Electron Devices Meeting (IEDM).
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Research Highlights
Neaton Group
First-principles investigations of materials with energy applications
The Neaton group is a theoretical and computational group working at the intersection of
physics, chemistry, and materials science. We primarily draw on contemporary “first-principles”
approaches based on density functional theory
(DFT) which have the ability to predict
measurable properties of materials with good
accuracy without adjustable empirical parameters.
We interact closely with experimental groups to
guide and be inspired by studies of new materials
and phenomena in nanoscience, renewable
energy, and quantum materials, reflecting a
breadth consistent with the flexibility of firstprinciples methods. Below is an overview of the
previous year’s progress:
Back row (left to right): Samia Hamed, Jonah Haber, Jung-Hoon
Excited States and Non-Equilibrium
Lee, Sebastian Reyes Lillo, Tonatiuh Rangel Gordillo, Florian
Phenomena at Nanoscale Interfaces
Brown-Altvater, Zhenfei Liu
Front row: Guo Li, Sinead Griffin, Stephanie Mack, Linn Leppert,
There is significant interest in integrating organic
Ru Chen, Tess Smidt , Sophie Weber, Sivan Rafaely-Abramson,
components into next-generation energy
Se Young Park, Jeff Neaton (PI) (not pictured: Liz Peterson)
conversion devices such as solar cells and lightemitting diodes, where a roadblock to higher efficiencies is quantitative understanding. As a
consequence, electronic energy level alignment at interfaces between organic and inorganic systems,
which are critical to charge flow within devices, have been the focus of recent work. This past year, we
developed new computational approaches for quantitative calculation of the conductance and IV
characteristics in complex metal-molecule junctions -- including asymmetric junctions featuring layered
materials and junctions for which bias-induced chemistry reversibly occurs – and for handling of biasinduced changes in molecular geometry, and nonlocal correlations associated with static polarization.

New Predictive Theories of Excited States in Organic Solids
Organic semiconductors are a highly tunable class of cheap-to-process materials promising for nextgeneration optoelectronics. Such organic solids host many interesting, poorly understood phenomena,
such as singlet fission; further progress requires new intuition that links molecular-scale morphology to
excited-state properties. Recently, we used many-body perturbation theory (MBPT) to perform definitive
excited-state calculations and elucidate the nature of low-lying charged and singlet and triplet
excitations in pentacene. In a high-profile calculation, we developed a method to evaluate the singlet
fission cross-section for pentacene, discovering a new selection rule for this important process. Finally,
working with Leeor Kronik at the Weizmann Institute in Israel, we used our unique expertise in ab initio
MBPT to compliment his effort and establish novel DFT-based approach for excitations in organic
systems.

45

2d Materials and Halide Perovskites: Photophysics and Transport for Solar Energy Conversion
During the past year, the Neaton group has made significant progress in elucidating optoelectronic
properties in of 2d materials and halide perovskites. We computed that GaSe, would exhibit an
enormous nonlinear optical response, or shift current, the largest predicted for a material, which has
implications for developing efficient solar cells and in submitted work demonstrated that the presence of
structural defects in 2d transition-metal dichalcogenides change inherent selection rules relevant to
valleytronics. Additionally, we collaborated with Steve Louie and David Hsieh at Caltech to establish
that methylammonium lead iodide halide perovskite is nonpolar at room temperature; with Hema
Karunadasa at Stanford, we systematically demonstrated chemical substitution and confinement can
take double perovskites from an indirect to direct band gap, enhancing optoelectronic properties; and
with Rich Matheis and Peidong Yang, we explored the role of methylammonium libration and polaron
formation on optoelectronic properties.
This image depicts the wavefunction of an
optically excited singlet exciton (blue),
superimposed on crystalline Pentacene.
After undergoing singlet fission, the relatively
high energy singlet exciton decays to two
lower energy triplet excitons (red) each
propagating through the crystal with opposite
center of mass momenta. This processes
could one day be harnessed to create more
efficient solar cells. (Credit: Florian BrownAltvater/Berkeley Lab)
Article citation: S. Refaely-Abramson, F. H.
da Jornada, S. G. Louie & J. B. Neaton.
Origins of Singlet Fission in Solid Pentacene
from an ab initio Green’s Function Approach.
Phys. Rev. Lett., 2017, 119(26). DOI:
10.1103/PhysRevLett.119.267401

Metal-Organic Frameworks: Carbon Capture and Charge Transport
Metal-organic frameworks (MOFs) are highly versatile forms of condensed matter that consist transition
metal ions coordinated by organic ligands in a three-dimensional nanoporous lattice. As highly tunable
systems, MOFs have attracted significant attention for possible applications in gas capture and storage.
We demonstrated that van der Waals corrected DFT can predict CO2 adsorption structure/energetics
with near-chemical accuracy. With Jeff Long, we examined a new class of amine-functionalized MOFs
that exhibits novel cooperative effects to adsorb CO2 and predicted that their mechanical properties are
dramatically enhanced by CO2 absorption. Separately, we collaborated with Long and Yang to discover
a new MOF with the highest electrical conductivity yet reported.
Topological States in Quantum Materials
Topological quantum materials are of interest for next-generation energy, computing, and information
technologies. Our focus has been to develop design principles connecting atomic-scale structure to the
emergence of novel topological phases, providing a blueprint for future efforts to synthesize new
materials in this and related classes. With Ashvin Vishwanath, we developed a new workflow for highthroughput discovery of nodal-line semimetals greatly reducing computational effort required for
screening materials. Moreover, we predicted a candidate sub-MeV dark matter detector material, ZnTe5
and, with James Analytis, we explained Fermi surface measurements of ZnTe5 in terms of topology.
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Research Highlights
Siddiqi Group
Calculating Molecular Energies on a Quantum Computer
With tremendous progress in the theory and practice of quantum computing, near term scientific
applications on noisy, intermediate-scale quantum (NISQ) hardware are on the horizon. One of the
most promising candidates for realizing classically intractable computations lies in the field of quantum
chemistry. Solving for the energy spectrum of
even simple molecules is a daunting task given
the large combinatorial space spanned by even
few electrons, fully interacting quantum
systems. In fact, exact solutions of the
Schrӧdinger equation (full configuration
interaction models) are typically limited to
systems of order ten atoms. While many
approximation methods have been
successfully developed in condensed matter
physics, they are not universally applicable and
come with a requisite tradeoff in accuracy.
Over the past year, we have focused on
implementing a quantum algorithm to solve
Sydney Schreppler, a post-doctoral researcher in the Siddiqi
for the energy levels of the hydrogen
Group, wiring a dilution refrigerator for studying
molecule. Such proof-of-concept calculations
superconducting qubits. A dilution refrigerator is a cryostat
are exciting in that they motivate a path
cools down to 10 mK, a temperature over 100 times colder
toward real world applications, such as
than outer space. Dr. Schreppler is studying novel ways to
catalyst assisted ammonia production at
create highly entangled states of qubits. Photo courtesy of
L'Oreal USA For Women in Science.
ambient temperature and pressure; nitrogen
fixation is currently performed using the
Bosch-Haber process at 200 atm and 400 degrees C, consuming 1-2% of the total energy produced on
Earth.
Our nascent quantum processor consists of quantum bits (qubits) realized via resonant
superconducting circuits cooled to sub-Kelvin temperatures in dilution refrigerators. Each resonant circuit
in this temperature regime has a few discrete energy levels which can be assigned to be logical zero and
one for computation. In addition to the manipulation of individual bits, quantum entanglement can be
produced between pairs of qubits by way of fast microwave pulses. A major challenge in the field to
develop quantum algorithms to perform computational tasks faster than their classical cousins with a
tractable number of bits and gate operations. In this case, we implement a hybrid algorithm known as the
Variational Quantum Eigensolver (VQE) which performs a calculation by leveraging both classical and
quantum resources. In particular, the hard step in the process is to calculate the energy associated with
the interaction of electrons; this is performed on quantum hardware. All other steps of the calculation
which involve combining correlation energies and computing the coefficients needed to map the
electronic structure problem onto our specific hardware are performed using classical computers. This
hybrid approach makes efficient use of limited, noise quantum hardware currently available in the lab.
Our most significant accomplishment has been the first experimental calculation of the full energy
spectrum of a given Hamiltonian, in this case molecular hydrogen, beyond the ground state within a
superconducting architecture. We have additionally demonstrated, for the first time, a recent theoretical
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extension of the VQE approach based on a Quantum Subspace Expansion (QSE), which resembles a
Taylor expansion in mathematics. In particular we have established the technique’s ability to partially
mitigate stochastic, incoherent errors, allowing us to attain near chemical accuracy (1.6 × 10-3 H) of the
energy levels of the hydrogen molecule. We have also made significant progress in the design and
fabrication of a 2D coplanar qubit architecture with greater numbers of qubits; only two were needed for
hydrogen. Our fourth generation of multi-qubit processors now provide up to 8 qubits with typical T1 and
T2 lifetimes in excess of 60 and 100 µs respectively. The performance of these chips, which is at the
state-of-the-art, will allow the demonstration of large scale VQE, with our current focus on bond torsion
simulations of ethylene and a better understanding of the scaling properties of the algorithm.

Figure X: The energy level structure of molecular hydrogen as a functional of internuclear distance calculated using a two qubit
superconducting quantum processor. The data points are obtained by executing the quantum VQE algorithm and the solid
lines are the results of an exact classical calculation. The accuracy of the data is detailed in the inset where near chemical
accuracy is obtained over a wide range of molecular separations.

Publications:
J. I. Colless, V. V. Ramasesh, D. Dahlen, M. S. Blok, M. E. Kimchi-Schwartz, J. R. McClean, J. Carter, W. A. de Jong, and I.
Siddiqi. Computation of Molecular Spectra on a Quantum Processor with an Error-Resilient Algorithm. Phys. Rev. X 8, 011021
(2008).
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Research Highlights
Somorjai Group
Integration of selective heterogeneous, homogenous and enzyme catalysis on the nanoscale
The overarching focus of the Somorjai Lab is synthesizing new catalytic systems and
characterizing these catalysts under reaction conditions.
This includes the integration of the three
fields of catalysis (heterogeneous,
homogeneous, and enzymatic) done in
collaboration with Matthew Francis and Dean
Toste. It is beneficial to heterogenize
homogeneous catalysts and enzymes in order to
create a catalyst with the selectivity of
homogeneous catalysts and enzymes and the
reusability of heterogeneous catalysts. In our
work heterogenized homogeneous catalysts are
produced using metal nanoparticles smaller than
one nanometer encapsulated into a dendrimer
support. Heterogenized enzymes are produced
though DNA directed immobilization where one
short DNA strand is attached to a glass surface
and its complementary strand is attached to
the enzyme.

Tyler Hurlburt, a graduate student in the Somorjai Group,
works on aligning one of the lab's Sum Frequency Generation
Vibrational Spectroscopy laser systems to understand the
orientation of molecular species on the surface of catalysts.

One way to study catalysts under reaction conditions is through the use of scanning tunneling
microscopy (STM) at high reactant pressures. This is utilized to study oxidation of carbon monoxide on
cobalt-platinum bimetallic nanoparticles exhibiting uniquely large oxidation rates.

Fig 1: Schematics showing the
evolution of the complexity of
catalytic systems leading to
increased catalytic selectivity
for multipath and multiproduct
catalytic transformations.
Article citation: R. Ye, T. J.
Hurlburt, K. Sabyrov, S.
Alayoglu & G. A. Somorjai.
Molecular Catalysis Science:
Perspective on Unifying the
Fields of Catalysis. PNAS,
2016, 113(19). DOI:
10.1073/pnas.1601766113

Carbon dioxide hydrogenation to alcohols and isomerization of six and seven carbon
hydrocarbons are studied using iron, zirconium, and copper oxides with sum frequency generation
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(SFG) vibrational spectroscopy to monitor the unfolding of molecular transformations under reaction
conditions.
The kinetics of formation of multiple reaction products on the millisecond time scale by
hydrogenation of carbon monoxide and carbon dioxide on iron and cobalt surfaces have also been
studied. To do this a system was constructed to investigate fast exothermic catalytic reactions to
monitor product molecules formation and rearrangement on short (10-3 – 10-1 sec) timescales.
Dimerization of isobutene and other olefins are investigated by the alkylation reactions using
acidified metal-organic frameworks (MOFs) as catalysts in collaboration with Omar Yaghi. In another
project with the Yaghi group, we have synthesized a MOF inspired by the active site in the enzyme
particulate methane monooxygenase (pMMO) for the selective oxidation of methane to methanol.
We also have two collaborative projects focused on alternative energy sources for cars. In
collaboration with the Honda Research Institute we are working on understanding the mechanism in
lithium-ion batteries of how lithium diffuses between the anode and cathode through the organic
electrolyte solution. In collaboration with Sandia National Laboratory we are studying hydrogen storage
on surfaces for fuel cell applications.
Publications:
Supported Dendrimer-Encapsulated Metal Clusters: Toward Heterogenizing Homogeneous Catalysts. Rong Ye, Aleksandr
Zhukhovitskiy, Christophe V. Deraedt, F. Dean Toste, Gabor A. Somorjai. Acc. Chem. Res. 50, 1894-1901 (2017)
Hydroisomerization of n-Hexane Using Acidified Metal-Organic Framework and Platinum Nanoparticles. Kairat Sabyrov,
Juncong Jiang, Omar Yaghi, Gabor A. Somorjai. J. Am. Chem. Soc. 139, 12382-12385 (2017)
Development and Elucidation of Superior Turnover Rates and Selectivity of Supported Molecular Catalysts. Rong Ye, Whe-Chi
Liu, Hui-Ling Han and Gabor A. Somorjai. Chem. Cat. Chem. 10, 1-21 (2018)
Supported Iron Catalysts for Michael Addition Reaction. Rong Ye, Franco F. Faucher and Gabor A. Somorjai. Molecular
Catalysis 447, 65-71 (2018)
Fluoroethylene Carbonate Induces Ordered Electrolyte Interface on Silicon and Sapphire Surfaces as Revealed by Sum
Frequency Generation Vibrational Spectroscopy and X-ray Reflectivity. Yonatan Horowitz, Hans-Georg Steinrück, Hui-Ling
Han, Chuntian Cao, Iwnetim Iwnetu Abate, Yuchi Tsao, Michael F. Toney and Gabor A. Somorjai. Nano Lett. 18, 2105-2111
(2018)
Foundations and Strategies of the Construction of Hybrid Catalysts for Optimized Performances and New Products. Rong Ye,
Jie Zhao, Brent B. Wickemeyer, F. Dean Toste and Gabor A. Somorjai. Nature Catalysis 1, 318- 325 (2018)
Surface Science Approach to the Molecular Level Integration of the Principles in Heterogeneous, Homogeneous, and
Enzymatic Catalysis. Tyler J. Hurlburt, Wen-Chi Liu, Rong Ye and Gabor A. Somorjai. Topics in Catalysis (2018)
Supported Au Nanoparticles with N-Heterocyclic Carbene Ligands as Active and Stable Heterogeneous Catalysts of
Lactonization. Rong Ye, Alexandr V. Zhukhovitskiy, Roman Kazantsev, Sirine C. Fakra, Brent Wickemeyer, Dean F. Toste and
Gabor A. Somorjai. J. Am. Chem. Soc. 140, 4144-4149 (2018)
The Methanol Economy: Methane and Carbon Dioxide Conversion. Wen-Chi Liu, Jayeon Baek and Gabor A. Somorjai. Topics
in Catalysis 6, 530-541 (2018)
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Research Highlights
Wang Group
Manipulating Domain Walls and Valley Lifetime in Atomically-thin Materials
Feng Wang’s group specializes in studies of low dimensional materials using a variety of optical
techniques, including energy-, polarization-, and time-resolved measurements on micrometer and
nanometer length scales. In our recent work described below, we use several of these tools to
investigate and control the physics of two dimensional (2D) materials with promising applications for
future devices.
1. Graphene, a one-atom-thick lattice of carbon, is a host of rich physics due to its ultra-clean nature
and interesting band structure. In two- and
three-layer graphene (often called bi- and trilayer), the stacking arrangement between the
layers give an additional knob for controlling
the system. The regions where different
stacking arrangements meet (a domain wall),
is a host for interesting physics and
potentially a central player in novel graphenebased devices. Recently, we have
demonstrated the manipulation of domain
walls in bi- and tri-layer graphene with great
precision and flexibility [1]. We use an
infrared near-field imaging technique to map
the domain walls on the nanoscale, and
Graduate students Steve Drapcho (left) and Emma
Regan (right) in the Wang Group, tune an optical table
then use the mechanical force exerted by
that is used to study the optical response of twoan atomic force microscopy tip to precisely
dimensional materials on sub-picosecond timescales.
move, erase, split and annihilate domain
walls (Fig. 1). By controlling the tip angle, we can control the atomic structure of a domain wall and
create domain wall structures that do not commonly exist. This method provides a system to
explore novel physics, build functional electronic devices, and provides new opportunities to explore
the unique behavior of dislocation formation and propagation, a central topic in materials science, in
two-dimensional limit.
2. The Wang group has made important progress towards the realization of valleytronic devices using
atomically-thin semiconductors. Traditional electronics rely on the motion of electron charge to
transport, store, and process information. However, fundamental limits of electronic devices have
prompted scientists to look for alternative strategies that use other properties of electrons to carry
information. One particularly exciting strategy involves the valley pseudospin, which describes the
momentum states that an electron or hole can occupy and can be thought of as an additional binary
property of charge carriers. This new field of “valleytronics” promises energy-efficient technologies
based on the transport of valley pseudospin.
Transition metal dichalcogenides, a family of 2D semiconductors, form a promising platform for
valleytronic devices because valley-polarized excitations can be conveniently generated and
manipulated with circularly-polarized light. However, efficient generation of long-lived valley
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information cannot be achieved in a single material due to strong interactions between electrons
and holes that quickly destroy valley information. In past work, we have shown that this intrinsic
limit can be overcome by stacking two TMDCs layers into a heterostructure device. In this system,
the electrons and holes live in different layers, so their interactions are suppressed and the valley
lifetime increases. We now show that a heterostructure device with an electrostatic gate can used
to efficiently generate pure valley polarization: information is stored entirely in the valley pseudospin
without any imbalance of electrons and holes [2]. Electrostatic gating, which changes the
concentration of electrons or holes in the device, is used to engineer the carrier recombination,
which leads to pure valley polarization with a record high lifetime of over 20 μs. This long-lived
valley polarization will diffuse from regions of concentration to low concentration, forming a valley
current, which we image using pump-probe spectroscopy. This is the first demonstration of
generation, transport, and imaging of pure valley current in a single device and unlocks exciting
opportunities for valleytronic applications (Fig. 2).

a
Figure 1. a. A metal atomic force microscopy (AFM) tip is used to manipulate a domain wall in few-layer graphene. b. A nearfield nanoscopy image of a domain wall between ABA and ABC stacking regions. c. A near-field nanoscopy image of the same
domain wall after modification with an AFM tip. Adapted from Ref. 1.

Figure 2. A gate-tunable heterostructure of two transition metal dichalcogenides, WSe2 and WS2, is a promising valleytronic
platform. Circularly-polarized light is used to generate valley polarized carriers (red up arrow) that live long enough to diffuse
across the device, where they can be detected using a second circularly-polarized laser beam.

Publications:
[1] Jiang, L. et al. Manipulation of domain-wall solitons in bi- and trilayer graphene. Nat. Nanotechnol. 13, 204–208 (2018).
[2] Jin, C. et al. Imaging of pure spin-valley diffusion current in WS2 -WSe2 heterostructures. Science. 360, 893–896 (2018).
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Research Highlights
Whaley Group
Quantum effects in photosynthetic light-harvesting systems
In the past year (July 1, 2017 – June 30, 2018), there were two research projects in our group
that fall under the energy nanoscience umbrella. One paper has been published and one is close to
submission. We also have a Ph.D. thesis to report from Donghyun Lee.
The first project is “Single photon absorption by photosynthetic light-harvesting
complexes”. We described the first stages of this project last year and a paper on this work, which was
submitted in August 2017), has now been published. During the past year we have extended this work
in several directions.

Figure 1

Figure 2

Figures 1 (without phonon) and 2 (with phonon): Maximum excitation probability as a
function of the bandwidth for a single-photon Fock state, a pulsed thermal beam with average 1 photon,
and a coherent state with an average photon number of 1.
Our previous paper compared the general behaviors of the excitation of single chromophore by
coherent states and by a thermal bath. However, unlike a coherent pulse, a thermal bath is not
characterized by finite amount of energy, but assumed to be of infinite size and therefore of unlimited
energy. In order to compare their energy content on equal footing, we have now constructed a pulsed
thermal beam that is defined by using thermalized sum of Fock states. We have shown analytically that
this form of light beam does exhibit thermal properties by calculating the correlation functions g1 and g2.
We have then calculated the dynamics of interaction of a) Fock states and b) a pulsed thermal beam,
with the light-harvesting systems, focusing first on a single chromophore.
Without phonons (Figure1), we see differences at small bandwidths, consistent with the different
optimal excitation probabilities known for Fock and coherent states. We also see that when coupling to
phonons is included (Figure 2), the Fock and coherent states give essentially identical excitation
probabilities over a very broad range of bandwidths, confirming the dominant role of dephasing in
determining the magnitude of the excitation probability when the excited state is coupled to phonons.
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We are also analyzing the time
dependence of the photon flux incident on and
scattered from the light-harvesting system. Our
theoretical formalism allows calculation of the
photon flux as a function of time. Since our
previous work has shown that the probability of
excitation of the chromophore by a single photon is
exceedingly small (of order 10-6) in the presence of
coupling of the excitonic states to phonons, it is
then important to determine where the energy of
the single photon goes, i.e., either into the phonon
bath or into a scattered photon with lower energy.
We have so far set up and run calculations
following the photon flux during interaction with a
Researchers at Whaley Group performing weekly discussion on single chromophore without coupling to a phonon
projects that involve theoretical models building and numerical
bath. For the next period we plan to add the
calculations about energy transfer in quantum photosynthesis
phonon coupling and calculate the scattered
and spectroscopy measurement. From top left to right: Song
photon flux as a function of the strength of the
Zhang (Phd candidate, Physics), Lu Yang (undergraduate
phonon coupling. This will give new information on
student, Chemistry), Liwen Ko (undergraduate student,
Chemistry); from bottom left to right: Brian Barch (Master's
how the energy of an incident photon is distributed
student, Computer Science), Carlos M. Zaera (Phd candidate,
during and following its interaction with a lightChemistry), Herman Chan (Research Associate, Physics).
harvesting system.
The second project is “Molecular Mechanics Simulations of Artificial Light Harvesting Systems:
Predicting Geometric Distribution and Disorder of Chromophores in a Protein Environment”. This was a
collaboration with the experimental group of Professor Matt Francis in the Chemistry Department. We
carried out molecular mechanics calculations on a prototype artificial light harvesting system consisting
of chromophores attached to a tobacco mosaic virus (TMV) protein scaffold, evaluating structural,
energetic and spectroscopic properties which were then compared with experimental spectra measured
for the systems as synthesized in the Francis group. While TMV-templated chromophore assemblies
had been synthesized before, information about the microscopic configurations and geometry of such
chromophore assemblies was largely unknown prior to our work.
In our work we used a Monte Carlo conformational search algorithm to determine the preferred
positions and orientations of two chromophores, Coumarin 343 together with its linker, and Oregon
Green 488, when these are attached at two different sites (104 and 123) on double disks of TMV
protein. The 104 site aggregates constitute an they are bound. In both cases there was a broad
distribution of positions and orientations of the chromophores, rather than a single highly aggregate
with a smaller average radius. The resulting geometric information revealed that the extent of disorder
and aggregation properties, and therefore the optical properties of the TMV-templated chromophore
assembly, are highly dependent on the choice of chromophores and protein site to which symmetrical
configuration of the aggregates.
We used the results of the conformational search as geometric parameters together with an
improved tight-binding Hamiltonian obtained from ab initio electronic structure calculations that took the
interactions between chromophores into account, to simulate the linear absorption spectra for the
Coumarin systems and compared these with experimental spectral measurements. We found that
using the distribution of positions and orientations from the conformational search is necessary to
reproduce qualitative features of the experimental spectral peaks. The smaller radius aggregate (CE104) shows both a greater blue shift in its peak wavelength and a greater asymmetry in the absorption
line shape, with more absorption on the blue side of the peak relative to that on the red side.
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Figure 3: Double disk of TMV protein showing i) a ring of 17 Coumarin molecules attached at site 123
on the top disk, and ii) a ring of 17 Coumarin molecules attached at site 104 on the bottom disk. The
Coumarin molecules are located on the outer side of the upper disk in i), and on the inner side of the
lower disk in ii).

Figure 4: Theoretical simulations of linear absorption spectra for Coumarin aggregates on TMV double
disks and comparison with experimental spectra.
Publications:
1. Herman C. H. Chan, Omar E. Gamel, Graham R. Fleming, and K. Birgitta Whaley, “Single photon absorption by single
photosynthetic light-harvesting complexes”, J. Phys. B: Atomic, Molecular and Optical Physics, Special Issue on Problems of
light energy conversion and light harvesting, 51, 054002 (2018).
2. Donghyun Lee, Joonho Lee, Aleksey Kocherzhenko, Loren Greenman, Daniel T. Finley, Matthew B. Francis, and K. Birgitta
Whaley,” Molecular Mechanics Simulations of Artificial Light Harvesting Systems: Predicting Geometric Distribution and
Disorder of Chromophores in a Protein Environment”, to be submitted.

Theses:
Donghyun Lee, “Tight-binding Hamiltonians for modeling Light Harvesting Systems”, UC Berkeley, Summer 2018.
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Research Highlights
Yablonovitch Group
Advanced Photovoltaics, for Thermal Conversion and Refrigeration
In solar photovoltaics, thermal radiation is converted to electricity. The source of thermal
radiation is the sun, a body at 5500°C, 150 million kilometers away from the Earth. Our work focuses on
the development of a similar type of systems known as thermophotovoltaics. In these systems, instead
of using the sun as a thermal source, thermal radiation is generated with a local hot source. All hot
materials radiate light, as a consequence of Planck’s law of blackbody radiation. Based on this
principle, the light emitted by the local hot source can be absorbed by the photovoltaic device,
generating electrical power. The source can be heated from multiple sources: combustion of fuel,
concentration of sunlight, or even nuclear power.
As these sources are generally
much cooler than the sun, the emitted
thermal radiation will be mainly composed
of very low energy photons, unusable by a
photovoltaic cell. In order to efficiently
convert from heat to electricity, photovoltaic
cells capable of absorbing low energy
photons are needed, as well as a high
quality mirror to bounce the large number
of very low energy photons, that cannot be
absorbed by the solar panel, back to the
hot source.

PV cell
hν Eg
Thermal emitter
hν Eg
PV cell
Rear reflector

A new breakthrough in creating highly efficient thin-film solar cells enabled to break the
efficiency world record in single- junction solar cells, reaching 28.8%. This was achieved by recognizing
that a good solar cell needs to reflect infrared radiation at the back surface, to effectively recycle
infrared luminescent photons. The effort to reflect luminescence in solar cells has serendipitously
created the technology to reflect all infrared
Graduate students
wavelengths, which can revolutionize
in the Yablonovitch
thermophotovoltaics. We have never before had
Group working on
such high back reflectivity for low energy radiation,
simulations of
permitting highly efficient recycling of very low
Thermo photovoltaic
systems and
energy photons for the first time.
Making use of these highly reflective mirrors,
we have recently demonstrated a new world record
in the efficiency of thermophotovoltaics, reaching an
efficiency of 28.1% with an emitter temperature of
1200C.
We estimate that with improvements in the
rear mirror, which currently has a reflectivity of 94%
and could be improved to 98%, combined with
improvements in the internal luminescence efficiency
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developing
analytical solutions
for understanding
the lineshape of
energy levels in
tunneling
transistors. Zunaid
Omair (left), Sri
Krishna Vadlamani
(right).

of the device, we expect to be able to realize a > 50% efficient thermophotovoltaic system. This is
comparable to a turbofan jet engine, yet being able to fit in a pocket.
This year, we have also developed a theoretical basis for the related phenomenon of
electroluminescent cooling. This is the idea that a light-emitting diode (LED), at its theoretical limit of
quantum efficiency, operates with greater than 100% power efficiency: the light power that it emits
exceeds the electrical power that it draws from an external power supply. The “missing” energy is made
up by heat, which is extracted from the LED material and carried away by photons; therefore, an LED
acts as a type of optoelectronic refrigerator. However, the LED truly needs to be near-ideal for any cooling
to occur; in fact, no device demonstrated to date has proven efficient enough.
We proposed and analyzed a design for the ultimate LED that can be realized with today’s
semiconductor technology, using GaAs as the light-emitting material. We lay out a detailed calculation
which shows that with this realistic design, electroluminescent refrigeration has the potential to become
the most efficient solid-state cooling technology, beating thermoelectric and laser cooling in certain
regimes: notably, LED cooling is promising for cryogenic cooling (down to ~100K) and room-temperature
cooling at moderate power densities (~10 mW/cm2). This work has been published as an article in The
Journal of Applied Physics, where it was selected as an Editor’s Pick and featured as a Scilight by AIP
Publishing (https://doi.org/10.1063/1.5019764).
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Research Highlights
Yaghi Group
Nanoporous Reticular Frameworks for a Carbon Neutral Energy Cycle
The challenge for state-of-the-art CO2 photo- or electroreduction is rooted in the fact that a single
system must control the interplay between activity, selectivity and efficiency. Research in the Yaghi group
is concerned with reticular chemistry, which, at its core, has the ability to control the chemical and
structural features that govern the activity and selectivity, as well as the inherent optoelectronic properties
and thus the efficiency of porous, crystalline materials for this purpose. The molecular building blocks
that are employed in reticular synthesis of metal-organic frameworks (MOFs) and covalent organic
frameworks (COFs) can be chosen judiciously to carefully design their structures. Chemical modifications
of such frameworks can be used to integrate catalytically active components, and the manner in which
these building blocks are connected endows the material with the desired optoelectronic properties. The
fact that these aspects can be fine-tuned independently lends credence to the prospect of reticular
chemistry contributing to the design of next-generation CO2 reduction catalysts.1
Figure 1. The challenge in developing the next generation of CO2
reduction catalysts lies in optimizing the interplay between
selectivity, activity and efficiency.
Specifically, we have embarked on a program using COFs
to tackle this challenge. In this context we showed that the
electronic character of porphyrin active sites for electrocatalytic
reduction of CO2 to CO in the two-dimensional framework COF366-Co can be tuned by covalent modification of the organic
backbone of the material’s reticular structure. In this framework
efficient charge transport along the COF backbone promotes
electronic connectivity between remote functional groups and the
active sites which allows for high efficiency of the system.
Furthermore it was shown that the charge transport enables
modulation of the catalytic properties of the active sites in the system (activity and selectivity). In
particular, a series of oriented thin films of COF-366-Co and derivatives thereof was found to reduce CO2
to CO at low overpotential (550 mV) with high selectivity (faradaic efficiency of 87%) and at high current
densities (65 mA/mg). This performance far exceeds related molecular catalysts with respect to activity,
selectivity, and efficiency. The catalytic systems showed long-term stability for for more than 12 h without
any loss in reactivity. X-ray absorption
measurements on the cobalt L-edge for the
modified COFs enable correlations between
the inductive effects of the appended
functionality and the electronic character of
the reticulated molecular active sites.2
Yaghi Group researchers at work: Front Noelle
Catarineu (left), Omar M. Yaghi (center), Lei
Guo (right) Back: Yuzhong Liu (left), Eugene A.
Kapustin (center left), Jingjing Yang (center
right), Seunkyu Lee (right)
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Figure 2. Thin films of COFs for electrocatalytic CO2
reduction. (a) Grazing incidence wide-angle X-ray
scattering of a film of COF-366-Co on HOPG shows
preferred orientation of the material. (b) COF-366-Co forms
uniform films of 250 nm in thickness as shown by SEM. (c)
The COF layers are oriented in a 90° angle with respect to
the substrate. (d) 2D line-profile of the GIWAXS data is in
good agreement with the expected diffraction pattern. (e)
Oriented thin films of COF-366-Co outperform deposited
COF on porous carbon fabric and films without preferred
orientation obtained on glassy carbon.
1.
Linkage
Frameworks

Conversion

in

Covalent

Organic

Much of the chemical and physical properties of
COFs are endowed by the linkages that are employed to
link their constituents up into the extended lattice. The most
extensive class of COFs are linked by imine bonds, however these linkages limit the scope of potential
applications of frameworks owing to their limited hydrolytic stability. We showed that imine-linked ILCOF1 based on 1,4-phenylenediamine and 1,3,6,8-tetrakis(4-formylphenyl)-pyrene can be converted postsynthetically in a two-step process comprised of (i) linker substitution followed by (ii) oxidative cyclization
to yield two isostructural COFs connected by thiazole and oxazole linkages, respectively. The
completeness of the conversion was assessed by infrared and solid-state NMR spectroscopies, and the
crystallinity of the COFs was confirmed by powder X-ray diffraction. The fidelity of the resulting the azolelinked materials remains intact and the two COFs are found to retain their porosity as shown by nitrogen
sorption experiments. Importantly, the azole linked COFs demonstrate increased chemical stability,
relative to the imine-linked progenitor. As such the strategy presented in this work gives a generalizable
approach to targeting chemically more robust frameworks.3

Figure 3. Conversion of Imine to Oxazole and Thiazole Linkages in Covalent Organic Frameworks
through a combined linker-exchange and oxidative cyclization pathway.
Publications:
C. S. Diercks, Y. Liu, K. E. Cordova, O. M. Yaghi, Nature Materials, 2018, 17, 301–307.
C. S. Diercks, S. Lin, N. Kornienko, E. A. Kapustin, E. M. Nichols, C. Zhu, Y. Zhao, C. J. Chang, O. M. Yaghi, J. Am. Chem.
Soc., 2018, 140, 1116–1122.
P. J. Waller, Y. S. AlFaraj, C. S. Diercks, N. N. Jarenwattananon, O. M. Yaghi, J. Am. Chem. Soc., 2018, 140, 9099-9103.
T. Ma, E. A. Kapustin, S. X. Yin, L. Liang, Z. Zhou, J. Niu, L. Li, Y. Wang, J. Su, J. Li, X. Wang, W. D. Wang, W. Wang, J. Sun,
O. M. Yaghi, Science, 2018, 361, 48-52.
H. Kim, S. R. Rao, E. A. Kapustin, L. Zhao, S. Yang, O. M. Yaghi, E. N. Wang, Nat. Commun., 2018, 9, 1191.
M. J. Kalmutzki, C. S. Diercks, O. M. Yaghi, Adv. Mater., 2018, 30, 1704304.
F. Fathieh, M. J. Kalmutzki, E. A. Kapustin, P. J. Waller, J. Yang, O. M. Yaghi, Sci. Adv., 2018, 4, eaat3198. .
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Research Highlights
Yang Group
Translating Fundamental Insights to Energy Applications for Nanocrystal Catalysts,
Nano-Bio Interfaces, and Perovskite Nanomaterials
The Yang group's research is divided into three main branches, each with a substantial focus on
developing new nanotechnology for energy applications and exploring fundamental nanoscience that
assists in the future development of such technology. These branches are nanocrystal catalysis, nanobio interfaces, and perovskite nanomaterials.
I) Nanocrystal electrocatalysis: Electrocatalysis aims to funnel electricity into driving chemical reactions
with high selectivity and energy efficiency. With this electricity becoming increasingly renewablederived, electrocatalysis is a key part of
establishing a fully renewable energy economy
where chemicals can be created using
renewable inputs. In the Yang group, research
is primarily focused on the electrochemical
conversion of CO2 and H2O into multi-carbon
fuels and chemical precursors, and the
electrochemical fixation of N2 and H2O into
ammonia. A fundamental underpinning of our
research efforts involves understanding the role
of nanostructure, particularly dynamic
nanostructure, for electrocatalysts. A key
breakthrough was the development of a copper
nanoparticle ensemble catalyst that
significantly lowered the energy requirements
To study the chemical structure and light-emitting properties of
for converting CO2 into C2+ products such as
new perovskite nanomaterials, researchers in the Yang Group
ethanol or ethylene. The observation of a
set up a liquid helium cooled cryostat to sweep the
starkly dynamic structure has pushed the
temperature down to -269°C during sample measurement.
Pictured, right to left: Mr. Minliang Lai (UCB), Dr. Dylan Lu
group to pursue state-of-the-art in situ
techniques such as beamline X-ray absorption (UCB), Dr. Lina Quan (UCB), and Ms. Zhenni Lin (UCB)
spectroscopy and liquid cell electrochemical
transmission electron microscopy to understand the transformations of catalyst nanostructure under
operating conditions. Building such an understanding will provide insight into the development of new
and better electrocatalyst materials to fuel a renewable energy economy. In addition, research into
electrochemical N2 fixation is a burgeoning effort in the group, with materials discovery in the inorganic
sphere being the top priority.
II) Nano-bio interfaces : The construction of photosynthetic biohybrid systems (PBSs) aims to link
preassembled biosynthetic pathways with inorganic light absorbers. This strategy inherits both the high
light-harvesting efficiency from solid-state semiconductors and the superior catalytic performance of
biological microorganisms. As one example, we introduce an intracellular, biocompatible light absorber,
namely gold nanoclusters (Au NCs), to circumvent the sluggish kinetics of electron transfer for existing
PBSs. Translocation of these Au NCs into nonphotosynthetic bacteria created a nano-biohybrid
organism that enabled photosynthesis of acetic acid from CO2. Besides, Au NCs also serve as reactive
oxygen species (ROS) inhibitors to prolong the bacterium’s lifetime. Taking the dual advantages of light
absorption and biocompatibility, this new generation of PBS can efficiently harvest sunlight and transfer
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photo-generated electrons to cellular metabolism, realizing CO2 fixation continuously over several days.
Efforts are also ongoing to use similar abiotic/bacteria hybrid systems for advanced light-driven CO2
fixation to multicarbon molecules, as well as light-driven N2 fixation to NH3 or other N-containing
organics.
III) Perovskite nanomaterials: Lead-halide perovskites are
an emerging class of soft ionic crystals with excellent
optoelectronic properties for next generation photovoltaic
and light-emitting applications. We have developed
advanced synthetic methodology of CsPbX3 nanostructure
with desired size, composition, and properties, including
colloidal, solution-phase and vapor-phase approaches.
Colloidal nanowires (NWs) exhibit well-controlled
morphology and efficient photoluminescence, with tunable
diameter range from 10 to 2 nm. Sub-micrometer singlecrystal NWs from solution-phase growth were demonstrated
as efficient optical medium for high-performance and robust
laser application. Vapor-phase NWs generally have
improved crystalline quality and lower defect density. Due to
the relatively weak bonding in halide perovskites, anion
exchange was demonstrated in these 1D materials with high
photoluminescence efficiency throughout the exchange
reaction. Therefore, solid-solid anion exchange dynamics
can be resolved in CsPbBr3-CsPbCl3 hetero-junction
nanowires through a non-destructive optical method, an
important step in understanding the fundamental atomic
kinetics and dynamics of perovskite structures. Insights from
such fundamental phase transition work has contributed to
the development of interesting new technology; for example,
we developed robust perovskite-based solar cells that
undergo controllable and reversible phase transitions.
Controlling the phase transition allows the material to either
become transparent or highly absorbing, creating a “smart
window” device that can transition between acting as a
window or as a solar cell.

Bacteria can catalyze chemical reactions with
high selectivity, but solid-state inorganic
materials outperform biological light absorbers.
The Yang group has developed a strategy to
augment bacteria with inorganic light-absorbing
nanomaterials, creating a bio-inorganic hybrid
or "cyborg bacteria" microreactor to convert
CO2 to chemicals using solar energy. Article
Citation: K. K. Sakimoto, A. B. Wong & P.
Yang. Self-Photosensitization of
Nonphotosynthetic Bacteria for Solar-toChemical Production. Science, 2016.
351(6268). DOI: 10.1126/science.aad3317

Publications:
“The Effects of Catalyst Processing on the Activity and Stability of Pt-Ni Nanoframe Electrocatalysts.” Shouping Chen,
Zhiqiang Niu, Chenlu Xie, Mengyu Gao, Mingliang Lai, Mufan Li, and Peidong Yang. ACS Nano, in press (2018).
“Synthesis of Silver Nanowires with Reduced Diameters Using Benzoin-Derived Radicals to Make Transparent Conductors
with High Transparency and Low Haze.” Zhiqiang Niu, Fan Cui, Elisabeth Kuttner, Chenlu Xie, Hong Chen, Yuchun Sun,
Ahmad Dehestani, Kerstin Schierle-Arndt, and Peidong Yang. Nano Letters, 18, 5329–5334 (2018).
“Tunable Polaron Distortions Control the Extent of Halide Demixing in Lead Halide Perovskites.” Connor G Bischak, Andrew B
Wong, Elbert Lin, David T Limmer, Peidong Yang, and Naomi S Ginsberg. J. Phys. Chem. Lett. 9, 3998–4005 (2018).
“Electrical and Optical Tunability in All-Inorganic Halide Perovskite Alloy Nanowires”,
Teng Lei, Minliang Lai, Qiao Kong, Dylan Lu, Woochul Lee, Letian Dou, Vincen Wu, Yi Yu, and Peidong Yang, Nano Lett., 18,
3538–3542 (2018).
“Excited-State Vibrational Dynamics Toward the Polaron in Methylammonium Lead Iodide Perovskite”, Myeongkee Park,
Amanda Neukirch, Sebastian Reyes-Lillo, Minliang Lai, Scott Ellis, Daniel Dietze, Jeffrey Neaton, Peidong Yang, Sergei
Tretiak, and Richard Mathies. Nature Comm., 1–9 (2018).
“The Making and Breaking of Lead-Free Double Perovskite Nanocrystals of Cesium Silver-Bismuth Halide Compositions”,
Yehonadav Bekenstein, Jakob Dahl, Jianmei Huang, Wojciech Osowiecki, Joseph Swabeck, Emory Chan, Peidong Yang, and
A. Paul Alivisatos. Nano Letters. 18, 3502–3508 (2018).
“Electron delocalization and charge mobility as a function of reduction in a metal–organic framework”, Michael Aubrey, Brian
Wiers, Sean Andrews, Tsuneaki Sakurai, Sebastian Reyes-Lillo, Samia Hamed, Chung-Jui Yu, Lucy Darago, Jarad Mason,
Jin-Ook Baeg, Fernande Grandjean, Gary Long, Shu Seki, Jeffrey Neaton, Peidong Yang, and Jeffrey Long. Nat Mater., 1–10
(2018).

62

“Strongly Quantum Confined Colloidal Cesium Tin Iodide Perovskite Nanoplates: Lessons for Reducing Defect Density and
Improving Stability”, Andrew Barnabas Wong, Yehonadav Bekenstein, Jun Kang, Christopher S Kley, Dohyung Kim, Natalie A
Gibson, Dandan Zhang, Yi Yu, Stephen R Leone, Lin-Wang Wang, A Paul Alivisatos, and Peidong Yang. Nano Lett. 18,
2060–2066 (2018).
“Efficient hydrogen peroxide generation using reduced graphene oxide based oxygen reduction electrocatalysts”, Hyo Won
Kim, Michael Ross, Nikolay Kornienko, Liang Zhang, Jinghua Guo, Peidong Yang, and Bryan McCloskey. Nature Cata., 1,
282-290 (2018).
“Physical Biology of the Materials-Microorganism Interface”, Kelsey Sakimoto, Nikolay Kornienko*, Stefano Cestellos-Blanco*,
Jongwoo Lim, Chong Liu, and Peidong Yang. J. Am. Chem. Soc., 140, 1978–1985 (2018).
“Thermochromic Halide Perovskite Solar Cells”, Jia Lin*, Minliang Lai*, Letian Dou*, Christopher S. Kley, Hong Chen, Fei
Peng, Junliang Sun, Dylan Lu, Steven A. Hawks, Chenlu Xie, Fan Cui, A. Paul Alivisatos, David T. Limmer, and Peidong
Yang. Nature Mater., 17, 261–267 (2018).
“Semiconductor-Cell Bio-interface Roadmap: Semiconductor-Microorganism Catalytic Biohybrid Systems For Artificial
Photosynthesis”, Stefano Cestellos-Blanco, and Peidong Yang. Physical Biology, in press (2018).
“Sulfur-Modulated Tin Sites Enable Highly Selective Electrochemical Reduction of CO2 to Formate”, Xueli Zheng*, Phil De
Luna*, F. Pelayo García de Arquer, Bo Zhang, Nigel Becknell, Michael Ross, Min Liu, Mohammad Norouzi Banis, Oleksandr
Voznyy, Cao Thang Dinh, Taotao Zhuang, Peidong Yang, Xiwen Du, and Edward H. Sargent. Joule, 1, 794-805 (2018).
“Catalyst electro-redeposition controls morphology and oxidation state for selective carbon dioxide reduction”, Phil De Luna*,
Rafael Quintero-Bermudez*, Cao-Thang Dinh, Michael B. Ross, Oleksandr Bushuyev, Petar Todorovic, Tom Regier, Peidong
Yang, and Edward H. Sargent. Nature Cata., 1, 103-110 (2018).
“Room-Temperature Coherent Optical Phonon in 2D Electronic Spectra of CH3NH3PbI3 Perovskite as a Possible Cooling
Bottleneck”, Daniele M Monahan, Liang Guo, Jia Lin, Letian Dou, Peidong Yang, and Graham R Fleming. J. Phys. Chem.
Lett., 8, 3211–3215 (2017).
“Ligand Mediated Transformation of Cesium Lead Bromide Perovskite Nanocrystals to Lead Depleted
CS4PbBr6Nanocrystals”, Zeke Liu, Yehonadav Bekenstein, Xingchen Ye, Son C Nguyen, Joseph Swabeck, Dandan Zhang,
Shuit-Tong Lee, Peidong Yang, Wanli Ma, and A Paul Alivisatos. J. Am. Chem. Soc., 139, 5309–5312 (2017).
“Critical Role of Methylammonium Librational Motion in Methylammonium Lead Iodide (CH3NH3PbI3) Perovskite
Photochemistry”, Myeongkee Park, Nikolay Kornienko, Sebastian E Reyes-Lillo, Minliang Lai, Jeffrey B Neaton, Peidong
Yang, and Richard A Mathies. Nano Letters, 17, 4151–4157 (2017).
“Copper nanoparticle ensembles for selective electroreduction of CO2 to C2–C3 products”, Dohyung Kim, Christopher S. Kley,
Yifan Li, and Peidong Yang. Proc. Natl. Acad. Sci., 114, 10560–10565 (2017).
“Bandgap engineering in semiconductor alloy nanomaterials with widely tunable bandgaps and compositions”, Cun-Zheng
Ning, Letian Dou and Peidong Yang. Nature Reviews Materials, 2, 1–15 (2017).
“Ruddlesden-Popper Phase in Two-dimensional Inorganic Halide Perovskites: A Plausible Model and the Supporting
Observations”, Yi Yu, Dandan Zhang, and Peidong Yang. Nano Lett. 17, 5489–5494 (2017).
“Control of Architecture in Rhombic Dodecahedral Pt-Ni Nanoframe Electrocatalysts”, Nigel Becknell, Yoonkook Son, Dohyung
Kim, Dongguo Li, Yi Yu, Zhiqiang Niu, Teng Lei, Brian Sneed, Karren More, Nenad Markovic, Vojislav Stamenkovic, and
Peidong Yang. J. Am. Chem. Soc. 139, 11678–11681 (2017).
“Ultralow thermal conductivity in all-inorganic halide perovskites”, Woochul Lee, Huashan Li,Andrew B. Wong, Dandan Zhang,
Minliang Lai, Yi Yu, Qiao Kong, Elbert Lin, Jeffrey J. Urban, Jeffrey C. Grossman, and Peidong Yang. Proc. Natl. Acad. Sci.
114, 8693–8697 (2017).

63

Research Highlights
Zettl Group
Van der Waals materials: from the single-chain limit to the hierarchical network
The Zettl Research Group in experimental condensed matter physics at UC Berkeley and the
Lawrence Berkeley National Laboratory has over the past year
explored multiple research thrusts with energy relevance.
Several examples are highlighted below.
We have developed new methodology to isolate single
chains of van der Waals bonded one-dimensional materials.
The scientific bounty resulting from the successful isolation of
few to single layers of two-dimensional materials suggests that
related new physics resides in the few- to single-chain limit of
one-dimensional materials. We were successful in the
synthesis of the quasi–one-dimensional transition metal
trichalcogenide NbSe3 (niobium triselenide) in the few-chain
limit, including the realization of isolated single chains. The
Quasi–one-dimensional chains of NbSe3 exhibit
chains are encapsulated in protective boron nitride or carbon static and dynamic charge-induced torsional
nanotube sheaths to prevent oxidation and to facilitate
waves (CTW) not found in bulk crystals.
Thang Pham, Sehoon Oh, Patrick Stetz, Seita
characterization. Transmission electron microscopy reveals
Onishi, Christian Kisielowski, Marvin L. Cohen,
static and dynamic structural torsional waves not found in
and Alex Zettl. Torsional instability in the singlebulk NbSe3 crystals. Electronic structure calculations by our chain limit of a transition metal trichalcogenide.
theoretical collaborators indicate that charge transfer drives
Science 361, pp 263 - 266 (2018) doi:
10.1126/science.aat4749
the torsional wave instability. Very little covalent bonding is
found between the chains and the nanotube sheath, leading to relatively unhindered longitudinal and
torsional dynamics for the encapsulated chains.
Fig. 1. Top: Aberration-corrected phase contrast TEM image
showing a spiraling single chain of NbSe3 encapsulated within a
double-walled CNT. Bottom: Electron density transferred from the
CNT to the chain with a torsional wavelength λ=15.7 nm with a lateral
view. Iso-surfaces for increased and decreased values are shaded in
yellow and cyan, respectively.
We have made significant progress in atomically-precise
nanopatterning of two-dimensional materials, such as hexagonal
boron nitride (h-BN) and molybdenum disulfide (MoS2) by electron beam and helium ion beam etching.
We demonstrated the fabrication of individual nanopores in hexagonal boron nitride (h-BN) with
atomically precise control of the pore shape and size. Previous methods of pore production in other 2D
materials typically create pores with irregular geometry and imprecise diameters. We developed a
method by which we can create individual size-quantized triangular nanopores in an h-BN sheet using
the electron beam of a conventional transmission electron microscope. We further demonstrated how
the geometry of these pores can be altered beyond triangular by changing beam conditions. We also
demonstrated the use of helium ion milling for the controllable fabrication of nanostructures in few-layer
h-BN. Using the direct-write lithographic capabilities of a scanning helium ion microscope (HIM),
nanopores with diameters as small as 4 nm and nanoribbons with widths of 3-10 nm are etched from
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suspended h-BN sheets. Precisely size- and geometrytuned nanopores could find application in molecular
sensing, DNA sequencing, water desalination, and
molecular separation.

Undergraduate students
Stanley Liu (front) and
Jonathan Jackson (back )
in the Zettl Group working
on transferring the h-BN
flakes grown on metal
substrates to TEM grids
for nanopore fabrication
and subsequently DNA
translocation
experiments.

We have synthesized three-dimensional
aerogels based on two-dimensional materials for gas
sensing application. Specifically, boron-doped and
defect-engineered graphene aerogels are prepared
using triphenyl boron as a boron precursor and
subsequent heat treatments. The boron chemistry and
concentration in the graphene lattice are found to be
highly dependent on the temperature used to activate
boron. At 1500 °C, boron is incorporated at 3.2at% through a combination of B-C, B-N and B-O bonds.
At 1750 °C, the boron concentration decreases to 0.7at% and is predominantly incorporated through BN bonding. Higher temperatures result in complete expulsion of boron from the lattice, leaving behind
defects that are found to be beneficial for NO2 gas detection. The gas sensing properties are explored
to gain insight into the impact of boron chemistry on the sensing performance.
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Research Highlights
Zhang Group
Discovery in the 2D world: Chiral Phonon and 2D magnet
Paving the way for the next generation of energy efficient electronics and computing
technologies, Zhang group has demonstrated several promising properties of 2D materials. Here we
highlight our recent discoveries of naturally spinning atomic lattice and electrons: The former is termed
“Chiral Phonons” which has the potential to overcome problems like heat buildup and electric leaks in
traditional electronics. The latter is the intrinsic ferromagnetism that has wide range of applications such
as nanoscale memory, spintronic devices, and magnetic sensors.
In the work of Chiral Phonons, we found the lattice vibrational modes are not identical to their
mirror images. Phonons in solids are usually regarded as the collective linear motion of atoms, but in
the atomic monolayer crystal of tungsten diselenide, some high-symmetry modes contain atomic
rotation that locks with the phonons’ momentum.
We used two laser sources to detect the chiral phonon activity in 2D material, tungsten
diselenide (WSe2). The two laser sources
converged on a spot on the samples measuring
70 millionths of a meter in diameter. One of the
lasers was precisely switched between two
different tuning modes to sense the difference of
left and right chiral phonon activity. A so-called
pump laser produced visible, red-light pulses that
excited the samples, and a probe laser produced
mid-infrared pulses that followed the first pump
pulse within one trillionth of a second. About one
mid-infrared photon in every 100 million is
absorbed by WSe2 and converted to a chiral
phonon. We then captured the high-energy
luminescence from the sample, a signature of
Postdoctoral researcher Cheng Gong (right) and senior
this rare absorption event. Through this
faculty scientist Xiang Zhang (standing) from the Nano-scale
technique, known as transient infrared
Science and Engineering Center at UC Berkeley obtain 2-D
spectroscopy, researchers not only confirmed the flakes of chromium germanium telluride (CGT) using
adhesive tape. They discovered intrinsic ferromagnetism in
existence of a chiral phonon but also accurately
2-D van der Waals materials.
obtained its rotational frequency.
So far, the process only produces a small number of chiral phonons. A next step in the research
will be to generate larger numbers of rotating phonons, and to learn whether vigorous agitations in the
crystal can be used to flip the spin of electrons or to significantly alter the valley properties of the
material. The potential phonon-based control of electrons and spins for device applications is very
exciting. In addition, this work allows the possibility of using the rotating atoms as little magnets to guide
the spin orientation, which can be used to build a new form of electronics called spintronics.
More intriguingly, we discovered in another monolayer crystal, the rotation of the electrons, or
spin, can spontaneously align in one direction. This property is called ferromagnetism, which is
common in 3D magnets but elusive in 2D materials. For half a century, the Mermin-Wagner theorem
has addressed this question by stating that if 2D materials lack magnetic anisotropy, a directional
alignment of electron spins in the material, there may be no magnetic order. Interestingly, we found that
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magnetic anisotropy is an inherent property in the 2D material we studied, and because of this
characteristic, we were able to detect the intrinsic ferromagnetism.
We are able to detect the magnetization from atomically thin materials using a technique called
magneto-optic Kerr effect. The method involves the super-sensitive detection of the rotation of linearly
polarized light when it interacts with electron spins in the material. The key to one of the study’s more
surprising findings is that the magnetic anisotropy was very small in the chromium germanium telluride
(CGT) material. That enabled researchers to easily control the temperature at which the material loses
its ferromagnetism, known as the transition or Curie temperature.
The emergence of ferromagnetism in 2D materials combined with their rich electronics and
optics, could open up numerous opportunities for 2D magnetic, magnetoelectric and magneto-optic
applications such as nanoscale memory, spintronic devices, and magnetic sensors.

Figure 1: (left) This diagram maps out atomic motion in separate phonon modes. At left (“LO”
represents a longitudinal optical mode), selenium atoms exhibit a clockwise rotation while tungsten
atoms stand still. At right (“LA” represents a longitudinal acoustic mode), tungsten atoms exhibit a
clockwise rotation while selenium atoms rotate in a counterclockwise direction. (right) Detection of 2D
ferromagnetism: we monitored the temperature-dependent Kerr image of the bilayer sample with the
help of a small perpendicular field of 0.075 T to stabilize the magnetic moments. b-e shows the
emergence of ferromagnetic order as temperature decreases.
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