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Top Middle: Pictorial illustration used for computational modeling of hydrogen adsorption at the 
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edge; (Bottom) bottom step edge. Blue, red, and white spheres represent Cu, O, and H atoms, 

respectively. Chemical Communication 54, 7342 (2018). (Courtesy: Guangwen Zhou, State 

University of New York, Binghamton) 

 

Top Right: A scanning tunneling microscope image of a metal island of the rare-earth element 

dysprosium encapsulated at the surface of graphite. The metal was deposited at an elevated 

temperature of 577oC after the graphite was bombarded with inert argon ions, generating entry 

portals for the metal to move below. Note that the metal island has a faceted footprint. The 
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Bottom Left: This schematic depicts how a chalcogenide semiconductor, tin sulfide, grows on a 

graphene van der Waals substrate. SnS molecules in the gas phase prefer to adsorb on the 

evolving SnS crystal surface rather than stick to the graphene substrate, which explains a strong 

tendency toward vertical rather than lateral growth. Grey and yellow colored balls represent 

atoms of tin and sulfur, respectively. The hexagonal arrangement of black balls on top of a white 

balled surface represents a single graphite layer or graphene on a ruthenium metal support. ACS 

Applied Nano Materials, 1, 6, 3026-3034 (2018). (Courtesy: Peter and Eli Sutter, University of 
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Bottom Middle and Right: By tuning the pulsed laser deposition process with in situ plasma 

diagnostics, amorphous nanoparticles of TiO2 can be selectively deposited onto room 

temperature substrates to form mesoporous architectures (left).  At higher substrate temperatures, 

these amorphous nanoparticles are sequentially deposited as “building blocks” to form 
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scanning transmission electron microscope images (right) reveal how the particles crystallize by 
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FOREWORD 

 

This abstract book comprises the scientific content of the 2019 Synthesis and Processing Science 

Principal Investigators’ Meeting sponsored by the U.S. Department of Energy, Office of Science, 

Office of Basic Energy Sciences, Materials Sciences and Engineering (MSE) Division. The meeting, 

held on July 17–19, 2019, at the Marriott Washingtonian, Gaithersburg, Maryland, is the seventh 

principal investigators’ meeting on this topic and is one among a series of research theme-based 

principal investigators’ meetings being held by the MSE division. 

 

The purpose of this principal investigators’ meeting is to bring together all of the researchers funded 

in the Synthesis and Processing Science core research activity so they can get a firsthand look at the 

broad range of materials science research that is being supported in this important research area. The 

meeting will serve as a forum for the discussion of new results and research highlights, thus fostering 

a greater awareness of significant new advances in the field and the research of others in the 

program. The confidential and collegial meeting environment is intended to provide unique 

opportunities to develop new collaborations among PIs, and new ideas. In addition, the meeting 

affords BES program managers an opportunity to assess the state of the entire program at one time on 

a periodic basis, in order to chart future directions and identify new programmatic needs. 

 

This year’s meeting focuses on four topics within the Synthesis and Processing Science portfolio: 

Making 2D and quantum materials, field effects on synthesis, the role of organics in organizing 

materials, and understanding crystallization kinetics. Theory, computation, and in situ 

characterization remain crosscutting areas that will be incorporated into the four topics.  While this is 

one way of organizing and presenting the research within this broad portfolio, there are many other 

synergies that could be highlighted and will be considered at future meetings. 

 

Let me take this opportunity to express my thanks to all the meeting attendees for their active 

participation and sharing their ideas and new research results. Special thanks are given to the 

Meeting Chairs, James De Yoreo and Linda Schadler, for their dedicated efforts and invaluable 

assistance towards organizing this meeting. Finally, this meeting would not be possible without the 

logistical support from Teresa Crockett at DOE-BES-MSE as well as Linda Severs and staff at Oak 

Ridge Institute for Science and Education (ORISE). 

 

Bonnie Gersten 

Program Manager, Synthesis and Processing Science 

Materials Sciences and Engineering Division 

Office of Basic Energy Sciences 

Office of Science 

U.S. Department of Energy 
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2019 DOE BES MSE Synthesis and Processing Science Principal Investigators’ Meeting  
 

This year’s Synthesis and Processing Sciences Principle Investigators’ Meeting addresses 

challenges and opportunities laid out in reports from recent BES-sponsored Basic Research 

Needs Workshops (BRNs) and Roundtables, that can take advantage of the scientific advances 

driven by this Core Research Area (CRA):  “developing new techniques to synthesize materials 

with desired structure, properties, or behavior; to understand the physical phenomena that 

underpin materials synthesis such as diffusion, nucleation, and phase transitions; and to 

develop in situ monitoring and diagnostic capabilities.” This program’s research activities are 

complementary to the other core research activities of the Materials Discovery Design and 

Synthesis (MDDS) team of the Materials Sciences and Engineering Division (MSE) in the Office 

Basic Energy Sciences (BES). The Materials Chemistry CRA (MC) focuses on chemistry-based 

formation and control of new materials and morphologies and the Biomolecular Materials CRA 

emphasizes discovery and predictive assembly of materials and systems using concepts and 

principles of biology.     

 

The passage of the National Quantum Initiative places a spotlight on the synthesis challenges 

associated with materials for quantum systems. These include obvious classes of materials such as 

2D solids, topological insulators, and materials with atomic-scale defects that exhibit precise 

spatial distributions.  Other less obvious classes were discussed in the report from the BES 

Roundtable on Opportunities for Basic Research for Next Generation Quantum Systems (QS). In 

particular, layered materials and hybrid organic-inorganic systems are seen as potential game-

changers. Due to the paramount importance of establishing uniformity of local atomic 

environments of quantum states along with control over distance-dependent interactions between 

them, a central requirement in all of these materials systems is atomic or molecular precision. In 

many respects, the materials requirements of quantum information systems amplify long-standing 

challenges in synthesis and processing science such as directing synthetic outcomes to create novel 

materials architectures, manipulating the distribution of defects, and achieving atomic-scale 

perfection.    

 

Commensurate with this pressing challenge, this year’s meeting will place the topic of “Quantum 

and 2D Materials” front and center in the first two oral presentations sessions. Taking cues from 

both the Roundtable report and the earlier BRN workshop report on Quantum Materials for Energy 

Relevant Technologies, key questions that reflect opportunities for exploration in synthesis and 

processing science are: (1) Given the thermodynamic tendency towards heterogeneous 

distributions of defects in all materials, how can one harness defects and disorder to create uniform 

arrays of long-lived quantum states? (2) How does the juxtaposition of 2D solids and thin films in 

heterostructures create electronic and magnetic states that can be exploited for quantum systems? 

(3) How can we develop a fast, iterative synthesis technology that integrates in situ fabrication and 

characterization and is informed and/or directed by first principles theory and machine learning, 

thereby enabling rapid convergence toward a desired quantum-coherent property?  

 

The use of external controls, either physical or chemical, has emerged as a vibrant field of research 

that has particular relevance to the challenge at hand and directly addresses one of the five priority 

research directions (PRDs) laid out in the BRN workshop report on Synthesis Science for Energy 

Relevant Technologies (SS): “Accelerate materials discovery by exploiting extreme conditions, 

https://science.energy.gov/~/media/bes/pdf/reports/2018/Quantum_systems.pdf
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complex chemistries and molecules, and interfacial systems.” With that challenge in mind, this 

year’s program includes two sessions that will explore recent advances and new opportunities in 

the use of physical and chemical controls to direct synthetic pathways and outcomes.  

 

The first of these two sessions will address “Field Effects on Synthesis.” The use of magnetic fields 

in high temperature bulk crystal growth, electric fields in electrodeposition of metals, and 

hydrostatic pressure in both hydrothermal and high-pressure crystallization are longstanding 

approaches to either enabling growth of materials that are not stable at ambient conditions or 

modifying mass transport and kinetics to achieve high quality films and bulk solids. More recently, 

the selective application of DC and AC electric fields in solution-based growth in ionic liquids, 

high shear stresses in re-solidification processes, and high ion beam fluxes during vapor-phase 

deposition has led to novel synthetic outcomes. Nearly all of these approaches create far-from-

equilibrium conditions that violate foundational theories grounded in equilibrium thermodynamics. 

This session will explore the consequences of these violations and the novel synthetic outcomes 

they enable. Key questions include: How do high fields and fluxes alter the distribution and 

transport of reactants at interfaces and how are those changes reflected in the kinetics of synthetic 

processes? How does the interplay between the effect of fields on the kinetics of synthetic 

processes and the equilibria between phases alter the pathways to synthetic outcomes or provide 

access to otherwise un-accessible metastable or unstable states? 

 

The second session will focus on “The Role of Organics in Organizing Materials.” While this CRA 

focuses on physical aspects of assembly, often the physical and chemical controls are linked and 

must be discussed in tandem. For example, one important function of organics in modern synthesis 

science is to serve as ligands for the stabilization of nanoparticle systems. In addition to judicious 

choices for ligand chemistry, the more recent introduction of triggers such as stress or photons to 

exchange or transform ligands have revealed a rich vein for exploration of novel materials 

architectures based on physically directed organization of nanoparticle systems. The use of 

organics extends to thin film synthesis. While, the development of precursor chemistries for thin 

film growth techniques are not part of this CRA, the thin films grown from them by projects 

supported by this CRA serve alternately as precursors or surfactants in CVD/ALD growth. For 

bulk crystal growth, organics are used to modulate crystallization kinetics for habit control, rate 

enhancement, and modification of materials properties.    

 

Progress in the use of organics to direct synthesis is limited by a number of scientific questions: 

(1) How does the presence of surface-bound organic molecules alter solvent and ion distributions 

near the interface, and how do those distributions result in directional forces between particles that 

lead to ordered assembly? (2) What is the impact of organic constituents on the formation of 

precursor particles that drive crystallization along non-classical pathways? (3) What are the 

dynamics of ligand rearrangement or exchange during crystallization, whether through ion-by-ion 

addition, cluster aggregation, or nanoparticle assembly? This session will provide an opportunity 

to explore the opportunities within the Program for addressing these questions and advancing the 

use of organics for synthetic control.  

 

Crosscutting both the efforts in synthesis of quantum and 2D materials and the use of physical and 

chemical controls to direct synthesis, is the challenge of understanding crystallization kinetics. The 

problem of predicting and manipulating kinetics remains a vexing one and lies at the heart of 
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multiple PRDs laid out in the Synthesis Science Basic Research Needs (SS BRN) workshop report. 

Success requires an understanding of the complexities in the energy landscape that separates 

reactants from products, as well as the sensitivity of both the minima and the barriers to synthesis 

conditions and external controls. Thus “Crystallization Kinetics” will comprise the focus of the 

fourth and final session of the meeting.  

 

This topic lies at the heart of the first PRD from the BRN report: Achieve mechanistic control of 

synthesis to access new states of matter. As discussed in that report, the key knowledge gaps that 

prevent realization of this goal are: How can we develop a fundamental understanding of the 

processes by which reactants assemble into products and how they can be controlled? How can we 

use metastable ordered phases that are formed during synthesis but subsequently dissolve or 

transform before equilibrium is reached?   

 

The opportunities to integrate both simulations and in situ characterization tools into research 

aimed at understanding kinetics and controlling the resulting materials have grown dramatically 

in the past decade. Measurement methods have reached spatial and temporal resolutions 

commensurate with computational approaches and relevant to the development of design rules. 

Indeed, the Quantum Systems Roundtable report highlighted “the need for research that will lead 

to the development of new capabilities for real-time feedback and control of synthesis that are 

coupled with predictions and measurements of targeted quantum characteristics. This feedback 

would consist of both characterization and computation-based machine learning to optimize a 

material for the prescribed function.” This theme is also explicitly called out in the fourth PRDs 

from the SS Workshop report and is common to a number of the other BRN Workshop reports 

produced over the past three years. While not the focus of a session at this year’s meeting, the 

Chairs urge speakers to integrate this theme into their presentation where sensible to give the 

Program’s PIs a sense of progress and challenges in this endeavor.  

 

Finally, we have asked two PIs who have been part of the S&PS program for many years to reflect 

on their careers as BES researchers, to tell us how their BES-supported research has shaped their 

careers and provided opportunities for intellectual growth, and to share their views on “best 

practices” for early and mid-career researchers who are trying to have the kind of impact in the 

future that these two individuals have achieved to date.  
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FWP Title: Molecular Beam Epitaxy of Superconducting Oxides 

Ivan Božović (Lead PI), Jie Wu, Ilya Drozdov (PIs), Brookhaven National Laboratory 

Program Scope 

The mechanism of high-temperature superconductivity (HTS) is one of the most important 

problems in Condensed Matter Physics. Some basic facts - the spin and the charge of free carriers, 

the nature of superconducting transition, the effective interaction that causes electron pairing - are 

still unclear. Using a unique atomic-layer (‘digital’) molecular beam epitaxy (MBE) system, we 

synthesize single-crystal films of cuprates, nickelates, bismuthates, etc. We monitor the synthesis 

process in situ and in real time using advanced surface-science tools such as Low-energy electron 

microscopy and diffraction (LEEM/LEED) and Time-of-flight ion scattering and recoil 

spectroscopy (TOF-ISARS). This enables fabrication of multilayers and superlattices with 

atomically perfect interfaces, high-quality tunnel junctions, field-effect devices, and HTS nano-

structures. 

The program impact is twofold. First, our group is the source of unique samples, including the 

highest-quality HTS films and multilayer hetero-structures engineered down to a single atomic 

layer that are enabling breakthrough research of few dozen groups at national laboratories and 

leading universities in US and abroad. In-house experiments have also brought in several important 

results - discovery of HTS interface superconductivity, demonstration of Giant Proximity Effect, 

HTS in a single CuO2 layer, the (de)localization of electron pairs at the superconductor-insulator 

quantum phase transition, an unusual demise of superfluid density with overdoping, and 

spontaneous breaking of rotational symmetry of the electron fluid. These and future experiments 

are hoped to provide clear-cut answers to at least some of the above questions, which would 

significantly impact research on HTS and more broadly on strongly-correlated materials. Most 

important, these new insights inform the quest to discover or engineer novel superconductors with 

superior properties such as a higher critical temperature or critical current. Thus, an increasing 

fraction of our future research will be aimed at testing these ideas directly by exploratory synthesis 

of novel candidate superconducting materials. 

Recent Progress  

Electron pairing in the pseudogap state revealed by shot noise in copper-oxide junctions. In the 

quest to understand high-temperature superconductivity in copper oxides, a vigorous debate has 

been focused on the pseudogap — a partial gap that opens over portions of the Fermi surface in 

the ‘normal’ state above the bulk critical temperature (Tc). The pseudogap has been attributed to 

precursor superconductivity, to the existence of preformed pairs, or to competing orders such as 

charge-density waves. A direct determination of the charge of carriers as a function of temperature 

and bias could help resolve among these alternatives.  

With this motivation, we have synthesized a series of La2-xSrxCuO4/La2CuO4/La2-xSrxCuO4 

(LSCO/LCO/LSCO) heterostructures using atomic-layer-by-layer molecular beam epitaxy, for 

several doping levels. The heterostructure schematics is shown in Fig. 1a. Scanning transmission 

electron microscopy (STEM) and high-resolution electron-energy-loss spectroscopy (HREELS) 

studies revealed atomically sharp interfaces and verified the high-quality of these devices (Fig 1b-

1c). From such heterostructures, we fabricated tunnel-junction devices, schematically depicted in 

Fig. 1d, and performed detailed measurements of tunneling transport and shot-noise. 
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Figure 1. LSCO/LCO/LSCO tunneling structures synthesized by ALL-MBE. a, Film schematic: a 

tunneling barrier consisting of three molecular layers (1.5 unit cells) of undoped LCO is sandwiched between 

the bottom and the top superconducting LSCO electrodes. b, A high-resolution cross-section image of the 

actual device obtained by aberration-corrected scanning transmission electron microscopy (STEM) and high-

angle annular dark-field imaging (HAADF). c, Elemental maps of Sr (green) and La (red) obtained by atomic-

resolution energy dispersive x-ray spectroscopy (EDS) and electron-energy-loss spectroscopy (HREELS), 

respectively, with overlaid white lines showing averaged line profiles. Yellow dashed lines indicate the 

boundaries of the undoped LCO layers. d, Device schematic: photolithography and etching are used to 

prepare vertical tunneling devices, 10 or 20 μm in diameter. e, Tunneling differential conductance data 

normalized to those at T = 50 K, Gnorm = (dI/dV)/(dI/dV)50K, as a function of the bias voltage, for a junction 

with nearly-optimally-doped (x = 0.15) LSCO electrodes.  (After Ref. 1) 

The differential conductance data (Fig. 1e) show a superconducting gap similar to what is seen in 

other tunneling experiments, including by point contact and scanning tunneling spectroscopy. The 

shot-noise data from the same devices delineate three distinct regions in the bias voltage-

temperature (V-T) space. Well outside the superconducting gap region, the shot noise agrees 

quantitatively with independent tunneling of charge-e carriers. Deep within the gap, shot noise is 

greatly enhanced, reminiscent of multiple Andreev reflections. Starting above Tc and extending to 

biases much larger than the superconducting gap, there is a broad region in which the noise 

substantially exceeds the expectations of single-charge tunneling, indicating pairing of carriers. 

Pairs are detectable deep into the pseudogap region of temperature and bias. The same behavior 

was found for all doping levels in this study. This dramatic discovery repudiates much of the 

current thinking in the HTS field and has a potential to cause a paradigm shift in Condensed mater 

physics. 
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Figure 2. Evidence for preformed pairs in LSCO. The percentage of tunneling pairs inferred from shot-

noise measurements on LSCO/LCO/LSCO tunnel junctions for doping levels x = 0.15, 0.14, 0.12, and 0.10, 

respectively. Red dash-dot lines: the superconducting gap region outside which z = 0 in BCS. Green dashed 

line: V = kBT/e. Gray area: data inconclusive because of large error bar.  (After Ref. 1) 

Controlled synthesis and characterization of large-area single crystals of borophene. 

Borophene, a theoretically proposed two-dimensional boron allotrope with several of the predicted 

electronic or elastic properties rivalling those of graphene, has attracted much attention as a 

candidate material platform for high-speed, transparent, and flexible electronics, It has been 

recently synthesized, on Ag(111) substrates, and studied by tunneling and electron spectroscopy. 

The key open problems are that the exact crystal structure is still controversial, the nano-meter size 

single-crystal domains produced so far are too small for device fabrication, and the structural 

tunability via substrate-dependent epitaxy is yet to be proven. We have monitored synthesis of 

borophene in situ by low-energy electron microscopy, diffraction and scanning tunneling 

microscopy and modeled it by ab initio theory. We have resolved the crystal structure and phase 

diagram of borophene on Ag(111) but found that the domains remain nanoscale for all growth 

conditions. However, by growing borophene on Cu(111) surfaces, we obtain large single-crystal 

domains, up to 100 m2 in size. The crystal structure is a novel triangular network with  = 1/5 

concentration of hexagonal vacancies. Our experimental data together with first principles 

calculations indicate charge-transfer coupling to substrate without significant covalent bonding. 

Our work demonstrates that the structure of borophene can be tuned by the choice of the substrate, 

sets the stage for fabricating borophene-based devices, and substantiates the idea of borophene as 

a model for artificial 2D materials development.  
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Figure 3. Growth dynamics of borophene on Cu(111) surface. Sequence of bright-field LEEM images at 

T = 770 K reveals that borophene islands prefer to nucleate from the down-step edge of Cu terraces (i.e. the 

direction marked by the arrow in the first, t = 0s, panel) and that growth proceeds faster along the step-edge 

direction. Snapshots taken at 75s and 228s illustrate that at this stage of growth borophene flakes display 

sharp edges along low-index directions of the substrate, as shown by the white arrows. These two panels 

along with the snapshot at 468s also show that down-step nucleation is followed by borophene growth across 

the upper step edge. In contrast to the down-step growth, up-step growth generates arc-shaped islands, 

indicating more isotropic growth kinetics, see the white arrow in the 468s panel. A continuous monolayer 

(ML) emerges reproducing faithfully the Cu(111) terrace structure.  (After Ref. 2) 

Future Plans 

The key goal in FY2019 remains the formulation and release of the results of the comprehensive 

study of the key normal and superconducting properties of HTS cuprates that took over 12 years 

to complete, and included atomic-layer-by-layer synthesis of over 2,000 LaSrCuO films by MBE, 

and their characterization by a range of techniques. The first paper focused on the magnetic 

penetration depth (Nature 2016), the second on transverse resistivity (Nature 2017), and the third 

on longitudinal magneto-resistance (Science 2018). The next will focus on the temperature and 

doping dependence of the Hall Effect, the critical field and the coherence length.  

Another important goal for FY2019 is ramping up the research using the new oxide MBE module 

of the OASIS system. The first in-situ ARPES spectra were recorded a year ago; these should be 

complemented in FY2019 by in-situ STM studies.  
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Electronic, Magnetic and Optical Properties of Doped Metal Oxides Epitaxial Films and 

Interfaces 

Scott A. Chambers, Peter V. Sushko, Yingge Du, Steven R. Spurgeon, Mark E. Bowden, 

Tiffany C. Kaspar, Timothy C. Droubay 

Program Scope 

Our current focus is on the synthesis and properties of epitaxial films, heterostructures and 

superlattices of complex oxides integrated with other complex oxides, and with Group IV 

semiconductors. Molecular beam epitaxy is our film growth method of choice because of the high 

source purity levels, low incident particle energies, and high degree of compositional control 

inherent in the method. We aim to deposit materials of the highest structural quality and 

compositional purity. However, we understand that apart from the existence of a growth window, 

multi-element materials rarely, if ever, condense from gas-phase atom beams incident on a 

substrate with precisely the targeted composition. Therefore, point defects in the form of anti-sites, 

vacancies, and interstitial atoms are typically present at some level. These defects can have a 

significant influence on the functional properties of the material system, even when present at 

concentrations below the detection limits of currently available analytical techniques. In addition, 

phases other than those that are desired can nucleate in the host lattice if they are more 

thermodynamically stable than the host. We strive to accurately characterize irregularities in our 

materials, and to understand how functional properties are influenced by these entities. 

 Recent Progress  

In our oral presentation, we discuss new, unpublished results on the MBE synthesis and 

properties of 2D materials in the form of [(LaFeO3)n / (SrNiO3)m]k superlattices (SL) deposited on 

10 u.c. buffer layers of LaFeO3 on (001)-oriented (La0.18Sr0.82) (Al0.59Ta0.41)O3 (LSAT) substrates. 

We denote this SL as (LFOn / SNOm)k, where n and m are independently varied in different film 

sets, and  k ranges from 5 to 20. This class of SLs has high tunability because the A and B site 

cations consist of different elements in the two phases. The bulk phases of the two constituent 

materials are distinct in that LFO is a stable, wide-gap (Eg = ~2.3 eV) antiferromagnetic insulator 

whereas SNO is unstable in the bulk, due largely to the instability of Ni4+.  Indeed, most naturally 

occurring Ni-based minerals contain formally divalent Ni2+; only a few contain Ni3+ and, to the 

best of our knowledge, none contain Ni4+. We hypothesize that SNO can be stabilized in (LFOn / 

SNOm)k by means of electron transfer from Fe to Ni at the internal interfaces. Such a system may 

exhibit unique and interesting properties, quite different from those of any bulk phase. The charge 

transfer process would result in formally Fe4+ and Ni3+. We reason that since we have succeeded 

in stabilizing fully-oxidized SrFeO3 as an epitaxial film [1,2] , Fe4+ would be more stable in a 

perovskite lattice than Ni4+. We find that high-quality (LFOn / SNO1)k SLs with n = 1, 3, 5, and 8 

u.c. are readily synthesized by MBE (Fig. 1). The primary imperfection we detect is cation 

intermixing over a length scale of ~1 u.c. at the internal interfaces. Core-level x-ray photoemission 

spectroscopy (XPS) reveals that indeed, electron transfer from Fe to Ni occurs at the internal 

interfaces (Fig 2). In-plane transport ( vs T) shows that the 1:1 SL exhibits very low-resistance 

semiconducting behavior, and that  rises at all T with increasing n (Fig. 3). The Ni 2p (Fig. 2) and 

3p (not shown) line shapes remains characteristic of Ni3+. Interestingly,  for the 1:1 SL increases 
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by several orders of magnitude when the SL is annealed in high vacuum at a modest temperature 

of 350oC for just 30 minutes. At the same time, the Fe 2p XPS line shape reverts from one 

 

Fig. 1  STEM/HAADF image (a), and measured and simulated out-of-plane XRD scans (b) for a (LFO5 / SNO1)10 

superlattice grown on a 10 u.c. LFO buffer layer on LSAT(001). 

 

Fig. 2  Fe 2p and Ni 2p XPS for (LFOn / SNO1) SLs showing the evolution of the Fe and Ni valences with n. 

Comparison of the  n = 1 spectra with those for epitaxial film standards of LFO and SFO reveals that all Fe is 

tetravalent due to electron transfer from Fe to Ni, and equal numbers of Fe and Ni B-site cations. As n increases, 

the fraction of tetravalent Fe drops as Fe in LFO layers not directly adjacent to the interface remains trivalent. There 

is strong overlap between the Ni 2p and the La 3d spectra; only the Ni 2p1/2 feature remaining unobscured, and that 

only for n = 1. However, comparison with a thick-film LNO standard makes it is clear that the Ni is trivalent for 

1:1 SL. The broader Ni 3p spectra for all n:1 SLs (not shown) are consistent with Ni being trivalent in all SLs. 
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characteristic of formally Fe4+ to one indicating Fe3+, revealing that vacuum annealing generates 

O vacancies that compensate structural Fe4+.  

In contrast, (LFO5 / SNOm)k SLs with m = 1 to 5 u.c. 

exhibit a high degree of structural quality only for m = 1; 

the structural quality degrades rapidly with increasing m 

for m ≥ 2. If we attempt to grow a thick epitaxial film of 

phase pure SNO, we find that the film nucleates in a bi-

phasal fashion, with roughly equal proportions of 

SrNi2O3 and Sr2NiO3. STEM shows that the film consists 

of interlocked nanoscale crystallites of SrNi2O3 and 

Sr2NiO3. We conclude that the driver behind these two 

phenomena is that Ni in a spatially-extended, fully-

oxidized SNO phase must be tetravalent, and this 

electron configuration is highly unstable. By phase 

separating to SrNi2O3 and Sr2NiO3, the material can 

stabilize Ni in the divalent state. Therefore, artificially-

structured SNO can be realized in these SLs if the B-site 

Ni cation can draw an electron from a neighboring B-site 

Fe3+ cation in an adjacent layer and be stabilized as Ni3+.  

In our poster, we summarize three other areas of programmatic activity. First, we present on 

hole-induced optical and electronic properties modification at p-SrxLa1-xFeO3/n-SrTiO3(001) 

heterojunctions prepared by MBE [1,3] . Core-level and valence-band XPS features monotonically 

shift to lower binding energy with increasing x, indicating downward movement of the Fermi level 

toward the valence band maximum. Combining valence band photoemission and O K-edge x-ray 

absorption data, we have mapped the evolution of the occupied and unoccupied bands and observe 

a narrowing of the gap, along with a transfer of state density from just below to just above the 

Fermi level as a result of hole doping. In-plane transport measurements confirm that the material 

becomes a p-type semiconductor at lower doping levels and exhibits a conversion from 

semiconducting to metallic behavior, but not until x = 1. Low-energy optical transitions revealed 

by spectroscopic ellipsometry are explained based on insights from first-principles density 

functional theory (DFT) calculations of densities of states and optical absorption spectra. At x = 

0.12, a staggered, type-II band alignment occurs with a large built-in potential within the LSFO 

due to polar interface formation. This electronic structure facilitates charge transfer across the p-n 

junction and accounts for the strongly thickness-dependent extent of oxygen evolution reaction 

(OER) activity we observe. 

Second, we illustrate dynamical control of interface structure at the LaFeO3/SrTiO3 (001) 

heterojunction driven by flux-controlled nucleation chemistry [4,5] . We find by STEM/EELS that 

shuttered deposition of La and Fe in an activated oxygen background on SrO-terminated 

SrTiO3(001) leads to dissolution of the SrO monolayer whereas co-evaporation of La and Fe on 

the SrO-terminated substrate does not. These results are understood by employing DFT+U 

calculations of interface reaction energetics. In essence, deposition of the first monolayer of Fe in 

the absence of La forces formation of FeO2 at the interface, and Fe4+ is unstable. The system 

responds by dissolution of the SrO at the interface and Sr diffusion into the film, allowing the more 

stable (…TiO2/LaO…) interface structure to form.  

Fig. 3  T) for (LFOn / SNO1) SLs with n 

= 1, 3, 5, and 8 u.c. The 1:1 SL is almost as 

conductive as thick-film, metallic SFO. 
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Third, we demonstrate 2D hole gas formation at the SrNbxTi1-xO3/Si(001) heterojunction 

understood by hard x-ray photoelectron spectroscopy (HAXPES) [6] . MBE growth of 12 nm films 

of SrNbxTi1-xO3-d on intrinsic Si(001) unexpectedly leads to 2D hole gas (2DHG) formation on the 

Si side of the interface for x = 0, 0.08 and 0.20, and surface depletion of carriers in the SNTO. The 

hole gas does not form if x is too large (0.6), or if the film is too thick (20 nm). These results 

strongly suggest that the two electric fields are coupled. But what is the physics? To find out, we 

employed HAXPES to probe this deeply buried interface. Core-level line shapes are highly 

sensitive to the presence of built-in potentials in the vicinity of the heterojunction. However, 

extracting the detailed energy landscape from these spectra is nontrivial. In order to do so, we 

developed a novel algorithm that performs a comprehensive search over all possible binding 

energies in each layer within the probe depth, seeking a set of layer-resolved spectra which, when 

summed, generate a composite spectrum that matches experiment. By searching over both signs 

of the potential gradient in each material phase, a global minimum can be found for the cost 

function, defined by the quality of the spectral fit and the smoothness of the potential variations 

with depth. We have performed this analysis for SNTO/Si heterojunctions and have extracted 

band-edge profiles that explain in detail the observed transport properties, and are in quantitative 

agreement with potential profiles from Schrodinger-Poisson modeling. These results show how 

the surface and interface electric fields couple to generate the 2DHG in the Si. 

Future Plans 

We plan to explore other complex oxide heterostructures involving different metal cations, 

seeking to synthesize artificially-structured superlattices that allow formation of otherwise 

unstable or metastable forms of matter. We are also interested in further exploring the role of 

transient atom beam fluxes to open new synthetic pathways for novel materials. These pathways 

will open because particular 2D atom configurations can be realized via kinetic control of the 

arriving adatoms, thereby driving the system in advantageous directions. We remain interested in 

the MBE synthesis of spinels, having consistently found evidence for non-uniform cation 

distributions. Finally, we plan to use our new algorithm to interpret HAXPES data taken from 

other complex oxide/Si heterojunctions that exhibit novel and useful transport properties. 

Significantly, detailed band-edge profiles for buried heterojunctions and superlattices are not 

available from methods other than HAXPES and standing wave HAXPES, respectively.  
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Program Scope 

 The long-term vision of this project is to develop a predictive understanding of the physical 

principles connecting atomic-scale interactions to the ensemble responses controlling the synthesis 

of hierarchical nanostructures via multi-step nucleation pathways and nanoparticle assembly. We 

pursue this vision through four scientific objectives that target key knowledge gaps: 1) What 

factors are responsible for the many complexities in the free energetics of cluster formation? 2) 

How do complex solution species and molecular clusters transition to the first ordered, stable 

nuclei? 3) How does interfacial solid and solution structure translate into forces that drive oriented 

particle attachment? 4) How and when does phase transformation occur in nanostructures 

assembled from primary particles of a distinct nanoscopic phase? Our approach combines 

synthesis of nanomaterials exhibiting non-classical pathways and representing distinct classes of 

structure and interactions, with characterization of synthetic pathways and dynamics using in situ 

methods including TEM, AFM, NMR, dynamic force spectroscopy and sum frequency generation, 

as well as theory and simulation. The outcome will be a predictive description of non-classical 

crystallization that crosses scales to connect atomistic details with ensemble outcomes based on 

models of reduced complexity.   

Recent Progress  

The interplay between crystal 

structure, solvent structure, interparticle 

forces and ensemble particle response 

dynamics governs the process of crystal 

growth by oriented attachment (OA),[1] 

yet quantitative relationships are lacking. 

Here we investigate those relationships 

during formation of ZnO nanostructures, 

which is widely attributed to OA (Fig. 1 

a–c), [2, 3]. Previous work focused on static measurements of the orientational dependence of the 

binding energy between ZnO (001) surfaces, as well as hydration barriers created by structuring 

of water near the face [3]. Here we combine in situ liquid phase TEM (LP-TEM) observations of 

both single particle and ensemble assembly dynamics, with molecular simulations of interparticle 

forces to relate experimentally derived interparticle potentials to underlying fundamental 

Figure 1. (a–c) Ex situ TEM images of ZnO grown in aqueous 

solution. (d) In situ TEM images of ZnO nanowire growth in 

methanol. Scale bar: 5 nm. 
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interactions. We observed assembly of zinc oxide particles in methanol solutions (Fig. 1d) 

containing additional zinc acetate, which mitigated the problem of particle dissolution  by the 

electron beam commonly observed for oxides. End-to-end attachments produced nanoparticle 

chains, confirming that individual nanoparticles can be the fundamental building blocks for the 

formation of ZnO nanowires by OA. 

 To determine whether particles attach 

with random orientations and subsequently 

rearrange into a single crystal, or whether they 

self-align prior to attachment, we tracked the 

trajectories during individual attachment events. 

For the example in Fig. 2, the relative orientation 

(θr) of the (002) faces decreased from θr = 43° to 

15° at 54 s, and then to 4° at 63 s. As the two 

particles aligned to a perfect lattice match, OA 

was accomplished via a jump-to-contact across 

a final gap of ~ 1 nm. Attachment thus occurred 

along [001] by OA, leading to the formation of 

larger particles (Fig. 2f). This result was 

validated by Fourier transform analyses that 

visualize the rotational dynamics of the particles 

and confirmed their alignment prior to 

attachment (Fig. 2h).  

Beyond individual cases of OA, we 

further examined the dynamics of particle 

ensembles, (Fig. 3). In the cases 

where particles attached, they all 

moved steadily towards each other 

with minor fluctuations in 

trajectories, before jumping to 

contact at separation h = 1.08 (± 0.33) 

nm (Fig. 4a). Moreover, the particles 

did not grow classically during the 

observation time, indicating that 

particle attachment was the dominant pathway of growth. We investigated the underlying free 

energy landscape by calculating the radial distribution probability function (RDF) for all particles 

according to 𝑔(ℎ) =
1

2𝜋ℎ Δℎ

𝑁ℎ

𝜌
, where Nh is the number of particles within [h-Δh/2, h+Δh/2] and ρ 

is the number of particles per area unit (Fig. 4b). The RDF was found to be relatively invariant 

during the course of the experiment, ensuring that it provides representative information about the 

particle interactions leading to attachment. We obtained a weak attractive potential W(h) between 

Figure 2.  (a-f) LP-TEM image sequence showing OA 

of ZnO particles in methanol. Scale bar: 5 nm. (g) 

Scheme depicting OA. (h) 1D intensity profiles vs. 

time created from FFT of image sequence showing 

relative orientation of [002] direction for particles I, II, 

and coalesced particle.  

Figure 3.  (a-c) three frames from an LP-TEM sequence illustrating 

evolution of particle ensembles used for subsequent analyses. 

Colored arrows mark groups of particles that eventually coalesce. 
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the particles over a relatively long range of several nanometers from the RDF (Fig. 4b inset). 

Importantly, no significant energy barrier was observed from the ensemble of particle behavior, 

suggesting a diffusion-limited process for particle attachment, in contrast to a reaction-limited 

process with a large energy barrier presumed in previous studies. [4] 

This result was further validated by multiple independent calculations. We first measured 

a monomer-monomer attachment rate constant of k11 = 1.53 nm2/s by assuming second order 

kinetics under a quasi-2D approximation (Fig. 4d). We then calculated mean squared 

displacements for multiple particles (Fig. 4c) and obtained an average diffusion coefficient for 

particles of radius a = 2.2 nm of 2.99 nm2/s; which is ~106 times lower than expected from the 

Stokes-Einstein equation for bulk diffusion, but is consistent with previous LP-TEM observations. 

[5] Using these values, the preexisting reaction-limited hypothesis was tested based on an 

Arrhenius dependence and an insignificant attachment barrier of ~3kT was obtained, qualitatively 

consistent with the result from the RDF.  

Further physical insight into the dynamics of OA was obtained from a scaling analysis of 

rotational and translation motion. Considering the hydrodynamic mobility under torque with an 

effective viscosity due to 2D confinement, we find the timescale for rotation (~0.1 s) during jump-

to-contact is significantly faster than for translation (~60 s). This drastic difference the two 

approaching particles to sample all possible angles and accomplish a specific orientation for OA, 

irrespective of the energetic considerations and the characteristics of Wst.  

Finally, we studied the energetic 

drivers for OA in this system by 

considering the granularity of solvent 

and ions in the context of classical 

Density Functional Theory (cDFT). The 

calculated forces (per area) between two 

ZnO flat crystal faces showed a 

qualitative difference between OA and 

non-OA cases (Fig. 5a) owing to the 

patterned charge distributions of the 

specific crystallographic faces. 

Figure 4. (a) Separation of two approaching particles showing jump to contact, (b) radial distribution function, 

inset plots 𝑊(ℎ) 𝑘𝑇 =  −ln(𝑔(ℎ))  (c) mean squared displacement of diffusing particles (d) Scheme depicting 

significantly reduced particle diffusivity at the TEM membrane surface. 

Figure 5. (a) Pressure between two (0001) facets (blue, OA), two 

(10-10) faces (red, OA) and (0001)-(10-10) faces (green, non-

OA), in 10 mM zinc acetate dehydrate in methanol (b) Interaction 

potential between two spherical nano-particles with radii 2 nm 

(red line) and 6 nm (blue line) oriented along [001] direction. 
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Interestingly, a further calculation for 2 nm sized nanoparticles implementing the curvature effect 

indicates a barrier of ~ kT even for two like-charged (0001) faces of this polar crystal (Fig. 5b). 

The existence of negligible energy barriers and subtle energetic differences between OA and non-

OA events implies that angular variations in W(h), which would lead to interparticle torques, are 

crucial for attaining alignment, not the difference in the magnitude of W, as concluded in 

previously.[6, 7] 

Amongst the most striking result of the experiments is that the attraction between particles 

is apparent already at h ~ 10 nm and torques begin to rotate particles at h >  5 nm (Fig. 3a-f).  We 

are currently exploring physical rationales for the existence of such long-range forces and torques. 

Interaction of oppositely charged (0001) faces due to the intrinsic dipole nature of the ZnO crystal 

lattice in the presence of divalent salts and low dielectric media might lead to unique interactions 

due to  electrostatics, as suggested previously.[8] However, from the viewpoint of 

electrodynamics, confinement of particles near the dielectric membrane of the TEM fluid cell is 

expected to produce an effective long-range dispersion interactions between the nanoparticles.[9] 

Finally, the electron beam may induce particle polarization, leading to dipolar interactions which 

scale as 1/h3 and therefore are expected to be long range. 

Future Plans 

Our future work on oriented attachment will tackle two important phenomena. The first is 

the source of the long range attractive forces and torques during ZnO OA. We expect a 

combination of cryo- and LP-TEM studies along with MD and cDFT studies at variable ionic 

strength to enable us to identify which source is responsible for the observed phenomenon. Cryo-

TEM cannot capture the dynamics but can eliminate both the effects the electron beam and 

confinement near the TEM cell membrane. Moving to much higher ionic strength will dramatically 

alter the electrostatic interactions. The second is the process of alignment and transformation when 

nanoscopic and bulk phases differ. Here two systems — NaYF4 and TiO2 — for which we have, 

respectively, extensive data on particle evolution and interparticle forces, will provide the platform 

for the probing the dynamics and determining the mechanisms of those processes. 
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Controlling atomic scale ordering and phase transitions in oxide thin films 

 

Yingge Du, Pacific Northwest National Laboratory 

 

Program Scope 

 The overarching goal of this program is to understand, predict, and ultimately control ion 

transport and topotactic phase transition processes occurring in structurally ordered transition 

metal oxide (TMO) thin films. TMOs with interconnected, ordered vacant lattice sites enable 

facile, synchronous electron/ion intercalation reactions, and have been extensively investigated 

for energy conversion and storage applications, particularly for use as solid-state electrolytes, 

mixed electronic/ionic conductors, electrocatalysts, and electrodes in batteries and fuel cells. A 

topotactic phase transition (TPT), in which the final crystal lattice is closely related to that of the 

original material, may occur through the displacement and exchange of atoms as a result of 

intercalation. The fundamental questions we investigate are highly relevant to energy conversion 

and storage technologies, as such fundamental processes govern the mass-transport properties 

and failure mechanisms of widely used energy materials. TPTs occurring at the forefront of 

many catalytic reactions and electrode/electrolyte interfaces are often responsible for many of the 

challenges (e.g., safety concern due to volume expansion and capacity decrease after cycling due 

to loss of desired structure/phase) found in lithium ion batteries and solid oxide fuel cells.  

We will investigate structurally and compositionally well-defined complex oxide films 

and thin-film based devices that will enable the facile intercalation of either small cations (e.g., 

Li+, Na+, and Ca2+) or oxygen anions (O2-). Our team will bring together 1) state-of-the-art 

synthesis of epitaxial oxide thin films and heterostructures; 2) detailed in situ/in operando 

characterization of the superstructures, film/substrate, film/film, film/vacuum, and film/solvent 

interfaces, and their evolution as a function of interfacial strain, doping level, and processing 

conditions; and 3) ab initio modeling of defect formation, structural ordering, and phase 

transition pathways and kinetics within the studied materials. The specific aims of this research 

are to: 1) correlate atomic-scale structural evolution, mesoscale topotactic phase transition, and 

macroscopic mass transport characteristics as TPTs occur; 2) understand how doping and 

interfacial strain can be used to modify the onset (e.g., temperature, electrochemical potential), 

dynamics, intermediate states, and trajectories of TPTs. 

Recent Progress  

 The team was awarded another EMSL user proposal support (10/01/18-10/01/20). The 

needed instrument resources were granted, with an extra $46K in staff support. Postdocs 

currently supported by this program are Drs. Zhenzhong Yang (70%, on thin film growth and in 
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situ TEM), Le Wang (50%, on thin film growth, characterization, and property measurement), 

and Linda Wangoh (50%, on thin films growth and synchrotron based materials 

characterization). We have developed collaborations with beamline scientists at Advanced 

Photon Source (APS/ANL), Advanced Light Source (ALS/LBNL), and Singapore Synchrotron 

Light Source (SSLS) to investigate the detailed structures of our samples. 

Recent achievements led by this FWP are: 

Epitaxial growth of LiCoO2 (LCO) thin films with controlled orientations on SrTiO3 

substrates by pulsed laser deposition (PLD), and correlation of structural properties and atomic 

scale defects with substrate surface symmetry. LiCoO2 is the most widely studied and used 

cathode material in lithium ion batteries with a layered structure. In its thin-film form, LCO can 

be integrated in novel all-solid-phase energy storage systems. However, an understanding of how 

Li ion transport is affected by atomistic details, such as interfacial defects and Li percolation 

network, which are still lacking. Through ab initio simulations, we reveal that antiphase 

boundary (APB) surfaces observed in well-defined LCO(001) thin films grown on SrTiO3(111) 

(JPCL 9, 5515 (2018)) exhibit a rich structural variance due to their high susceptibility to defect 

formation. Some defect configurations have negligible or even negative formation energy and, 

hence, can occur spontaneously under experimental conditions. It is found that Li ion diffusion 

along APBs can proceed in a correlated mode, which leads to a dramatic decrease in activation 

energy with respect to their uncorrelated diffusion. Such a mechanism enables APBs to function 

as a viable ion transfer channel that couples in-plane Li ion diffusion pathways, thus facilitating 

Li transfer from one two-dimensional basin to another, potentially enabling new energy storage 

architectures. 

We further investigated the redox chemistry and phase 

transitions in epitaxial LiCoO2 thin films upon Li metal contact. Li 

dendrites are known to cause deleterious and, in many cases, 

catastrophic effects in the performance of Li rechargeable batteries. 

Using in situ transmission electron microscopy, we directly observe at 

the atomic scale the interaction of Li metal with well-defined, 

epitaxial thin films of LiCoO2 (Fig. 1). A fast, spontaneous chemical 

reaction can be triggered once Li contact is made, leading to 

expansion and pulverization of LiCoO2 and yielding Li2O and Co 

metal as the final reaction products. A topotactic phase transition is 

identified close to the reaction front, resulting in the formation of CoO 

as a metastable intermediate. In situ TEM, in combination with ab 

initio simulations, reveal that a high density of grain and antiphase 

boundaries are formed at the reaction front. These are critical for 

enabling short-range topotactic phase transitions to form CoO and 

enable long-range Li propagation. This study provides insights into 

mitigating Li dendrites and guiding the design of more robust energy materials. 

 

Fig. 1. Direct visualization of 

Li dendrite effect on LiCoO2 

cathode by in situ TEM. (Small 

14, 1803108, 2018) 
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Being able to control the orientation of LCO enables a novel two-step synthesis approach 

for the epitaxial growth of Li-containing compounds. This approach involves the deposition of 

transition metal oxides (Li-free, e.g., WO3 and TiO2) directly on oriented epitaxial LiCoO2 thin 

films to form stable Li-containing compounds as a result of Li out-diffusion from the LCO 

cathode layers. Li out diffusion results in the lithiation of WO3 to form Li2WO4, a known solid 

state electrolyte, as confirmed by XRD and STEM. The epitaxial interface between LiCoO2 and 

Li2WO4 is an ideal test bed for fundamental ion transport studies. By tuning the growth 

parameters, many stable intermediate compounds (e.g., Li2WO4, LiMn2O4, and Li4Ti5O12) can be 

synthesized through this method. In addition, the structural and chemical evolution due to 

(de)lithiation in LiCoO2 can provide atomistic insights into the failure mechanisms for cathodes 

during the charge/discharge processes. (Manuscript in preparation) 

We also studied oxygen diffusion in 

model SrFeO2.5+ (0≤≤0.5, SFO) systems. 

By tuning the synthesis and processing 

conditions, we were able to control the 

orientation of oxygen vacancy channels 

(OVCs) in Brownmillerite (BM) structured 

SrFeO2.5 as well as tuning the oxygen 

stoichiometry. We show OVCs of BM-SFO 

thin films can be oriented differently on a 

LaAlO3(001) substrate by controlling the 

oxygen partial pressure during growth and 

subsequent annealing conditions. The 

dynamic BM structure formation and 

evolution processes yield distinctively 

different optical and electronic properties, 

owing to the difference in both the oxygen 

stoichiometry and OVC configuration in the resultant films. With the established recipe, we 

generated semiconducting SrFeO2.5 with vertically aligned OVCs and metallic, perovskite 

SrFeO3 (P-SFO) standards so that the other intermediate states can be directly compared and 

understood as shown in Fig. 2. Our results offer further insight into the phase stability and 

oxygen-diffusion mechanisms, which is important for the predictive synthesis of novel functional 

materials. (APL 114, 231602 (2019)) Using in situ and environmental transmission electron 

microscopy, we also directly observed the phase transition from BM-SrFeO2.5 to P-SrFeO3. The 

directional migration of oxygen from SrTiO3 substrate to SrFeO2.5 is driven by an internal 

electric field generated by electron beam illumination during TEM imaging. Time-dependent in 

situ TEM studies reveal the reaction front, dynamics, and intermediate of the oxidation process. 

With the aid from DFT calculations, we provide atomic level understanding of the redox 

chemistry (Manuscript in preparation).   

 

Fig. 2. STEM images and structural models showing 

that by varying the synthesis and processing conditions, 

SrFeO2.5 can be grown with the OVCs either parallel or 

perpendicular to the LaAlO3(001) substrate. (APL 114, 

231602 (2019)) 
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Future Plans 

 We are currently preparing three journal articles initiated by the Early Career program, 

reporting oxygen diffusion induced phase transition in SrFeO2.5, delithiation induced topotactic 

phase transition in LiCoO2, and lithiation induced phase transitions in transition metal oxides 

(e.g., WO3 and TiO2), respectively. Going forward, we will investigate ion diffusion and 

interface evolution processes occurring at the solid-solid interfaces (e.g., SrFeO2.5/SrTiO3, and 

Solid state electrolyte/LiCoO2 deposited by PLD). In addition, we will be pursuing in situ study 

of multi-valent ion (e.g., Zn2+ and Mg2+) diffusion induced topotactic phase transitions in oxides 

by ETEM and STEM. 
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Ion transport and Structural Evolution of Solid Electrolytes: Ionic transport as a tool to 

monitor /direct processing of solid electrolytes 

Nancy J. Dudney1, Robert L. Sacci1, Miaofang Chi2, Xiaoming Liu2, X. Chelsea Chen1, 

Gabriel M. Veith1, Thomas Malkowski1 

1Chemical Sciences Division and 2Center for Nanophase Materials Sciences, Oak Ridge National 

Laboratory, Oak Ridge, TN 37831 

Program Scope 

The overarching goal of this program is to address the challenges inherent in controlling the 

synthesis and fabrication of stable or metastable solid electrolyte phases with high room 

temperature ionic conductivity.  Success in achieving our overarching goal we will be attained 

through three specific aims: 

1) Understand intermediate structures or phases that will enable new synthesis routes.  

2) Use ion transport and other in situ measurements to monitor the formation and evolution 

of grain, domain and defect structures during processing.   

3) Understand reactions of the solid electrolytes with air, electrodes, or other electrolytes and 

assess if these can be used to direct synthesis of new metastable or multiphase structures.  

Follow-on to the 2nd aim is the ultimate, and high-risk, goal to identify effective ways to use the 

ionic current or polarization to direct the defect and microstructure for the ionic materials.   

To accomplish these goals, the program integrates synthesis investigations with advanced Li 

sensitive characterization methods such as neutron scattering/spectroscopy, ion transport 

measurements during synthesis, and low energy electron microscopy, along with the collaboration 

for different theoretical tools to probe/predict processes at different length and time scales.  The 

focus on the identification, synthesis, and processing of ionically conducting solid state materials, 

of both inorganic and polymeric materials, is critical for next generation energy storage, as 

identified in several DOE Basic Research Needs reports. The ability to use synthesis to direct and 

control ionic conduction is challenging due to the intrinsic diffusivity of the mobile alkali 

ions.  When successful, we will enable the development of new controlled synthesis approaches 

to direct solid-state electrochemistry and reactivity.  

Recent Progress  

1. Ionic transport as a tool to monitor processing of solid 

electrolytes. Corresponding to Specific Aim 2, impedance 

spectroscopy is implemented as a tool to monitor the structural 

change during the synthesis and processing of solid electrolytes. 

The synthesis/processing of three representative solid-state 

electrolytes is being monitored: 

  

1) The grain boundary resistance of Li rich antiperovskite under 

pressure.  Li3OBr was synthesized through an organic 

metathesis reaction to be phase pure and proton-free.  The 

resulting product was pressed into a pellet and placed into a 

custom-made impedance cell where 100 psi of pressure was 

Figure 1. Grain boundary resistance 

of Li3OBr gradually changes when 

under 100 psi pressure.   
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applied and held for one week. Being relatively soft, the pellet was dense; yet the grain boundary 

resistance, extracted from the impedance (Figure 1), increased over time under the constant 

pressure (Figure 1). We are also using dynamic impedance spectroscopy to follow the kinetics of 

structural changes during quenching with < 1 s time resolution. Analysis is underway to determine 

the physical process leading to the increasing resistance. 

 

2) Crystallization of Li0.33La0.56TiO3 (LLTO) film. The crystallization of a sol-gel coated 

amorphous LLTO film on STO 

single crystal was monitored in 

situ with transmission electron 

microscopy. As shown in Figure 

2, at 500℃ crystalline LLTO 

formed epitaxially at the interface. 

At 700℃, nucleation of bulk 

grains was observed with the 

formation of grain boundaries.1 

An impedance spectroscopy study 

is underway to monitor the crystal growth kinetics of the same system to correlate transport 

properties with the different stages with crystal growth.  

 

3) Crystallization of polymer electrolytes. The conductivity of 

polymer electrolyte is quite sensitive to its crystalline structure 

below the melting temperature (50 to 65℃). Using quasi-

elastic neutron scattering (QENS), the segmental relaxation of 

poly(ethylene oxide) + lithium salt was examined. We 

discovered one order of magnitude decrease in the structural 

relaxation time of the polymer electrolyte when the sample just 

cooled down to 30℃ compared to the same temperature 

equilibrated for one week. This corresponded to a 3-fold 

increase in the ionic conductivity. In a collaboration with Prof. 

Sanat Kumar group from Columbia University, a polymer 

electrolyte consisting of poly(ethylene oxide) (PEO), lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI) and silica 

nanoparticles with poly(methyl methacrylate) surface 

functionalization was monitored by impedance spectroscopy. 

The higher the nanoparticle loading, the slower conductivity reached equilibrium value (Figure 3).  

 

2. Ionic transport as a tool to direct processing of solid electrolytes.   Using an AC or DC field 

to drive ions through materials and interfaces is a new approach in material synthesis and 

processing of ion conducting materials. We have explored several new routes to influence and 

perhaps improve the solid electrolyte processing by forcing the electric field (and resulting current) 

through the material.  

 

1) Phonon softening of lattice dynamics. We observed that exciting the ion motion at resonance 

can lead to a softening of the phonon modes at much higher frequency for the Li3OBr 

antiperovskite (Figure 4).  Here the complex impedance is used to find the resonance frequency 

Figure 3. Conductivity during the 

crystallization of PEO polymer 

electrolytes with the presence of 

silica nanoparticles at 54℃. 

Figure 2. Amorphous LLTO crystallization on STO single crystal.   
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 of bulk ion conduction, which relates to ion 

motion at an excited state. An outcome of the 

electric field oscillating at ion hopping 

resonance is that phonons related to the motion 

of the mobile ions should soften, i.e. decrease in 

intensity.  The phonons that are expected to 

undergo softening are zone-boundary ones, 

which are only detectable using inelastic 

neutron scattering.  Our preliminary tests are 

showing that this is indeed the case for several 

different lithium solid electrolytes. 

 

2) Using DC 

electric field to align ion conducting path in polymer electrolytes. 

When a polymer electrolyte PEO + lithium triflate is in the semi-

crystalline state, the crystalline domains do not contribute to ion 

conduction as they exclude the lithium salts.  The conductivity of 

the polymer electrolyte in the amorphous phase is greatly 

decreased due to the confinement by the randomly oriented 

crystalline domains. Here we use a DC electric field to direct the 

ion-conducting path through alignment of crystalline domains 

during crystallization. A piece of polymer electrolyte was placed 

in between two metal plates with a glass insulator to prevent 

breakdown (Figure 5). A DC voltage of 200V to 400V was 

applied during the isothermal crystallization of the polymer 

electrolyte at 54 ℃ and held for 16 hours. The resistance of the 

polymer electrolyte decreased with increasing DC field. 

Investigations are underway to discover the underpinnings of the 

effect of the DC field.    

 

3. Fabricating composites of ion-conducting polymer and ceramic: identifying and 

minimizing ion-transport barrier at the interface.  In a polymer-ceramic composite where both 

components are ion conductors, the interface plays a difficult role. Recently, we discovered that 

there is a large interfacial resistance for ion transport between a model polymer and ceramic 

electrolyte.2,3 Currently there are no design principles to guide materials choice and processing to 

reduce a barrier that may result from polarization, reduced mobility or concentration of the mobile 

ions, or barriers related to solvation. Ideally with better knowledge of ion motion across interfaces 

these effects can be anticipated and alleviated by materials design. The 3rd specific aim is directed 

to the underlying mechanisms and reaction processes that impact such ionically active interfaces. 

 

Recently, we used quasi-elastic neutron scattering to identify ion transport barrier between a model 

polymer electrolyte, PEO with dissolved LiTFSI salt, and a model ceramic electrolyte, doped 

LixAlyTi2(PO4)3-type ceramic from Ohara corporation (Ohara ceramic). The composite was 

fabricated by simply mixing the polymer and untreated ceramic powder in water followed by 

drying. We discovered that in the absence of LiTFSI, Ohara ceramic posed negligible change in 

the segmental dynamics of PEO. In contrast, with the presence of LiTFSI, Ohara ceramic slowed 

Figure 5. Using DC electric field 

to align ion conducting path in 

polymer electrolytes.   
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down the segmental motion of PEO chains by ∼60% compared to neat PEO + LiTFSI. The 

intrinsic ionic conductivity of the polymer phase in the composite decreased by ∼30% compared 

to the neat polymer electrolyte. The underpinnings of these results may be that polymer chains in 

the vicinity of the ceramic surface are less mobile due to coordination with surface bound lithium 

ions (Figure 6).  

 

 

Accordingly, we explored two approaches to minimize interfacial ion-transport barrier when 

forming the composite electrolyte. The first approach was to graft a layer of short PEO chains onto 

the surface of the ceramic. The hypothesis is that the effect of ceramic on the segmental motion of 

the polymer electrolyte will be eliminated by creating a charge-neutral surface. Another approach 

was to covalently bound the TFSI− anion onto the backbone of the polymer electrolyte. The 

hypothesis is that this will minimize the space charge layer near the polymer-ceramic electrolyte 

interface. The details of these approaches will be presented in the poster.    

Future Plans   

We will continue to explore multiple ways that ionic transport can be used to study processing 

pathways and kinetics, and ultimately how the current or polarization act to direct the formation 

of lattice defects and microstructural features.  Further we find that interface reactions between 

ionic solids or when a solid electrolyte is equilibrated with gases or solvents also play key roles in 

controlling the synthesis.  Our studies will coordinate a suite of in situ methods and theoretical 

calculations to elucidate the generalized rules that direct synthesis of ionic materials.   The impact 

of this work will enable new and better solid electrolytes that may lead to safer, lower cost and 

higher energy dense batteries.   More broadly many materials have mobile ions that may influence 

synthesis and processing routes, so we anticipate these will be impacted by the research addressed 

in this work.  Further, functional solid-state ionic materials and devices impact a wide range of 

technologies beyond energy storage. 
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Program Scope 

 

This program addresses a critical research need in synthesis science to understand, predict, and 

ultimately direct the synthesis of novel quantum nanomaterials, especially atomically-thin 2D 

materials, and hierarchically assembled oxide nanostructures that are crucial to DOE’s energy mission. 

The remarkable properties of such quantum nanomaterials result from confinement, interfacial 

interactions, and dimensionality effects at the same length scales where fundamental synthesis 

questions arise. The research approach therefore integrates real-time diagnostic synthesis 

environments with theoretical and computational methods to understand the mechanisms of formation 

and assembly of the “building blocks” of nanomaterials, coupled with the development of new 

synthetic platforms that will permit their controllable assembly into quantum nanomaterials with 

desired properties. In order to access novel metastable states, the program emphasizes the development 

of synthesis methods and real-time diagnostics to both induce and probe chemical and physical 

transformations away from thermodynamic equilibrium, combining laser driven synthesis and 

processing with laser spectroscopic diagnostic techniques, along with in situ electron microscopy, and 

neutron scattering.  By revealing the kinetics, energetics, and interactions governing the assembly of 

nanostructures from well-defined “building blocks” the program endeavors to develop methods for 

nanomaterial synthesis integrating new approaches coupling theory/computation and experiment for 

adaptive real-time control with feedback over multiple length scales.   

 

Recent Progress 

 

Addressing the crosscutting challenges in the controllable synthesis of nanostructures and thin films 

requires identification of the reaction pathways, key precursors, and assembly kinetics on different 

time and length scales.  We use the nonequilibrium features of pulsed laser deposition (PLD) to address 

this problem by tuning the ablation process to modify the kinetic energies and fluxes of species to 

study non-equilibrium processes, such as defect creation and substitution of atoms within existing 

crystals to effect the formation of alloys, or phase transformations. On the other hand, we have learned 

how to tune the pulsed laser ablation process to produce and selectively “soft-land” fluxes of ultrasmall 

(3-5 nm) amorphous nanoparticles to substrates by PLD using in situ, time-resolved intensified CCD-

array imaging and plasma diagnostics, a regime we call “nanoparticle PLD”.1 We have shown 

previously that these amorphous, ultrasmall nanoparticles (UNPs) serve as “building blocks” in the 

assembly of nanostructures, thin films, and 2D crystals that occur by the non-classical mechanisms of 

crystallization by particle attachment (CPA).1 To better understand these phenomena, and understand 

how 2D layers grow from such precursors, we have recently developed new laser processing 

environments to provide controllable, stepwise processing at both  
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the microscale (using optical imaging 

and spectroscopy) and within the 

TEM (using electron imaging  and 

spectroscopy).  In this talk, we will 

present our recent progress in these 

areas.  

 PLD provides a rather unique, 

digital pulsed plasma that, with 

energies of ~100 eV can drive the 

formation of metastable phases of 

novel materials during synthesis, such 

as amorphous diamond.2  Recently, as 

shown in Figure 1, we have employed 

PLD of pure Se to understand the 

thresholds for the creation of S 

vacancies and the replacement of S 

within monolayers and bilayers of 

single-crystalline WS2 (that we had 

previously grown by VTE and 

transferred to TEM grids).  The rather 

unique Se plasma plume was 

characterized by ion probe 

measurements and intensified gated 

CCD imaging, and could be slowed 

using collisions with background Ar 

from kinetic energies of 25 eV/atom in 

vacuum to 1.7 eV/atom over a distance of 10 cm in 50 mTorr Ar.  Atomic resolution TEM imaging, 

XPS, and Raman spectroscopy were used to reveal the thresholds for partial substitution in the topmost 

S atoms within the ML WS2, as well 

as the threshold for the bottom S 

atoms, permitting full conversion of 

the monolayer.  These thresholds 

agree with theoretical predictions of 

Komsa, et al.3 These results, 

essentially developing the techniques 

for ion implantation and defect 

control in monolayers and bilayers, 

demonstrate regimes for the 

controlled synthesis and processing 

of 2D materials to form alloys, 

implant dopant atoms, and explore 

phase conversion processes using 

arbitrary source atoms in the < 20 eV 

range. 

 These low ion energy regimes 

influence approaches for direct PLD 

of 2D materials.  Recently, we 

developed simple optical reflectivity 

diagnostics to monitor and control 

 
Figure 2.  PLD of 2D MoSe2 controlled by in situ optical reflectivity. 

(a) Gated-ICCD imaging record gas-phase (~<100 s) dynamics of 

plasma plume deposition processes. (b,c) In situ optical reflectivity 

record the shot-to-shot deposition of MoSe2 on SiO2/Si substrates, 

allowing controllable deposition of nominal monolayers, in accordance 

with model predictions. (d) HAADF-AR-Z-STEM of MoSe2 deposited 

onto graphene TEM grids at 600°C for different changes in optical 

reflectivity show the partial layer coverage for comparison. These 

diagnostics allow deposition rates to be controlled in real time.  (in 

preparation) 

 
Figure 1.  In situ diagnostics of 2D materials synthesis by PLD:  

Selenization of WS2 with controlled kinetic energy beams of Se.  

(top) Gated ICCD imaging and ion probe current measurements are 

used to record and adjust the kinetic energy and flux of species 

arriving at existing, freestanding 2D WS2 crystals through the use of 

inert background gas (Ar) collisions.  The maximum kinetic energies 

per Se atom can be tuned to reveal thresholds in the <20 eV range for 

the formation of defects and substitution of atoms for S atoms in the 

top and bottom of a WS2 monolayer crystal as evidenced in TEM, 

XPS, and Raman spectra (shown at lower right, 600 shots, 250°C).  

(in preparation). 
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the nucleation and growth of 2D materials by PLD, as shown in Figure 2.  By tuning the thickness of 

SiO2 layers on Si substrates, we were able to achieve large changes in optical reflectivity per nominal 

monolayer when 2D crystals such as MoSe2 or WSe2 were deposited by PLD.  These in situ 

diagnostics, once calibrated with ex situ TEM and AFM morphological analysis, allow an 

understanding and control of nucleation and growth processes.  The steps evident in Fig. 2c reflect the 

digital deposition corresponding to each laser pulse.  The timescales for this deposition can be 

compared with the ICCD imaging of the pulsed plasma propagation schematically illustrated in Fig. 

2a.  Processes such as subsequent desorption (e.g., of Se at higher temperatures) can also be observed.  

Such diagnostics, coupled with the aforementioned control of the PLD flux and kinetic energy, will 

allow the exploration of 2D materials nucleation and growth kinetics.  The same optical reflectivity 

diagnostics should be implemented for CVD chambers as well. 

 The formation of thin films and nanostructures involving the stepwise incorporation of 

different “building block” precursors, from atoms and molecules to ultrasmall amorphous 

nanoparticles, is difficult to capture in real-time at the nanoscale. To explore these phenomena, we are 

employing laser-driven synthesis and processing of precursors within two reactors.  The first is a high 

vacuum optical microchamber that is positioned underneath an optical microscope that is coupled with 

a small excimer laser and other laser sources to allow pulsed-to-CW laser processing of microns-sized 

regions of specimens (either existing crystals, or precursor materials) with in situ Raman, 

photoluminescence, and second-harmonic generation spectroscopy.  The second is a 200mW laser 

(two wavelengths 985nm, and 415 

nm) that is nanopositioned within 

the Libra 200 TEM at the 

University of Tennessee (at JIAM, 

with Profs.  Duscher and Rack) to 

provide chopped pulses (or CW) of 

illumination to ~5 m regions of 

TEM grids during in situ TEM 

imaging, SAED, and EELS.   

 As shown in Figure 3, we 

are exploring how amorphous 

precursors undergo crystallization 

on a variety of TEM-grid 

substrates, both amorphous and 

crystalline.  In general, we find that 

the amorphous precursors 

crystallize in a stepwise fashion 

with increasing laser energy, in 

accordance with the Ostwald-

Lussac law of stages and can be 

trapped in metastable states.  We 

observe the convergence and 

flattening of the precursor material 

into two-dimensions, and 

orientational alignment driven by 

lattice matching to the substrate.  

By comparison to the excellent 

alignment to the MoSe2 substrate of 

Figure 3, for example, only 

polycrystalline films with random 

 
Figure 3.  in situ TEM, SAED, and EELS of the laser processing 

assembly of amorphous WSe2 ‘building blocks’ into 2D crystals on 

MoSe2 substrates.  Using a 985nm laser within a HRTEM, PLD-

deposited amorphous-TMDC precursors are processed shot-by-shot at 

different laser powers to induce and understand different crystallization 

and assembly pathways on   different substrates, such as freestanding 

graphene or (as shown here) MoSe2. SAED reveals the progression of 

amorphous, to polycrystalline, and finally epitaxial crystalline WSe2 on 

MoSe2.  Corresponding atomic-resolution Z-STEM images reveal the 

guiding role of the lattice-matched substrate in guiding crystallization by 

particle attachment and merging of islands. (in preparation) 
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crystal orientation can be obtained on graphene, and different kinetics and metastable states are 

observed.  Dewetting of the 2D film can be induced, and a variety of crystallization by particle 

attachment phenomena have been observed involving both 3D nanoparticles and 2D flakes.  This 

platform, utilizing laser-driven thermal and photolytic processes of predeposited precursors, provides 

insight on the processes involved during typical growth.  However, this approach differs from the 

stepwise delivery and crystallization of precursor species during typical growth by PLD or VTE.  By 

adjusting the precursor species and annealing procedure, both pathways can result in strikingly similar 

epitaxial WSe2 crystals on MoSe2.      

  

Future Plans 

 

Using in situ time-resolved reflectivity (Fig. 2) as a diagnostic technique, we will explore the effects 

of control over nucleation and growth rates on the crystallite size and film quality during the direct 

synthesis of 2D TMDC crystals by PLD.  We are implementing in situ Raman spectroscopy during 

PLD at elevated temperatures to assess crystalline quality and layer number, and will target individual 

crystals spectroscopically using remote microscopy.  Using our time-resolved plasma diagnostics we 

will explore the effects of tuning the precursor species (from atoms to nanoparticles) and associated 

kinetic energies via background gas collisions (a) directly in PLD film growth at high temperatures, 

and (b) for the deposition of convertible amorphous precursors at low temperature.     Through the use 

of existing 2D TMDC single crystals as witness plates to be analyzed by in situ diagnostics and ex situ 

atomic-resolution STEM, we will continue to explore the thresholds for atomic displacements and ion 

implantation on monolayers and few-layers using PLD plumes (as demonstrated in Fig. 1).  The 

synthesis of novel heterostructures by atomic replacement (as shown in Fig. 1), as well as doped layers 

and alloys, will be explored using KE’s in this ~ < 20 eV/atom range.  Conversely, by “soft-landing” 

amorphous material with very low KE, principally clusters and nanoparticles via ‘nanoparticle-PLD,’ 

we have the unique opportunity to explore the mechanisms of crystallization by particle attachment 

by controllably post-processing these precursors. We seek to understand pathways to crystallization 

and novel metastable nanophases both at the individual particle level and in ensembles.  These 

mechanisms will be investigated for different systems, including TiO2 and transparent conducting 

oxides, TiN – a plasmonic refractory material, as well as the TMDC precursors for 2D crystals.  We 

develop stepwise, pulsed laser processing techniques in several environments:  first, in a vacuum 

microchamber with in situ optical micro-spectroscopy techniques on TEM-grid-based substrates, 

second, directly in the HRTEM (as shown in Fig. 3) using imaging, EELS, and SAED, and third, at 

larger ~mm scale. These platforms permit multiple experiments with rapid feedback control, 

consistent with the priority research directions for synthesis to “integrate…in situ characterization 

tools to achieve directed synthesis with real-time adaptive control”. A novel nanoparticle PLD system 

employing 2 lasers will explore the synthesis of novel mixed phase nanoparticle-based coatings using 

multiple targets and photolytic processing to incorporate nanoparticle building blocks on a variety of 

practical substrates, with relevance to additive manufacturing of energy-relevant coatings. 
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Program Scope 

 

This program addresses a critical research need in synthesis science to understand, predict, and 

ultimately direct the synthesis of novel quantum nanomaterials, especially atomically-thin 2D 

materials, and hierarchically assembled oxide nanostructures that are crucial to DOE’s energy mission. 

The remarkable properties of such quantum nanomaterials result from confinement, interfacial 

interactions, and dimensionality effects at the same length scales where fundamental synthesis 

questions arise. The research approach therefore integrates real-time diagnostic synthesis 

environments with theoretical and computational methods to understand the mechanisms of formation 

and assembly of the “building blocks” of nanomaterials, coupled with the development of new 

synthetic platforms that will permit their controllable assembly into quantum nanomaterials with 

desired properties. In order to access novel metastable states, the program emphasizes the development 

of synthesis methods and real-time diagnostics to both induce and probe chemical and physical 

transformations away from thermodynamic equilibrium, combining laser driven synthesis and 

processing with laser spectroscopic diagnostic techniques, along with in situ electron microscopy, and 

neutron scattering.  By revealing the kinetics, energetics, and interactions governing the assembly of 

nanostructures from well-defined “building blocks” the program endeavors to develop methods for 

nanomaterial synthesis integrating new approaches coupling theory/computation and experiment for 

adaptive real-time control with feedback over multiple length scales.   

 

Recent Progress 

 

Atomically thin two-dimensional (2D) layered materials and their heterostructures form an almost 

infinite palette of new candidate quantum materials. Quantum confinement within individual 

monolayers, bilayers, etc. and their heterostructures endow unique quantum properties that are 

typically far different than their parent bulk compounds. In addition, heterogeneities in 2D materials 

such as defects, substitutional dopants, edges, layer stacking, and strain offer tremendous opportunity 

to tailor quantum states. For example, specific defects in 2D materials can localize excitons to create 

robust quantum emitters in 2D materials such as WSe2 or hBN that are envisioned for quantum 

information applications. By tailoring the stacking of the same or different component layer “building 

blocks” various artificially-structured phases and heterostructures can be formed to explore emergent 

quantum properties. However, there are still significant challenges to tailor the functionality of 2D 

materials for quantum information applications which require fundamental understanding and control 

of heterogeneity during synthesis and processing. To better understand the evolution of heterogeneities 

in 2D crystals during synthesis and processing, including strain, phase, and edge structures and their 

emergent functionalities, we have recently developed in situ diagnostics both the microscale using 

optical imaging and laser spectroscopy, and at the atomic scale using electron microscopy and 

spectroscopy.  In this talk, we will present our recent progress in these areas.  
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 Defects in 2D materials are not only crucial to enable new optical and electronic properties or 

localized quantum emitters, but also to drive structural phase transitions for the formation of new 

metastable phases for quantum materials (e.g., phase transformations from 2H to 1T, or 1T’). Recently, 

as shown in Figure 1, we have revealed a defect-mediated phase transformation in 2D PdSe2 layers 

under the Ar-plasma irradiation.  When exposed to the Ar-plasma many defects were formed in the 

few-layer PdSe2 crystals, however 

instead of increasing disorder and 

amorphizing the crystal, the defects 

helped to self-assemble a new crystalline 

phase with different stoichiometry, 

Pd17Se15, that formed seamless contact 

with the layered PdSe2. DFT calculations 

were performed to understand this 

defect-mediated phase transformation 

process. This new phase is metallic and 

provided a seamless contact to 

significantly reduce the contact 

resistance down to ~0.75 kΩ m for 

ohmic contacts in PdSe2 transistors, 

resulting in a 20-fold improvement of the 

carrier mobility. The results illustrate the 

importance of understanding and 

controlling defect generation and 

evolution pathways to enable  new 

phases with modulated properties, not 

only for next-generation 2D electronic 

devices, but for the exploration of lateral 

2D heterostructures with emerging 

quantum states such as Weyl and Dirac 

semimetals and topological 

superconductivity.  

 Strain can not only can tune the 

optoelectronic properties in 2D materials (e.g., to localize excitons for single photon emitters) but can 

stabilize metastable phases for emerging quantum states. In order to understand how atomically thin 

2D crystals accommodate strain as they grow over curved surfaces, and how this strain changes their 

growth habits and optoelectronic properties, we developed a synthetic way to control the strain in 2D 

crystals. As shown in Figure 2, monolayer WS2 crystals were grown by chemical vapor deposition on 

substrates that had been lithographically patterned with features differing in Gaussian curvature (KG). 

The crystals were triangular and grew without strain up and down linear steps and trenches as deep as 

180 nm (where KG = 0), which is important for vertical integration strategies of 2D materials.  

However, features that incorporated positive and negative curvature, such as donuts (see figure), 

induced biaxial strains within single crystals that could be tolerated up to 1.5%.  Taller features exerted 

strains sufficient to induce defects which fractured the crystals. Importantly, instead of hindering the 

growth, obstacles with nonzero Gaussian curvature were shown to accelerate the growth rate of crystal 

facets in the strain-tolerant regime. This acceleration was explained by a simple model that included 

multiplication of nucleation sites induced by the strain caused by these obstacles. Phase-field 

simulations were performed to understand the shape evolution of the crystals. The results provide a 

synthetic strategy to engineer the strain of 2D materials in three dimensions to achieve predetermined 

optoelectronic properties, phase transformations, and other effects important for quantum information 

 
Figure 1.  Defect-mediated phase transformation by plasma 

exposure in highly anisotropic 2D PdSe2.  (a) a schematic image 

shows the selective plasma irradiation of 2D semiconducting PdSe2, 

inducing a phase transition to metallic nonlayered Pd17Se15 phase, and 

forming atomically shape interface as seamless contact in PdSe2 

transistors. (b) a STEM image of formed PdSe2/Pd17Se15 junction 

shows the atomic sharp interface. Inset of figure (b) shows the DFT 

calculation illustrating the transformation pathway from layered 

PdSe2 to cubic Pd17Se15 through the loss of Se atoms. (c) Optical 

image of a PdSe2 device, with irradiated contact area used to obtain 

the transport properties of irradiated area, pristine channel with 

traditional Ti/Au contact, and pristine channel with Pd17Se15 contacts. 

(d) Transfer curves of the irradiated region, PdSe2 channel with Ti/Au 

contact, and PdSe2 channel with Pd17Se15 contact. (A. D. Oyedele, et 

al., J. Am. Chem. Soc. 141, 8928 (2019)). 
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science and other applications. 

 Strain also plays a key role in the growth of 2D crystals on flat 

substrates when two monolayer triangular single crystals collide, or 

when domains of fractured monolayer crystals (such as shown in the 

third panel of Figure 2) interact. This situation is of key relevance 

since understanding how multiple randomly-oriented crystals 

converge into monolayer films and form grain boundaries is crucia  

lly important to macroscale electrical transport and other properties. 

We (and other groups) have reported the existence of twisted bilayer 

overlap regions during some interactions between triangular 

crystallites where one material appears to grow up and over the other, 

resulting in a thin bilayer ribbon growing at the mismatch angle, such 

as those shown in Figure 3.  Alternatively, nucleation of a 

misoriented grain at the boundary is possible, followed by second-

layer vdW heteroepitaxy. The process is poorly understood, however 

if it can be controlled it allows the direct synthesis of a much wider 

variety of bilayers with unusual twist angles and properties.  Like the 

collision between two tectonic plates at the macroscale, 

understanding the energetics of strain developed during the collision 

of atomically-thin crystals, and the vdW interactions between the 

crystals and the substrate for different twist angles, form an important 

fundamental problem which we are currently investigating with 

spectroscopic diagnostics, imaging, theory, and atomic-scale electron 

microscopy.    

 The edge structure and chemistry of 2D materials are crucially 

important for tailoring their magnetic, optical, electrical, and catalytic 

properties for specific applications. In order to understand this edge 

 
Figure 3.  Twisted bilayer ribbon 

grain boundaries from two 2D 

monolayer crystals. (top) The 

formation of twisted bilayers 

sometimes occurs when two 2D 

MoS2 crystals meet during growth. 

(bottom) Moiré lattices reveal the 

twist angle (here for WS2).  

Preferred angles and theoretical 

simulations are investigating the 

driving forces for this effect (in 

preparation).) 

 
Figure 2.  Effects of strain on the growth of 2D crystals.  Triangular 2D crystals of WS2 were grown on lithographic 

features to induce strain via Gaussian curvature KG.  (1) Features such as trenches with KG = 0 induce no strain and 

growth rate is constant, as shown by PL imaging.  (2) Features such as donuts with KG ≠  0 induce strain, as revealed by 

shifts in the PL and Raman spectra.  The crystals can stretch to tolerate strains up to 1.5% while remaining single crystals 

(shown by SHG mapping). Interestingly, the strained facets increase their growth rate.  (3) Above this strain, defects 

form, and the crystal essentially fractures to grow in different directions, as SEM and SHG mapping shows.  K. Wang, 

et al., Sci. Adv. 5 (5), eaav4028 (2019). 
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evolution and reconstruction at the 

atomic scale, we performed in situ 

heating experiments using aberration-

corrected scanning transmission 

electron microscopy (STEM) to track 

the edge evolution and transformation 

in Mo1−xWxSe2 (x = 0.05) monolayers 

that we had synthesized by VTE 

growth.  As shown in Figure 4a, 

varying the local chemical potential 

during heating triggers the formation 

of nano-pores that become terminated 

by different stable reconstructed edge 

configurations that possess different 

metallic and/or magnetic properties. 

Our density functional theory 

calculations and ab initio molecular 

dynamics simulations explained how 

the local chemical potential induced 

the observed thermally-induced 

structural evolution and the exceptional stability of the four most commonly observed edges. As shown 

in Figure 4b, the atomistic dynamics of defects during the elimination of a grain boundary can also 

be understood during thermolysis-driven growth of MoS2 crystals by mimicking growth conditions 

within the TEM.  This coupling of computational modeling and in situ atomistic STEM imaging in 

changing chemical environments demonstrated here provides a pathway to explore the controlled 

atomic scale manipulation of matter for the directed predictive synthesis of edge configurations and 

phases of 2D materials with desired functionality.  

   

Future Plans 

 

We will continue to explore the fundamental role of strain in the growth of 2D crystals during the 

CVD synthesis process by employing lithographically-defined substrates and materials with layer-

dependent optical properties, such as PdSe2 and WSe2.  Through a synthetic strain-engineering 

approach, we will attempt to stabilize new metastable phases in 2D PdSe2 for emerging quantum states 

(e.g., Weyl semimetals and superconductors) and to localize excitons for single photon emitters in 

other 2D materials (e.g., WSe2). Understanding the growth sequence of bilayer crystals is very 

important to construct heterostructures and bilayer crystals with well-defined stacking. Therefore, 

using our recently-developed laser thinning approach combined with our ability to grow isotopically 

pure 2D materials in sequenced fashion, such as 92MoS2 and 100MoS2, we will undertake studies to 

identify the growth sequence of bilayer crystals with different stacking angles, with relevance to the 

synthesis of twisted bilayers with long-range ordered Moiré superlattices. We will also explore the 

rich opportunities for defect-mediated phase transformations and dynamics in PdSe2 and other layered 

2D materials employing laser-driven, thermal, and plasma-driven processes using the in situ time-

resolved laser spectroscopic platform in our custom-designed microchamber. STEM/EELS will 

provide atomistic information on how defects form, aggregate and finally induce the structural 

reconstructions that form new phases.  Each of these approaches address priority research directions 

for synthesis to “integrate…in situ characterization tools to achieve directed synthesis with real-time 

adaptive control”.   

 
Figure 4.  in situ STEM observation of the atomistic edge 

reconstruction dynamics and grain coalescence process induced by 

heating. (a) Atomic resolution HAADF-STEM image frames showing 

typical states in the process of edge reconstruction from a ZZSe-Se to 

ZZSe-Mo-NW30. Scale bar is 1 nm. (b) STEM images acquired at 

different times show the reorientation of two grains initially exhibiting 

different orientations at 600 °C. Atoms from the right grain at the grain 

boundary are marked by blue circles. ((a) X. Sang, et al., Nat. Comm. 9, 

2051 (2018); (b) X. Sang, et al., Adv. Funct. Mater. 1902149 (2019)). 
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Oriented Attachment Induces 5-Fold Twin Formation via Forming and Decomposing High-

Energy Grain Boundaries 

 

PI: Dongsheng Li, Pacific Northwest National Laboratory 

Program Scope 

 The vision of this Does Basic Energy Sciences (BES) Early Career project is to reveal the 

unknown molecular mechanisms of mass transport and structural evolution during classical and 

nonclassical nanocrystal synthesis to enable the design of nanostructures with controlled size and 

morphology and tailored properties. Specifically, the research investigates two types of growth 

mechanisms of branched structure formation: (1) particle-based growth, particularly oriented 

attachment (OA), and (2) vapor-liquid-solid (VLS) growth. Representative examples of metal1,2 

(Au, Ag, Pd), oxide3,4 (TiO2, Ag3PO4, OA), and semiconductor5 (PbSe, VLS) material systems are 

under investigation.  

My specific objectives are the following: 

Objective 1. Establish the source of the driving force for OA, the barriers to OA, and the factors 

that control them, including surface charge, solvent exclusion, and interface hydration. 

Objective 2. Understand the source of hierarchical organization—i.e., branching at many length 

scales—during OA and VLS growth and the correlation between branching rate and trunk 

extension. 

Objective 3. Use the knowledge gained from Objectives 1 and 2 to direct growth of nanostructures 

for tailored properties. 

Currently, we are working on Objectives 1, 2, and 3.  

 Recent Progress  

 Over the past year, I made significant progress in understanding crystal growth 

mechanisms and thus designing/controlling their structures, which are closely tied to their 

functional applications. Specifically, (1) We revealed that OA induced fivefold twin formation via 

forming and decomposing high-energy grain boundaries. (2) We established the mechanisms of 

particle interactions, the interplay of forces driving particle aggregation, and the factors controlling 

the assembly process and final structure, such as solvent, particle shape, and ligands. (3) We 

determined the mechanism of branched PbSe nanowire growth via VLS and studied the factors 

controlling branch density and branched wire size. (4) In previous work, I identified the 

mechanisms of phase transition from anatase to rutile and confirmed that this phase transition 

correlates to the OA, which results in branched rutile nanowire growth. Building on this discovery, 

we further identified the structure-function relationship of the transitional phases, whose presence 
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improves the photocatalytic activity of TiO2. (5) We investigated the role of edge dislocations, 

induced via OA, in improving photocatalytic activity of TiO2.  

Here, we present the details of OA induced 

fivefold twin formation via forming and 

decomposing high-energy grain boundaries 

(Figure 1). The occurrence of fivefold twinned 

nanoparticles, commonly observed in both 

natural and synthetic crystalline materials, 

leads to unique properties. However, nearly 200 

years after their discovery, the formation 

mechanism is still ambiguous. Using in situ 

high-resolution transmission electron 

microscopy (TEM) combined with molecular 

dynamics simulations, we demonstrate that 

fivefold twinning occurs via repeated OA of 

~3 nm Au nanoparticles. These OA events 

create high-energy grain boundaries, which 

accumulate strain during atomic rearrangement 

and consequently decompose via nucleation 

and growth of a special class of twins whose net 

strain is zero, inducing the fivefold twin 

structures. The results provide a quantitative 

understanding of the fivefold twinning process; 

this knowledge provides guidance for 

interpreting and controlling twin structures and 

morphologies of a wide range of materials. 

Future Plans 

 I will continue to perform force measurements via atomic force microscopy and dynamic 

force spectroscopy on TiO2 systems to investigate the factors that control OA, such as temperature, 

salts, pH, etc. TEM experiments will be carried out for imaging under in situ heating conditions to 

achieve a quantitative understanding of  (1) crystal growth via nonclassical pathways, such as OA 

(TiO2, Ag3PO4, and ZnO), (2) screw-dislocation–driven VLS growth (PbSe branched nanowires), 

and (3)  the source of hierarchical organization and direct hierarchical growth..  
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Figure. 1. (A-B) Formation of Σ32 and ~90° concave 

surfaces after the OA process. (C) Migration of atoms to 

the concave surface region (cyan arrow) with the 

formation of the Σ9 GB and Σ32 migration of two atomic 

layers toward region III from II. (D-G) Oscillation 

between Σ27-(200)I and Σ27-(111)IV configurations and 

corresponding angle of α between Σ32 and Σ27. (H) 

Nucleation of zero strain twin (ZST)on Σ27 near twin 

pole. (I) Formation of fivefold twin. The red arrow in (G) 

denotes one layer of twin interface through partial 

dislocation slipping. 
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Electrochemically Driven Nanostructures: Opportunities and Challenges 
 

Jun Liu, Pacific Northwest National Laboratory, Richland, WA 99352 

 

Program Scope  

 

The objective of this program is to develop general principles for the synthesis of 

nanocomposite materials with multiscale structural control. In particular, the program will 

focus on role of the solvation and interfacial structures and interactions on local nucleation, 

secondary nucleation and assembly, and the effect of an external field on the interfacial 

interactions. The program will be based on four integrated elements, model experimental 

systems will well-defined interfacial structures, extensive tools to characterize the interfaces, 

in-situ and ex-situ methods to monitor the nucleation and growth processes, and theory to 

incorporate the effects of interfacial structures and predict nucleation and synthesis. The 

knowledge gained will be used to understand and control nucleation and assembly of 

materials with both atomic and longer length-scale ordering, and furthermore, to develop 

principles for synthesizing hierarchical structures assisted by external fields. The results from 

such studies have implications for energy storage and conversion. State-of-the-art 

characterization techniques, in particular transmission electron microscopy (TEM), atomic 

force microscopy (AFM), will be used to probe the early-stage nucleation processes with 

unprecedented time and spatial resolution. Extensive molecular and mesoscale computer 

modeling will also be used to elucidate fundamental mechanisms of interfacial binding, 

nucleation, and self-assembly, and guide the materials synthesis efforts. 

 

Electrochemically Driven Nanostructures 

 

External fields provide an effective method for controlling local environment around the 

nucleation sites and interfaces and another method for controlling the pathways of 

heterogeneous crystal growth and affect the reaction mechanisms and outcomes. One hand, 

electrochemical deposition is widely studied to prepare nanomaterials and oriented 

nanowires. On the other hand, electrochemical deposition is also a very important problem in 

the properties of energy storage materials. Example include lithium dendrite formation in 

batteries which is a large safety concern. This program focuses on the early stages of 

nucleation under mild electrochemical deposition conditions. 

 

Figure 1. Approaches to understand 

nucleation in electrochemical 

deposition. (a) The interplay 

between substrate chemistry, surface 

absorption and capping and the 

electrochemical driving forces. (b) 

and (c) Examples of different 

functional groups on carbon. (d) 

different morphologies of Li metal 

deposited on different carbon 

surfaces from needle-like structures     

to smooth deposition (PNNL unpublished). 
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Under mild electrochemical depositions, the role electrochemical driving force can be similar 

to thermodynamic driving force under hydrothermal conditions. Under hydrothermal 

conditions, the nucleation is induced by changing temperature so that the concentration of the 

precursors is higher than the solubility (super saturated solutions) and the thermodynamic 

driving force is related to the degree of supersaturation. Under electrochemical deposition, 

the available reaction species is related to the current density. Therefore, the opportunities 

and challenges depends on the knowledge and ability to systematically vary the 

electrochemical driven force to derive the desired outcomes. Figure 2 shows examples of 

electrochemical deposited nanowires. Under normal conditions polymer films were 

produced. The nanowires were obtained by modulating the current density. The hypothesis is 

that the nucleation and growth can be separately manipulated. However, similar phenomena 

should be avoided on the anode of an electrochemical battery cell (Figure 1) to prevent 

dendrite formation. 

 

Figure 2. Electrochemically 

deposition of oriented conducting 

polymers on conducting and 

semiconducting substrates. The 

polymers chains are also 

molecularly aligned. The polymer 

seeds were first deposited with a 

large current density, followed by 

slow growth of polymer nanowires 

at a low current density.1  

 

 

The microstructures of the electrochemically deposited film are also related to the interfacial 

reactions between the surface of the substrate and the solvent molecules. For example, in 

most cases all solvent molecules react with Li metal and such reactions promote the 

formation of Li dendrites. We have developed a general mechanism to stabilize the interface 

based on the choice of salt-to-solvent molar ratios. We find that with a high salt-to-solvent 

molar ratio (1:2), the solvent molecules are mostly coordinated in the solvation shell of the 

Li+ ions, which effectively suppresses the reactivity of solvents toward graphite or Li-metal 

anode. The new solvent is successfully deployed in commercial Li-ion cells as a non-

flammable electrolytes, demonstrating good electrochemical performance comparable 

traditional electrolytes. Non-dendritic Li plating/stripping with high coulombic efficiency 

(CE) (>99%) is achieved in Li/Cu half-cells showing the potential of employing 

nonflammable electrolytes in Li-metal batteries. 
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Figure 3. Morphologies of electrochemically deposited Li films. (a) Non-dendritic Li 

deposition of large Li particles when the Li-solvent interactions are suppressed. (b) 

Deposition of high surface area Li dendrites. (c) Stripping and deposition of Li in stabilized 

solvents. (c) Columbic efficiency of Li deposition.2 
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Molecularly organized nanostructured materials 
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Program Scope 

 The goal of this project is to develop innovative approaches employing molecularly 

directed interfacial reactions to control crystallization and self-assembly of functional 

nanocomposites for energy applications. Synthesis of these materials has been extensively studied, 

but a unifying theory underlying such synthesis processes is lacking. The central challenge is to 

develop principles to predict the synthesis of ordered, hierarchical materials with structural 

ordering across scales from atomic to nanoscale and beyond. We hypothesize that a general 

principle of interface-controlled nucleation and self-assembly can be developed to predict and 

control the synthesis of nanocomposite materials with multiscale structural ordering. This project 

will focus on interfacially controlled nucleation in synthesizing carbon-metal-metal oxide 

nanocomposite materials. The knowledge gained will be extended to understand and control self-

assembly of materials with both atomic and longer length-scale ordering, and furthermore, to 

develop principles for synthesizing hierarchical structures through multi-generation homoepitaxial 

nucleation processes. The results from such studies have implications for many energy 

applications, including batteries, supercapacitors, fuel cells, and H storage and generation. State-

of-the-art transmission electron microscopy (TEM), atomic force microscopy (AFM), nuclear 

magnetic resonance (NMR), and other spectroscopy techniques will be used to probe the early-

stage nucleation processes with unprecedented time and spatial resolution. Extensive molecular 

and mesoscale computer modeling will also be used to elucidate fundamental mechanisms of 

interfacial binding, nucleation, and self-assembly, and guide the materials synthesis efforts. This 

research addresses the BES grand challenge of developing “...atom-precise and energy-efficient 

synthesis of revolutionary new forms of matter with tailored properties.” 

 

 Recent Progress  

 This project is demonstrating the potential of a general synthetic approach for multiscale 

structural control by manipulating the interfacial nucleation and self-assembly of nanoscale 

building blocks, developing an integrated theoretical and experimental approach, and developing 

and applying new in situ characterization tools. We developed a theoretical framework for 

modeling interfacially directed crystallization pathways and a suite of in situ scanning probe and 
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TEM characterization techniques for monitoring nucleation and crystal growth processes. Through 

a combination of theoretical and experimental research, we have shown that the interfacial solvent 

structure, ion distributions in the double layer and on the surface are critical controls for surface- 

directed nucleation and growth. Using a model system of ZnO nanoparticles, we have shown that 

the correlated fluctuation dynamics of growth solutions in the interfacial region largely dictates 

the morphology of hierarchical architectures (Fig. 1).1 The project also demonstrated that face 

specific ion and ligand adsorption onto nanoparticle surface and surface defects directs particle 

growth and heterogeneous nucleation by modifying surface strain, surface energy2 and surface 

reactivity,3 respectively. Finally, the project has demonstrated that the electrochemical properties 

of electrode materials can be manipulated using electrolyte‐dependent reaction mechanism.4 

1. Mechanisms of formation of highly-branched wurtzite ZnO nanostructures. Initial stages of 

branched structure formation were captured to delineate between two possible growth pathways: 

oriented attachment of nanoparticles, as is often surmised, or a process of repeated secondary 

nucleation.1 Using a range of precursor concentrations, we systematically vary hierarchical 

organization of ZnO architectures and investigate their formation by liquid phase scanning electron 

microscopy (SEM) and high-resolution 

transmission electron microscopy interpreted via 

classical Density Functional Theory (cDFT). At low 

[Zn2+], ZnO “flowers” with stocky branches 

elongated along [0001] form, with stems and 

branches exhibiting a unique crystallographic 

relationship attributable to minimization of lattice 

mismatch. At intermediate [Zn2+], a more complex 

structure of thin, intergrown platelets appears, 

growing fastest along the [-1-1 2 0]. At still higher 

[Zn2+], hedgehog-like structures emerge with 

branches again elongated along [0001].  In situ 

liquid phase SEM demonstrates that all branches 

form through secondary nucleation and grow by classical processes. cDFT results imply the 

morphological evolution with increasing [Zn2+] arises from an interplay between rising 

thermodynamic driving force, which promotes branch number and variability of orientation, and 

increasing barriers to interfacial transport due to ion correlation forces that alter the anisotropic 

kinetics of growth. These findings provide a quantitative picture of branching that sets to rest past 

controversies and advances efforts to decipher growth mechanisms of hierarchical structures in 

real solution environments. 

2. Morphology control of anisotropic nanocrystals. We investigated the formation of Au penta-

twinned nanorod by liquid cell transmission electron microscopy (LC-TEM).2 It is found that a 

truncated-decahedron forms in the absence of cetyl-trimethyl ammonium bromide (CTAB), 

whereas in the presence of CTAB a penta-twinned nanorod forms by producing {100} facets via 

 

Figure 1. Hierarchical organization of ZnO can be 

systematically varied by varying precursor 

concentration. This study conclusively proves that 

all branches form through secondary nucleation 

and grow by classical processes.  
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reentrant groove and selectively inhibiting atom addition to {100} facets. Density functional 

theory (DFT) simulations predicted that partial relieve of strain energy of decahedral nanoparticle 

by Br- ions adsorption causes the {100} facets to appear possibly via reentrant groove at smaller 

size. The asymmetric selective adsorption of CTAB onto the Au {100} facets results in the 

decrease in the surface energy of {100} facets below that of the {111} facets and drives the 

formation and anisotropic growth of penta-twinned nanorod. Strain and surface energy-tuning 

strategies are proposed to play a key role in regulating penta-twinned nanostructure, providing a 

new insight for controlled synthesis of metallic nanorods. Our work points out the importance of 

the synergy of strain and surface energy, which provides an in-depth insight into the anisotropic 

growth of nanorods and lays foundations for controlled synthesis of nanomaterials. 

3. Mechanism for growth of supported porous materials. New mechanism is discovered that 

utilizes an active substrate to provide control over the nucleation sites and kinetics of growth of a 

porous overlayer.3 A combined in situ atomic force microscopy and ab initio molecular dynamics 

study of a benchmark metal organic framework (MOF), ZIF-8 growing at the ZnO/H2O interface 

in the presence of the MOF linker molecule, 2-methyl-imidazole (2-MIM) revealed that MOF 

formation is controlled by dissolution of surface Zn2+ ions, which, in turn, is controlled by multiple 

roles of 2-MIM as a “step-pinner” and “dissolution-promoter” at the distinct step edges and 

terraces of the ZnO substrate. This synergy between metal oxide dissolution and linker adsorption 

provides a new avenue for designing synthetic processes of porous heterostructures. 

Our findings point towards an approach to synthesis of heterostructures that goes beyond simple 

principles of lattice matching. Instead, the results highlight the possibility of utilizing organic-

substrate interactions to manipulate the substrate surface chemistry, dissolution kinetics and 

geometry, and the chemical potential of desired products to define the nucleation and growth 

characteristics of the overgrown layer. Such an approach may provide a general strategy for 

controlling heterostructure orientation, composition and formation kinetics. As an example of an 

application of this approach, we synthesized ZIF-8 with dual porosity using ZnO nanorods and 

spherical nanoparticles as an active substrate. The size and shape of ZnO nanostructures, which 

are completely consumed during synthesis, defines the larger-scale porosity, while fine-scale 

porosity is defined by the intrinsic pore size of ZIF-8 framework.  

4. Atomistic insight into particle coalescence. By using in situ liquid-cell transmission electron 

microscopy, we reveal the initial contact of Au nanocrystals over their hydration layers, which is 

achieved via the newly formed nanobridge between the nanocrystals.5 Classical density functional 

theory calculations and ab initio molecular dynamics simulations suggest that the formation of 

nanobridge is attributed to the accumulation of auric ions and higher local supersaturation in the 

gap. The resulted nanobridge can promote the dehydration, contact and fusion of the Au 

nanocrystals and this mechanism can be used for a controllable aggregation. Our finding provides 

an indepth understanding of the role of solution ions/atoms in nanoparticle coalescence process. 
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5. Charge storage mechanism in aqueous rechargeable zinc–manganese dioxide batteries. We 

demonstrated a new charge storage mechanism in δ‐MnO2 for designing high‐rate performance 

Zn‐MnO2 batteries.4 A joint nondiffusion controlled Zn2+ intercalation in bulk δ‐MnO2 and H+ 

conversion reaction pathway was identified in δ‐MnO2 cathode during charge and discharge, in 

which the charge storage mechanisms could be tailored through electrolytes, especially via the 

anion of zinc salt. Fast reaction kinetics not limited by ion diffusion was realized for Zn‐δ‐MnO2 

batteries in Zn(TFSI)2‐based mild aqueous electrolyte in a wide C‐rate range. This mixed energy 

storage mechanism contributes to superior high rate electrochemical performance of 136.9 mAh 

g−1 discharge capacity at 20 C and 93% capacity retention after 4000 cycles. This study opens a 

new gateway to the design of high‐rate electrode materials by manipulating the effective redox 

reactions in electrode materials for rechargeable batteries.  

 

Future Plans 

Future work will focus on fundamental understanding of the role of solvent and electric field 

in nucleation on well-defined nanostructured substrates. The emphasis will be on the impact of 

interfacial solvent properties and solution composition on early stages of heterogeneous 

nucleation, phase evolution and branch formation and on the role of electric field in manipulating 

these processes. Future research will be based on four integrated elements: modeling experimental 

systems with well-defined interfacial structures, extensive characterization of interfaces, in situ 

and ex situ methods to monitor nucleation and growth processes, and theory to incorporate the 

effects of interfacial structures and predict nucleation and assembly. This project will focus on 

four key tasks.  

1. In-depth study of physico-chemical processes taking place during metal nucleation on graphitic 

surfaces in electric field. 

2. Using newly developed AFM-based technique for measuring interfacial solvent structuring 

with sub-nanometer spatial resolution to explore solvent structure evolution during 

heterogeneous nucleation. 

3. Explore and apply principles of interface- controlled crystallization in simple solvents and in 

ionic liquids and self-assembly to control the pathways leading to complex higher-order 

architectures. 

4. Expanding the materials systems to include two dimensional crystalline and quantum 

materials, 
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I. Program Scope 

Graphene and other 2-d layered materials have been in mainstream research because of their 

unusual electronic and magnetic properties [1-3]. These properties can be tuned by finding ways to control 

further their band structure. One way to accomplish this target is by metal intercalation of graphene or 

graphite. Besides tuning graphene properties the intercalated metal is chemically well protected by 

graphene on top. Intercalation is a very promising and unexploited process with large potential for synthesis 

of 2-d heterostructures that is poorly understood. One FWP goal is for a given metal to identify the key 

thermodynamic processes and kinetic barriers that control intercalation [5]. Essential processes (adatom 

diffusion, lattice incorporation, adatom transfer to lower layers, de-intercalation) have not been yet clarified. 

Depending on the kinetic pathways chosen, different intercalated phases can form, which can be used to 

build metal/graphene heterostructures. For these heterostructures it is important to determine their 

formation energies, their thermal stability and temperature range of operation. 

Another FWP goal is to use electronic interactions across the interfaces in metal/graphene 

heterostructures to modify the potential experienced by the graphene electrons, to generate novel 

topological phases and to synthesize quantum materials. Layered heterostructures are commonly fabricated 

via mechanical stacking of exfoliated layers of 2-d materials, but this has limitations because of interface 

contamination. Using metal intercalation on graphitic substrates offers a 

new synthesis method to grow stacked quantum materials with tunable 

properties. The grown heterostructures X1-G or X1-G-X2 will consist of 

the intercalated metal X1 below; of graphene G; and a different metal X2.  

Because interfaces are critical in layered materials they require the 

use of complementary techniques for structure (high resolution LEED and 

STM) and band structure (ARPES) characterization. These experimental 

efforts will be carried out in parallel with theoretical efforts to define the 

optimal systems, the growth “window” to fabricate the heterostructures 

and their energetic stability.  

II. Previous work 

Defect-mediated intercalation of metals in graphite. Dy island 

encapsulation Metal intercalation experiments were carried on 

graphite[5]. We found that 3 metals--Dy, Ru, and Cu--can be encapsulated at the graphite (0001) surface if 

two specific conditions are met: Defects are present in the graphite surface to act as entry portals for the 

deposited atoms, and the deposition temperature is well above ambient. Focusing on Dy as a prototype, we 

have shown that surface intercalation is much different than bulk intercalation (commonly performed under  

liquid environment ) because the intercalated metal takes the form of bulk-like Dy rafts, rather than the 

(√3×√3)R30o structure known for the bulk compound. For each metal  a specific temperature “window” 

applies when the kinetic processes become sufficiently fast. Since this type of nucleation is new modeling 

has been performed to understand what controls the nucleation time and location.  Theory and stochastic 

lattice-gas modeling  were developed to understand the formation of intercalated islands between the top 

and underlying layer at the surface of layered materials[6].  

Cu island encapsulation When the substrate is held at 800 K during deposition, conditions are optimal for 

the formation of encapsulated multilayer Cu islands[7]. Deposition temperatures below 600 K favor 

adsorbed Cu clusters on top, while deposition temperatures above 800 K favors single-layer intercalated 

Cu islands. The multilayer Cu islands are characterized in detail with respect to size and shape, thickness 

and continuity of the graphitic overlayer, relationship to graphite steps, and stability in air. The experimental 

techniques used are STM and X-ray photoelectron spectroscopy. We also use DFT to compare stabilities of 

a wide variety of Cu atom distributions  on/under graphite.  

Modeling of encapsulated Cu island shapes We develop a continuum elasticity (CE) model for the 

 
Fig. 1.Encapsulated Cu islands 

across graphite steps separating 

different terraces. The step height 

at the top (black arrow) is the same 

as the step height at of the terrace 

(green arrow) 0.33nm, the step of 

graphite. This indicates bilayer 

graphene is covering the upper part 

of the island. 
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equilibrium shape of these islands, and compare its predictions with experimental data[8]. The CE model 

incorporates appropriate surface energies, adhesion energies, and strain energy. The agreement between the 

CE model and the data is—with one exception—excellent, both qualitatively and quantitatively. The model 

predicts that the embedded island shape is invariant with size, manifest both by constant side slope and by 

constant aspect ratio. The aspect ratio of an embedded Cu island is much larger than that of a supported but 

non-embedded Cu island, due to resistance of the graphene membrane to deformation. Experimental data 

diverge from the model predictions only in the case of the aspect ratio of small islands, below a critical 

height of ~10 nm. Strong support for the CE model and its interpretation is provided by additional data for 

embedded Fe islands.  

Encapsulation of Ru islands Using STM and XPS we show that Ru can form metallic nanoislands on 

graphite [9]. These islands are air-stable, contain 2 to 4 single-atom layers of Ru, and have diameters on 

the order of 10 nm. The graphite surface must first be ion-bombarded, then held at elevated temperature 

(1000 to 1180 K) during Ru deposition. A coincidence lattice forms between graphene and the Ru island 

top. Its characteristics closely resemble the well-established characteristics of single-layer graphene on the 

(0001) surface of bulk Ru. The embedded Ru islands are energetically favored over on-top (adsorbed) 

islands, based on DFT calculations for Ru films.  

Manipulation of Dirac cones in intercalated graphene We have theoretically investigated 

the electronic band structure of epitaxial graphene on SiC with intercalation of rare earth metal ions 

(e.g., Yb and Dy) [4]. The intercalation can be used to control the coupling of the constituent 

components (buffer layer, graphene, and substrate), resulting in strong modification of the 

graphene band structure. It is demonstrated that the metal-intercalated 

epitaxial graphene has tunable band structure by controlling the position 

of the Dirac cones, the shape of the band dispersion (whether linear 

or quadratic); and the intercalation layer the metal adatoms are 

bonded to (i.e. whether between buffer layer and substrate or between 

graphene and buffer layer).  

Interface modification of the potential of graphene electrons. We have 

studied the structural and electronic properties of graphene grown on SiC, using 

low energy electron diffraction (SPA-LEED), STM and angle resolved 

photoemission spectroscopy (ARPES) [10]. We find in the ARPES spectra 

several new replicas of Dirac cones in  the Brillouin zone (BZ), which have not 

been seen in previous graphene work because of the low quality graphene-SiC 

interface. The location of the replica cones are only at 3 wavevectors of the 63 

× 63 unit cell of the Moire (out of 169 possible wavevectors) at the buffer 

layer–SiC interface. Since the same wavevectors are also seen in the SPA-

LEED diffraction this confirms that these wavevectors are intrinsic to the interaction Hamiltonian the 

electrons experienced oat the interface. 

III. Future Plans 
Encapsulated metal islands under graphite. In addition to Dy, Cu, Ru, we have observed similar 

encapsulated islands with Pt and Gd. In all cases, the graphitic lattice can be clearly resolved atop the metal 

island and on the sides. The good crystalline quality of the metal is evidenced by the faceted shape and, in 

the case of Ru and Dy, by the presence of a Moiré pattern which reflects long-range coincidence between 

the periodicities of the metal and the graphitic overlayer lattices.   

There are a number of important, open questions about these structures, even for the elemental 

metals. One major topic is their mechanism of formation. From the experiments, it is clear that defects 

induced by ion bombardment are necessary [5] but the ratio of encapsulated islands to defects is very small, 

suggesting that only a small fraction of defects serve as effective entry portals. Theoretical work planned 

in this FWP will help to clarify the nature of the active portals (i.e., size, and decoration of the perimeter 

with metal atoms), which may be different for different metals. Also from the experiments, it is clear that 

deposition at elevated temperature is necessary, implying the existence of a key activated process that is 

mainly accessible during deposition, since annealing post-deposition is ineffective at producing intercalated 

 
Fig.2 STM image of 

encapsulated Cu island on 

graphite with low height to 

diameter ratio. An analytic 

model that includes 

graphene’s elastic energy and 

graphene graphite adhesion 

energy can account for these 

“squeezed”shapes.  
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islands. Again, theoretical work planned in this FWP will help to clarify the nature of various activated 

processes, particularly the activation barrier for metal atoms to pass through portals and the factors that 

influence this barrier, such as size, configuration, and decoration by affixed metal atoms.  

The identification of  intercalation mechanisms on the nanoscale poses open questions.  We will 

perform first-principles calculations and atomistic simulations to investigate 

the optimal conditions and pathways for bare metals or metal/alloys, 

especially rare earth, intercalation of graphene and graphite. For the 

experiments on graphite which introduce defects as portals, calculations of 

the relevant barriers will be useful. The knowledge of the barriers will be 

crucial information to determine the annealing procedure for bare metal or 

for metal co-deposition. It was overlooked in the literature that defects can 

also be traps for the intercalants and slow diffusion because the attachment 

energy for most metal at the defect sites is usually very large. We will 

investigate how to avoid the defect trapping and promote the passage  of 

metal intercalants through and away from the defects. While defects on 

graphene may help accelerate metal intercalation, defect-free graphene 

would be more desirable for applications. We therefore will also investigate 

the mechanism and process of defect healing on graphene and graphite, after 

island encapsulation, to propose a successful experimental procedure. We 

will check theoretically  how the graphene layer can be restored to its initial 

uniform form by balancing the detachment of  metal atoms from the  defect perimeter with the attachment 

of carbon atoms to fill in the defects (which can arrive from low coordination graphene edges.) Moreover, 

electronic structures of the intercalated graphene and graphite surfaces will be further characterized by 

comparing simulated STS spectra for atoms on top vs atoms below graphene, to help the interpretation of 

the experimental spectra.   

While metal encapsulation beneath graphene has been partially studied, to date mainly 2-d 

intercalation layers have been identified, i.e. [12]. Thus, the metal islands that are encapsulated beneath 

graphite are special in terms of their preferred multilayer (3-d) geometry. These islands can be grown with 

heights of a few metal layers to several tens of metal layers, depending on the metal and on the experimental 

conditions. A natural extension of our studies would be to synthesize multi-component alloy islands, and 

the 3-d aspect opens opportunities for multi-component synthesis of nanoscale films including 

intermetallics. 

Quantum materials by intercalation Intercalation studies will be continued for graphene grown 

on SiC. QWe will search for intercalation phases for single metals and metal combinations under graphitic 

surfaces. These phases will provide a wide range of choices to build binary or ternary heterostructures with 

tunable electronic interactions mediated by the interfaces, with promising topological properties. These 

possibilities already gained add new routes in the synthesis of 2-d quantum phases. For example Ca 

intercalated in graphene was shown to be a 2-d superconductor with Tc ~4K (reminiscent of earlier studies 

of superconductivity in intercalated graphite [13]). Pb intercalated below graphene was shown to induce 

magnetism to graphene because of the large Spin Orbit (SO) coupling of Pb [14].  

Intercalation of 2-d materials will be investigated both on graphene and graphite. It is an uncharted 

area requiring systematic search to identify the correct parameter “window”. The newly discovered method 

of graphite intercalation through defects is a fast and efficient procedure to identify quickly the intercalation 

“window”. By reducing the sputtered defect density the encapsulated islands will have large lateral sizes 

and will be candidate systems for novel quantum materials. More importantly the electronic and magnetic 

properties of the intercalated metal can differ from its corresponding bulk properties, both because of the 

reduced dimensions and difference in the bonding configuration of the metal in the graphite galleries.    

Open questions about the kinetics of intercalation The importance of kinetics for intercalation can be 

seen from studies in the literature. One of the most widely studied systems is Au on graphene on SiC. with 

different phases observed depending on the intercalation conditions. When Au was deposited only on the 

buffer layer the Au intercalant forms two ordered Au phases. The low coverage (1/3ML) phase has holes 

 
Fig.3 SPALEED profiles as a function 
of energy for clean graphene (left 

bottom) and intercalated graphene (left 

top). The intensity distribution can be 
used to deduce the location of Dy. STM 

showing intercalated Dy. without the 

6x6 modulation (right). 
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while the high coverage (1ML) phase has electrons [15]. Guided by theory we will map out the 2-d phases 

of intercalated Dy on buffer layer and monolayer graphene as a function of growth conditions using STM, 

SPA-LEED, XPS, DFT. Both low and high coverage phases will be identified. More importantly the 

location of the Dy atoms will be determined whether between SiC-buffer or between buffer-graphene or a 

mixture of the two [4]. The distribution of the metal atoms will be determined from the variation of the 

SPA-LEED spots as a function of electron energy. As already noted this information can be used so the 

physical properties of intercalated layer can be selectively tuned. For example the band gap can be tuned 

continuously by varying the relative occupation of the SiC-buffer and buffer-monolayer galleries [4]. 

Intercalation of Pb in graphene on Ir(111) transforms the  graphene electrons into a 2-d electron gas in the 

presence of a large effective  magnetic field because of the SO coupling, seen in very well resolved Landau 

levels with STS spectra[14]. Similar studies will be carried out for graphene on SiC with more possibilities 

since graphene of different thickness (single-, bi-, and tri-layer) can be grown. 

Modeling metal intercalation on graphitic substrates. There is a need for better characterization of the 

intercalation processes and for better comparison between experimental results and calculations, because 

currently there are systems where the results of experiments are not consistent with results in the theoretical 

literature.  Despite the high barriers calculated for H and Li it was found with well-designed experiments 

that intercalation was successful on defect-free substrates. In addition the initial substrate morphology most 

likely will be a mixture of graphene of different thickness (i.e. a fraction can be buffer and the rest 

monolayer) and also plays a role.  The boundaries between domains of the different thicknesses is a good 

place for the diffusing atoms to intercalate [16]. In most theoretical studies a small unit cell is assumed, 

which implies periodic arrangement on the surface; but steps or domain boundaries involve mesoscale non-

periodic structures with a distribution of atom configurations. We will extend theoretical calculations 

beyond periodic structures to examine the role of boundaries in graphene flakes: how atoms can move 

towards the interior of the flake after they diffuse underneath at the edges. Effects of the substrate on such 

intercalation pathways and barriers will be calculated. Other issues include whether the intercalated material 

is ordered or disordered, laterally dense or dilute, single- or multi-layer, and how the conditions of 

preparation affect these characteristics.   
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Electrodeposition of metals in viscoelastic liquid electrolytes 

 

Lynden A. Archer and Donald L. Koch, School of Chemical & Bimolecular Engineering, 

Cornell University 

 

Program Scope 

Electrodeposition is used in manufacturing processes for creating metal, colloid, and polymer 

coatings on conductive substrates. The process also plays an important role in electrochemical 

storage technologies based on batteries, where it must be carefully managed to facilitate stable 

and safe operations at low operating temperatures, high rates and over many cycles of charge and 

discharge. In all currently used electrolytes deposition is subject to a variety of hydrodynamic 

and morphological instabilities at both low and high current densities, which lead to complex 

transport phenomena in the electrolyte and unstable deposition, including formation of ramified 

structures known as dendrites.  These instabilities were first studied in the context of 

electroplating, where it was found to be remarkably difficult to achieve uniform deposition of 

many metals. They have received renewed interest due to the role unstable electrodeposition 

plays in creating metallic dendrites implicated in the failure of microcircuits and in the failure of 

high-energy lithium and emerging sodium-metal batteries by internal short circuits.   The 

proposed research employs experiment, theory, and numerical approaches to understand the 

effect of elasticity in liquid electrolytes on the stability of 

electrodeposition. A related goal of the study is to 

develop design principles for viscoelastic liquid 

electrolytes that are able to stabilize electrodeposition at 

low and high current densities. The project is designed to 

evaluate the hypothesis that liquid electrolytes comprised 

of semi-dilute, entangled solutions of high molecular 

weight polymers (Mw > 1 x 106 g/mol) with high, liquid-

like ion mobilities should be able to stabilize 

electrodeposition by multiple processes (Figure 1), 

including fundamental changes in convective flow 

produced by polymer stresses, polymer adsorbtion at and 

retardation of ion transport to dendrite nucleates, osmotic 

resistance to ion concentration at dendrite tips, and  

polymer drag on a bulk electrolyte. All of these effects 

originate from the assumption that polymer chains move 

more slowly than solvent molecules or ions in solution. 

 

Fig. 1 Possible stabilizing mechanisms 

introduced by high molar mass polymer 

additives in a liquid electrolyte.  
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Recent Progress  

I. Polymer elasticity completely suppresses electroconvection  

To evaluate the hypothetical stabilization mechanisms in Figure 1, we previously created 

viscoelastic electrolytes in which high molecular weight poly(ethylene oxide), Mw = 8.1 x106 

g/mol, or poly(methyl methacrylate), Mw = 2 x 106 g/mol, were added to conventional protic and 

aprotic liquid electrolytes. By means of direct optical visualization and tracer particle 

velocimetry experiments of metal electrodeposition in such electrolytes, we discovered that at 

concentrations above the entanglement threshold, electroconvection and over-limiting 

conductance is suppressed by polymer elasticity. These experiments also revealed that soft 

metals such as Na and Li deposit in more compact morphologies in a viscoelastic electrolyte.1  

To determine root causes, we recently 

designed electrochemical cells in 

which the electrolyte is bounded on 

one side by a cation-selective 

NafionTM membrane. By 

interrogating the current-voltage (J-

V) profile and tracer particle motions 

near the membrane-electrolyte 

interface, it is possible to isolate and 

study the effect of electrolyte 

viscoelasticity on the hydrodynamic 

instability. The results reported in 

Fig. 2 show that under these conditions over-limiting conductance is completely suppressed, and 

the diffusion-limited transport regime extended indefinitely, over a narrow range of polymer 

concentration close to the entanglement threshold.  

We used 10µm and 3µm uncharged polystyrene tracer particles to interrogate the velocity profile 

in aqueous electrolytes at voltages well above the threshold for onset of hydrodynamic instability 

in the polymer-free electrolytes. The results reported in Fig. 3a reveal that there are substantial 

velocity components both parallel < u > and normal < v > to the membrane surface in the closed 
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Fig. 3 Lateral and vertical components of the root-mean square average velocity as a function of distance from 

a cation selective membrane for Cu||Nafion||Cu cells at V = 80RT/F, 𝜅−1 ≈ 10nm, and membrane-electrolyte 

interface located at a position of 1200 µm). (a) Control CuCl2 aqueous electrolyte without polymer; (b) Same 

as (a), but with 0.5 wt% PEO (Mw = 8.1 x 106 g/mol); (c) same as (a) with 1 wt% PEO (Mw = 8.1 x 106 g/mol). 
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Fig. 2 (a) Current density (J) versus voltage (V) plot for 

Li||Nafion||Li cells containing EC-PC 1M LiTFSI electrolyte and 

PMMA (Mw=0.9 x 106g/mol) at various concentrations. (b) J-V 

plot Cu||Nafion||Cu cells containing 0.05M CuCl2 aqueous 

electrolyte and PEO (Mw=8.1 x 106g/mol).2 
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cell, and that these velocities are strong functions of position normal to the membrane surface up 

to distances several hundred micrometers away from the membrane/electrolyte interface and well 

into the electrolyte bulk.  The position at which the maximum in < u >  is observed is related to 

the thickness of the extended space charge layer Λ created by ion depletion at the cation selective 

membrane and the maximum value of  < u >  provides a rough estimate for the  slip velocity, 𝑢𝑠 , 

at the edge of the space charge layer. Comparing these profiles with the corresponding ones 

measured in electrolytes with PEO concentrations bracketing where over-limiting conductance is 

suppressed, reveals the mechanisms through which an entangled electrolyte suppresses over-

limiting conductance: electrolyte viscoelasticity reduces the strength of the underlying 

convective flow and also lowers the value of Λ. We note also that the values of Λ and  𝑢𝑠,𝑉 

deduced from the experiments in electrolytes with/without polymer are orders of magnitude 

larger than those predicted by any current theory. Understanding the source of this behavior is 

the subject of our future experimental and theoretical studies.   

II. Numerical simulations reveal that polymer elasticity favors uniform deposition  

To elucidate the microscopic processes responsible  for the observations from our J-V (Fig. 2) 

and tracer velocimetry (Fig. 3) experiments,  we recently performed numerical simulations of 

electroconvection in a viscoelastic fluid.3 In the numerical simulations, we use the FENE-CR 

model to capture the effects of polymer elasticity in a Newtonian fluid medium. The results 

summarized in Fig. 4 reveal that polymers alter electroconvection and the over-limiting current 

in two desirable ways. At a moderate dimensionless voltage (V = 20RT/F), the polymer 

destabilizes steady electroconvection leading to a time dependent flow with more uniform ion 

flux (Fig. 4a, b). At a higher dimensionless voltage V = 80, the convection becomes chaotic even 

in a Newtonian fluid (Fig. 4c). Polymer elasticity reduces the size of low salt concentration blobs 

and suppresses high-ion flux events (Fig. 4d).  

  

 

Fig. 4 Salt concentration and stress distribution near an ion-selective electrode for: (a) V = 20; De=0, (b) V =20; 

De=10-2, (c) V=20; De=0, (d) V = 80; De=10-2; double layer thickness δ=10-3. Contour plots show salt concentration 

c and polymer extension tr(A)-1/2/L, gray lines are streamlines, and the white contour lines indicate high flux regions 

with i+
y=-3 in (a, b) and -10 in (c, d), respectively.3 

We also computed the ionic current and magnitude of the relative tangential (slip) velocity as a 

function of the Weissenberg number, which characterizes the strength of the polymer stretching 

in the locally high shear rate in the space charge layer. The results show that the polymer 

elasticity reduces the current substantially,3 explaining the strong effect on over-limiting 

conductance observed experimentally. 
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Future Plans 

Values of Λ and 𝑢𝑠 deduced from our tracer particle studies are orders of magnitude larger than 

expected from any current theory. The results show further that over the range of voltages 

studied, 𝑢𝑠 and Λ  are weaker functions of voltage than expected from theory. Our future studies 

will utilize strictly neutral molecular and carbogenic fluorophores as tracer particles to more 

fully resolve the electroconvective flow profile in the ESCL. An advantage of these tracers is that 

they are substantially smaller than those used in our current studies and do not aggregate, which 

will make it possible to interrogate electroconvective flow near cation selective interfaces in 

more detail and over a wider range of V than possible in our earlier experiments. We will also 

use the method to study electroconvection in electrolytes with a wider range of salt concentration 

(µM to M), and optionally in which the electrolyte viscosity is adjusted using polymer additives 

with molar masses well below the entanglement threshold in the melt. 
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Atom-by-Atom Directional Synthesis of Semiconducting Graphene  

 

Michael S. Arnold, University of Wisconsin-Madison, Department of Materials Science and 

Engineering, michael.arnold@wisc.edu 

 

Program Scope 

Graphene is an atomically thin crystal of carbon atoms that are arranged in a flat honeycomb 

lattice, with exceptional charge and energy transport properties. This project focuses on advancing 

the synthesis of graphene in the form of narrow, long, and oriented nanoribbons and organized 

arrays of nanoribbons. Whereas continuous sheets of graphene conduct charge similar to metals, 

narrow nanoribbons with smooth edges can behave as semiconductors with promise for advancing 

next-generation electronics and energy technologies. Other spin, magnetic, catalytic, and transport 

phenomena can also be derived by structuring graphene in the form of nanoribbons, depending on 

crystal orientation and the structure of the edges. 

 

Semiconducting nanoribbons must be especially narrow (less than 10 nanometers) and have a 

particular structure of edges (armchair). The rational and organized synthesis of graphene 

nanoribbons with these characteristics has been challenging. Arnold has recently discovered a 

promising route for overcoming these challenges by driving graphene crystal growth via chemical 

vapor deposition with a giant crystal shape anisotropy and armchair edge faceting on single crystal 

germanium substrates. Measurements have shown that the nanoribbons are semiconducting with 

state-of-the-art electrical properties compared to nanoribbons grown by other methods. Recent 

research has moreover revealed that interactions between the substrate and the nanoribbon edges 

drive the formation of the nanoribbons and that the location of nanoribbons can be controlled by 

initiating their growth using lithographically patterned seed crystals.  

 

Recent Progress  

Over the last two years, we have: 

 

 Learned to use seeds to decouple nucleation and growth [1] 

 

We have discovered how to seed graphene crystal growth by lithographically patterning 

monolayers of graphene into nanoscale (25 – 100 nm in diameter) discs, transferring them to a Ge 

substrate, and then initiating growth from their edges. Without seeds, the orientation of graphene’s 

lattice with respect to the Ge lattice is set during nucleation. For example, without seeds, about 

45% of crystals evolve into high aspect ratio nanoribbons with armchair lattice orientations 

roughly pointed along Ge [110] , another 45% of the crystals evolve into high aspect ratio 

nanoribbons with armchair lattice orientations roughly pointed along Ge[11̅0], and the remaining 

10% of the crystals evolve into low aspect ratio rhombus-like structures with armchair lattice 

orientations rotated away from both Ge[110] and Ge[11̅0]. By using seeds, any arbitrary relative 

lattice orientation can be created on-demand, thereby separating nucleation and growth processes. 
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This capability has been exploited to elucidate the 

dramatic effect of relative crystallographic orientation on 

growth kinetics. High aspect ratio nanoribbons form when 

the armchair crystallographic direction of the seeds is 

parallel to Ge[110]; however, low-aspect ratio structures 

form when the seeds are rotated away from Ge[110]. The 

structure and bonding between the edges of the seeds and 

the Ge surface are the only factors that change as the seeds 

are rotated. Thus, we have learned that it is indeed edge-

substrate interactions that control growth kinetics and the 

anisotropy of these kinetics on Ge(001), as opposed to 

anisotropic diffusion, for example. It is these edge-

substrate interactions that are the secret to coaxing 

graphene crystal growth processes to anisotropically and 

directly yield nanoribbons.  

 

 Demonstrated synthesis of unidirectionally aligned 

nanoribbon arrays with controlled positioning and 

reduced polydispersity via seeding [1] 

 

We have exploited seeding to create arrays of parallel 

nanoribbons that are unidirectionally aligned, for the first 

time (Fig. 1). Seeding also reduces size polydispersity, 

because all ribbons begin growing at the same time.  

 

 Achieved nanoribbon synthesis from sub-5 nm seeds at variable pitches on Ge [2] 

 

We have demonstrated that nanoribbons can successfully grow from sub-5 nm seeds, in arrays 

with periods of 50 nm or smaller, without changes in kinetics arising from crowding effects. The 

viability of initiating nanoribbon synthesis from sub-5 nm seeds is important because it indicates 

that seed-mediated nanoribbon synthesis is compatible with the vanishingly small seed sizes that 

will be needed to seed the growth of sub-5 nm nanoribbons in the future. The viability of initiating 

nanoribbon synthesis from tightly pitched seeds is important because arrays of parallel 

nanoribbons will be needed for future applications. 

 

 Discovered that small graphene crystals rotate and “lock-in” to energetically favorable 

orientations [manuscript in preparation] 

 

To learn more about processes that occur during nucleation and/or shortly after nucleation, we 

have reduced the size of our lithographically patterned seeds by etching. We have discovered that 

once seeds become smaller than 15 nm in diameter, they begin to freely rotate on the Ge(001) 

surface at growth temperature and then lock into favorable configurations with armchair lattice 

orientation parallel to either Ge[110] or Ge[11̅0]. Thus, nanoribbons form on Ge(001) even 

without seeds because small crystals that form from spontaneously generated nuclei adopt 

favorable orientations that happen to coincide with the crystallographic orientations that produce 

the largest growth rate anisotropy.  

Figure 1. (Top) Schematic and (bottom) 

scanning electron micrograph of 

nanoribbon synthesis from seeds, via 

chemical vapor deposition on 

germanium. 

72



 

 Studied nanoribbon synthesis on vicinal Ge(001) surfaces [3] 

 

We have investigated 

nanoribbon synthesis on vicinal 

Ge(001) surfaces in order to 

ascertain the role of steps on 

nanoribbon synthesis and drive 

unidirectional alignment 

without seeds. The seeding 

data, discussed above, indicate 

that if the lattice of graphene 

nuclei that naturally form can 

be globally aligned, it may be 

possible to orient ribbons in one 

direction without seeding. 

However, two perpendicular 

orientations of nuclei 

spontaneously form on Ge(001) 

due to the symmetry of this surface. We have studied growth on vicinal surfaces with a miscut of 

0, 6, and 9° towards Ge[110]. LEEM, TEM, and SAED characterization show that > 90% of the 

ribbons grown on Ge(001)-9° are aligned within ± 1.5º perpendicular to the miscut and have 

armchair edges (Fig. 2). Aligned ribbons with sub-10 nm widths and smooth edges are achieved.  

 

 Demonstrated for the first time the growth of graphene nanoribbons on Si wafer 

platforms [4] 

 

We have succeeded in growing nanoribbons on Si platforms by using epilayers of Ge (Fig. 3). This 

is a significant result because it provides a viable route for integrating carbon-based electronic 

materials onto conventional silicon platforms. Nanoribbons nucleate and grow on epilayers of Ge 

on Si in the same way as they do on Ge(001) single crystal substrates – with similar densities, 

kinetics, and aspect ratios – without interference from Si that diffuses from the bulk to the Ge 

surface or from threading dislocations inherent in the Ge epilayer due to the Si/Ge lattice mismatch.  

 

 Other [5,6,7] 

 

We have also collaborated with O. Moutanabbir on the heteroepitaxy of 2D Sb (antimonene) on 

Ge [5]; M. Bedzyk at Northwestern on characterization via STM, XRD, and XRR of novel surface 

reconstructions on Ge(110) stabilized by graphene, not previously observed on group-IV surfaces 

[6]; and M. Lagally at Wisconsin on controlling the defect and pinhole density of continuous 

graphene films designed to passivate the Ge surface [7].  

 

Future Plans 

Moving forward, this project will (1) study the fundamental science underpinning the substrate-

nanoribbon interactions that control the anisotropic synthesis and engineer the synthesis with the 

Figure 2. Nanoribbons on Ge(001) miscut 9° towards Ge[110] (left). 

Scanning electron (center, scalebar = 200 nm) and scanning tunneling 

microscopy (right, scalebar = 2 nm) images of ribbons with smooth 

armchair edges and narrow, uniform widths. Arrows point downhill. 
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goal of growing higher aspect ratio ribbons; (2) advance the growth of 

nanoribbons from seeds to improve their monodispersity and better 

control their properties; and (3) learn how to go beyond the synthesis 

of individual nanoribbons to synthesize organized assemblies of many 

nanoribbons. 

 

The research of semiconducting graphene materials is motivated by 

the promise of these materials to impact next-generation high-

performance energy-efficient semiconductor logic, energy-efficient 

RF communications, and sensing technologies. The project 

additionally promises to yield materials with electronic structures and 

bandgaps tailored for capturing solar, infrared, and THz 

electromagnetic energy for photovoltaic and photodetector 

applications, plasmonics, and optoelectronics. The detailed 

understanding of nanoribbon synthesis and processing gained could 

also impact the development of nanoribbons for applications including 

batteries, spintronics, thermoelectrics, and quantum information 

technologies.  
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Program Scope 

We are investigating structures and stages leading to zeolite formation. Zeolites are the most used 

catalysts by weight on planet earth, used as shape-selective acid catalysts in fluid catalytic cracking 

and other chemical catalysis applications.1 Zeolites also show promise for new applications such 

as biofuel production2 and carbon dioxide capture.3 Synthesizing new zeolites that are tailor made 

for these promising applications remains a grand challenge in synthesis and processing science, 

because we know precious little at the atomic scale about how zeolites crystallize in solution.4 In 

the present project, we are creating a novel integration of experiment and modeling to identify key 

steps in the formation of zeolitic order. 

Heteroatoms and OSDAs: In particular, we wish to understand the effects of heteroatoms such as 

Al, Ge, and Zn, and of organic structure directing agents (OSDAs) such as alkyl ammonium 

species, on zeolite formation, particularly their impact on structures in the pre-crystalline synthesis 

gel. We think of this pre-crystalline gel as the “black box” of zeolite synthesis. We’re curious if 

rings and cages that form in the gel correlate with those in the eventual zeolite. We hypothesize 

that the heteroatom/OSDA pair influences structures that form in the precursor gel by stabilizing 

particular rings and cages. Testing this hypothesis by looking inside the “black box” will provide 

an evidence-based foundation to a new way of thinking about and controlling zeolite synthesis. 

Integrating Experiment and Modeling: We are tackling this problem by integrating synthesis, 

spectroscopy, and modeling of structures and spectra to shed light on amorphous structures. The 

key spectroscopic techniques we are applying are total scattering and Raman spectroscopy – both 

capable of providing information on medium length scales – scales larger than individual Si-O 

bonds but shorter than zeolite unit cells (Fig. 1). The key challenge of this approach is reliably 

interpreting the structural information locked in total scattering data and Raman spectra, requiring 

 

Fig 1. Length scales and characterization methods for understanding zeolite formation. 
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benchmarking on known structures, and tight collaboration between experiment and theory. The 

experiment benchmarks the theory, while the theory interprets the experiment; theory suggests an 

experiment through prediction, and experiments test the theory.   

Year 1: We have launched this project through a Raman spectroscopy study on all-silica zeolites, 

to establish assignments useful in analyzing Raman spectra of pre-crystalline synthesis gels. There 

are many spectral-assignment approaches reported in the literature; we have sought a single, 

consistent approach that can be used for both zeolites and precursor, amorphous gels. We have 

synthesized and modeled all-silica zeolites to answer the questions: What are the zeolite sub-

structures responsible for Raman peaks? Rings or other structures? How much does a Raman 

spectral signature depend on the environment? Answering these questions can propel Raman 

spectroscopy to a new level of diagnostic power in shedding light on how zeolites form. 

Recent Progress  

Executive Summary: We found that the conventional wisdom in the Raman spectroscopy of 

zeolites – that one can assign peaks in Raman spectra to individual rings – to be false. Instead, we 

identified that Raman spectral features could be associated with “ring junctions” in zeolite 

frameworks connecting three adjacent zeolite rings. Furthermore, we found that specific Raman 

frequencies were found to anti-correlate with the relevant edge-junction Si-O-Si angles. 

Interpreting Raman Spectra: The first and perhaps most appealing method for interpreting Raman 

spectra is to assign peaks to specific rings, such as the 480 cm-1 feature assigned to the 4-ring in 

silica-chabazite (CHA).5 A second approach is to assign Raman peaks to Si-O-Si bridges such as 

the 500 cm-1 feature in zeolite A (LTA).6 A third method is to assign Raman peaks to “composite 

building units” such as the double-4-ring, present in both CHA and LTA. Because zeolites LTA 

and CHA both contain 4-rings, 6-rings, and 8-rings, we would expect that the Raman spectra of 

these two zeolites would be very similar *if* the ring-assignment method were valid. Previous 

data, and our own new data, for these systems show that these spectra are sufficiently different to 

cast doubt on the validity of the simple-ring-assignment approach. As such, our overarching 

objective is to determine a single, consistent approach for assigning Raman peaks, allowing us to 

apply Raman spectroscopy as a diagnostic of structure in the pre-crystalline synthesis gel. 

Experiments on LTA, CHA, and Beyond: We synthesized silica LTA and CHA zeolites, as well as 

four other silica zeolites (AST, ITH, ITW, SOD) – all with 4-rings to determine the extent to which 

the framework structures around these 4-rings influence their Raman spectral signatures. Many of 

these zeolite syntheses required time-intensive syntheses of specific organic structure-directing 

agents (OSDAs). Raman spectra of all these materials were collected in collaboration with M. 

Timko and G. Tompsett at WPI, by dispersing several milligrams of calcined zeolite on a glass 

slide and employing a XploRa Raman microscope with a 785 nm laser line as the light source. 
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Modeling of LTA, CHA, and Beyond: We 

performed periodic DFT calculations on all the 

experimentally synthesized zeolites, as well as on 

ACO, DOH, and GME zeolites – all with 4-rings 

in different arrangements (Fig. 2). We used the 

VASP code with the PBE functional, ultrasoft 

pseudopotentials, a planewave energy cutoff of 

480 eV, and K-point sampling appropriate to 

converge the energies and structures of each 

system. We computed normal modes and Raman 

intensities using Fonari and Stauffer’s python 

script for computing derivatives of the 

polarizability, and constructed Raman spectra by 

summing Lorentzian peaks with 20 cm-1 widths. 

Comparing Experiment and Theory: The PBE functional in DFT is known to slightly “underbind” 

systems, producing Si-O bond lengths and zeolite lattice parameters that are too large by a few %. 

We should otherwise expect good agreement between experiment and theory of Raman spectra of 

these silica zeolites. Figure 3 shows the comparisons for LTA and CHA zeolites, showing near 

quantitative agreement, with theory regularly red-shifted from experiment by around 30 cm-1, 

consistent with PBE slightly underbinding the zeolite. Similar quality of agreement has been 

obtained for other zeolites 

(AST, ITH, ITW, SOD). The 

differences between the 

spectra for LTA and CHA – 

zeolites containing the same 

rings (4, 6, 8) – indicate that 

the environment in which 

rings vibrate in a given zeolite 

plays an important role in 

determining the nature of the 

Raman spectra. 

Assigning Raman Spectra for Silica Zeolites: Normal mode analyses allow the assignment of key 

peaks in the 300-600 cm-1 range, associated with zeolite ring-breathing modes. We sought an 

assignment method that goes beyond individual rings for the reasons stated above, but does not 

require unit cell symmetries as these are absent in the precursor gel. After investigating several 

assignment methods, we discovered that the Raman features could be understood through “edge-

junctions” connecting three different rings in a given structure. For example, Fig. 2 shows in red 

the 4-4-6 edge junction in CHA, and the 4-4-8 edge-junction in LTA. Furthermore, the SOD zeolite 

only contains 4- and 6-rings configured in 4-4-6 junctions (Fig. 2), while LTA contains 4-4-6, 4-

 

Fig 2. Structures of modeled zeolites; red bonds 

show “ring junctions” discussed below. 

 

Fig 3. Experiment and modeling of Raman spectra of LTA (left) and 

CHA (right) showing sharp spectra and semi-quantitative agreement. 
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4-8 and 6-6-8 edge junctions. This explains the single peak in the SOD Raman spectrum (not 

shown), and the three main peaks in the 200-700 cm-1 region of the LTA Raman spectrum (Fig. 

3). This kind of analysis is novel, and integrates the previous three approaches of considering rings, 

Si-O-Si bridges, and composite building units such as double-4-rings. 

We also investigated why the main peak in the Raman spectra in the range 400 – 500 cm--1 varies 

according to ACO ~ LTA > ITH > ITW > AST > CHA > GME > SOD > DOH. We investigated 

the role of the Si-O-Si bridge angle on the Raman frequency. We found a strong, linear anti-

correlation between the Si-O-Si bond angle and the Raman frequency, considering angles in the 

range of 146-162o. This suggests that the precise location of the main Raman feature in this spectral 

range (400 – 500 cm--1) may pinpoint structural parameters beyond just the topological 

identification of rings that come together at a given location of the silica network. 

Future Plans 

We will extend our initial studies by investigating Raman spectra of zeolites including heteroatoms 

such as T = Al, Ge, and Zn, to determine if new correlations exist between Raman frequencies and 

Si-O-T angles. We will also study Raman spectra of zeolites containing OSDAs to determine how 

OSDAs influence vibrations of zeolites. These studies will enhance the diagnostic power of Raman 

spectroscopy for determining structure in silica gels leading to zeolites, to test whether rings and 

cages that form in the gel correlate with those in the eventual zeolite. We will also begin developing 

ex situ and in situ total X-ray scattering measurements to investigate medium-range order in solids 

formed during zeolite crystallization. We will also begin extending our signature “reaction 

ensemble Monte Carlo” technique to produce atomic-level models of precursor silica gel structures 

including heteroatoms and OSDAs. These approaches will provide data complementary data for 

identifying structural order at medium length scales leading to zeolite crystals. 
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Program Scope 

Atomic layer deposition (ALD) is a materials synthesis technique with potential to produce the 

precise, nanostructured materials needed in emerging energy conversion technologies. The 

fundamental nucleation and growth mechanisms of ALD can impact the properties of resultant 

thin film materials. The major goal of the project is to discover a framework of governing 

principles for ALD by performing fundamental studies to elucidate molecular-level reaction 

mechanisms and nucleation processes using both in situ and ex situ experimental tools 

complemented by theory. Our work is examining metal, metal oxide, metal sulfide, and ternary 

metal oxide ALD systems. 

Recent Progress  

Our recent results have helped expand the mechanistic understanding of binary and ternary metal 

oxide ALD and ALD of metal sulfides. 

Mechanisms of ternary metal oxide ALD  

The development of ALD processes for ternary and quaternary materials has become an emerging 

field in recent years due to applications requiring multicomponent thin films with precise 

thickness, uniformity and conformality.  Our recent review of ternary and quaternary materials 

deposited by ALD reported more than 400 such systems to date.[3]   

The ternary material, nickel-aluminum oxide (Ni-Al-O), has been studied for its potential use in 

applications ranging from sensors and electrocatalysts to electrochromics and hole-conducting 

materials. Despite its technological importance, ALD of Ni-Al-O ALD has not been previously 

reported. In this study, Ni-Al-O films are deposited by ALD using nickelocene/ozone and 

trimethylaluminum/water. While deposition of a wide range of compositions is achieved, non-

ideal growth of the ternary material is observed.  Nucleation studies performed to better understand 

the non-idealities observed in the ternary deposition reveal that Al uptake is greatly enhanced when 

Al2O3 ALD followed a NiO ALD cycle, while Ni uptake is hindered when NiO ALD follows an 

Al2O3 ALD cycle.   

A model is developed to fit the experimental data using the conclusions about enhanced Al2O3 and 

attenuated NiO nucleation that was extracted from the nucleation studies. The model accurately 

predicts the general shape of both composition and growth per cycle (GPC) as a function of 

supercycle recipe (Figure 1). 
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Figure 1: (a) Illustration of the supercycle recipe used to probe ternary growth behavior.  Each block represents a 

full ALD cycle.  Using the supercycle recipe scheme above, the composition (b) and GPC (c) of ternary films was 

measured as a function of nickel oxide cycle fraction.  The black dashed line represents the predicted composition 

and GPC as a function of nickel oxide cycle fraction as described by the rule of mixtures.  The red dashed line 

represents a fit to the experimental data for a model developed from nucleation studies.   
 

Characterization of the deposited films reveals that Al-doping of NiO results in contraction of the 

NiO lattice, decreased crystallinity, and reduced density. The as-deposited films become 

completely amorphous at compositions <50% Ni.  In addition, Al-doped NiO films deposited by 

ALD were tested as a hole-selective transport layer in lead-based perovskite solar cells.  An Al 

doping of ~4% was found to improve power conversion efficiency of the perovskite-based devices 

over that of NiO.   

Role of ozone in metal oxide ALD 

Many metal oxide ALD processes rely on ozone as the oxidizing counter-reactant. Iron oxide ALD 

from metallocene precursors and ozone has been reported previously, but existing reports have 

been inconsistent in the growth rates and precursor exposures. Furthermore, none of the previous 

work explored saturation conditions thoroughly. We have explored the role of O3 exposure in 

Fe2O3 ALD from tert-butylferrocene (TBF), and our results show that ozone plays a complex role 

in the ALD process and its exposure can be used to tune the resulting material properties. 

Our work reveals that increasing ozone exposure leads to higher saturating growth rates, and that 

with higher ozone exposures more TBF is required to reach saturation (Figure 2a). Moreover, the 

thickness per cycle is greater than the roughly 2.3 Å reported thickness of a monolayer of Fe2O3, 

indicating that the process deposits more than one full monolayer of Fe2O3 per ALD cycle. The 

high growth rate and large precursor exposures required to reach saturation suggest that the growth 

mechanism of this process may be more involved than a simple surface-limited reaction that 

deposits a monolayer or less of material per cycle. 

We propose a model for oxygen uptake into the film (Figure 2b), supported by x-ray spectroscopic 

and reflectivity measurements showing the presence of excess oxygen in the surface region of the 

film. In the model, oxygen species are iteratively taken up into the film from ozone and then 

withdrawn and consumed by TBF. Ozone exposure was also found to impact the crystallinity of 

the resulting films, and the dependence on ozone exposure can be used both to tune the phase 

between the pure γ and α phases of iron oxide and to control the orientation of crystalline domains. 
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Activated ALD of metal oxides 

Our studies on metal oxide ALD have recently uncovered an alternative mechanism by which the 

oxidizing counter-reactant can be activated. In particular, we show that some metal substrates have 

the ability to dissociate counter-reactants into the reactive species necessary to drive ALD. We 

demonstrate that the dissociation of O2 on noble metal surfaces (e.g. Pt, Ir) enables ALD processes 

(e.g. Fe2O3 and NiO) which would otherwise require plasma activation of the oxygen. We name 

this “catalytically-activated ALD”, and through this mechanism the metal at the substrate enables 

nucleation for an ALD reaction that would not ordinarily proceed. 

The data show that using O2 gas as co-reactant, ALD is achieved on the noble metal surface, while 

no deposition takes place on inert surfaces that do not dissociate oxygen (i.e. SiO2, Al2O3, Au) 

(Figure 3a). The process is demonstrated for deposition of iron oxide and nickel oxide on platinum 

and iridium substrates. Characterization by in situ spectroscopic ellipsometry, transmission 

electron microscopy (Figure 3b), scanning Auger electron spectroscopy and x-ray photoelectron 

spectroscopy confirms the process, with linear ALD growth on the catalytic metal substrates and 

no deposition on inert substrates, even after 300 ALD cycles.  

(a) (b) 

Figure 3. (a) X-ray photoelectron spectroscopy (XPS) scans showing the Fe2p region after 300 ALD cycles of 

Fe2O3 on Pt, Au, SiO2 and Al2O3 substrates using t-butyl ferrocene (TBF) and O2. A clear Fe2p signal is observed 

on Pt, but no Fe above the detection limit is detected on the catalytically inactive substrates. (b) Brightfield TEM 

image of Pt/Fe2O3 core/shell nanoparticles supported on SiO2 nanospheres prepared by 50 cycles of Pt ALD 

followed by 50 cycles of Fe2O3 ALD from TBF/O2.  

 

(a)

 

(b) 

Figure 2. (a) Growth rate of Fe2O3 films as a function of t-butyl ferrocene (TBF) exposure for various ozone 

exposures. The saturating growth rates can be seen to increase with ozone exposure. Each data point represents one 

sample. (b)  The proposed mechanism of Fe2O3 film growth during each ALD cycle, whereby each ozone exposure 

step introduces oxygen into the surface region of the film and each TBF exposure consumes oxygen from the film.  
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Metal oxide ALD to decorate transition metal dichalcogenide materials 

We have synthesized hybrid nanostructures comprised of ZnO nanocrystals decorating nanosheets 

and nanowires of MoS2 prepared by ALD. We show that the concentration, size, and surface-to-

volume ratio of the ZnO NCs can be systematically engineered by controlling both the number of 

ZnO ALD cycles and the properties and dimensions of the MoS2 substrates, which are prepared 

by sulfurizing ALD MoO3. The MoS2 defect density and grain size are controlled by the 

sulfurization temperature of ALD MoO3, and the ZnO nanocrystals in turn nucleate selectively at 

defect sites on MoS2 surface and enlarge with increasing ALD cycle numbers. As the preparation 

temperature of the MoS2 increases, larger grains with fewer grain boundaries of MoS2 are obtained, 

resulting in a low concentration of ZnO nanocrystals due to fewer reactive nucleation sites (Figure 

4). Application of this process to MoS2 nanowires leads to hybrid nanostructures comprised of 

ZnO nanocrystals decorating the nanowires, as illustrated in Figure 4. 

(a) (b) (c) (d) 

Figure 4. SEM images of 30 ALD ZnO cycles on three MoS2 samples, from left to right on 600 °C-, 800 °C-, and 

1000 °C-MoS2. Right: Illustration of ZnO nanocrystal-decorated MoS2 nanowire hybrid structures. 

 

Future Plans 

We plan to complete our studies of binary and ternary metal oxide ALD, including nickel and iron 

oxide-based films. Studies will investigate the role of the specific oxidizing species on the ALD 

process. We will also explore the relationship between growth conditions and film properties. 

Other studies will focus on ALD of metal sulfides, particularly MoS2. We will finish our 

exploration of MoS2 ALD, to understand the mechanisms of growth as well as the dependence of 

nucleation on the properties of the substrate. 

In each of these studies, we will continue to deploy our custom-built ALD reactors both in our 

laboratory and at SSRL, applying both in situ and ex situ XRD, x-ray scattering measurements, IR, 

XPS and QCM. 
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Program Scope 

Organic glasses prepared by physical vapor deposition (PVD) are useful and interesting materials 

that form the active layers in organic light emitting diodes (OLEDs). In contrast to glasses prepared 

by the traditional route of cooling a liquid, PVD glasses are often anisotropic. Using optical 

spectroscopy, x-ray experiments, and atomic force microscopy, we investigate three fundamental 

issues about PVD glasses with relevance both for their practical use and for our broader 

understanding of glasses: 1) How do PVD glasses lose their structure upon heating? This 

mechanism controls the thermal stability of PVD glasses used for organic electronics devices.  2) 

What is the structure of PVD glasses directly adjacent to the surface upon which the glass is 

deposited (the substrate)? The structure near the substrate influences device performance and the 

distance over which the substrate changes the structure is of fundamental interest. 3) Are co-

deposited two-component PVD glasses homogeneous mixtures or partially phase separated? These 

results will be used to test the mechanism of PVD glass formation.  

Recent Progress 

Molecular layering in vapor-deposited Alq3 

glasses: From the  inception of OLED 

(organic light emitting diode) technology1, 

Alq3 glasses have been used extensively in 

devices. With synchrotron grazing incidence 

wide angle x-ray scattering (GIWAXS), we 

discovered a tendency for molecular layering 

in vapor-deposited Alq3 glasses.2 The 

tendency for layering manifests as an 

anisotropic scattering feature at ~ 0.7-0.8 Å-1. 

This corresponds to a real space distance that 

is roughly equal to the diameter of an Alq3 

molecule. We showed that the tendency for 

molecular layering can be controlled by 

varying the deposition temperature. 

Preparation at low substrate temperatures 

results in formation of “layered glasses” while isotropic glasses are created at higher substrate 

temperature. Remarkably, these structurally anisotropic glasses are optically isotropic as they 

exhibit nearly zero birefringence. Birefringence is a measure of P2 molecular orientation. Our 

results show that while there is a tendency for molecular layering in vapor-deposited Alq3 glasses, 

the glasses exhibit isotropic molecular orientation as regards the P2 function. 

It has been shown previously that the orientational order of vapor-deposited glasses arises from 

equilibration towards the surface structure of the supercooled liquid (SCL) during vapor-

 

Figure. 1.  The x-ray derived order parameter, SGIWAXS, 

and the birefringence as a function of the substrate 

temperature during deposition for vapor-deposited Alq3 

glasses. The molecular structure of Alq3 is shown as an 

inset.2  
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deposition.  This mechanism linking the surface structure of the equilibrium liquid to the bulk 

structure of the vapor-deposited glass has been called the “surface equilibration” mechanism.3 

Simulations performed by collaborators Jackson and de-Pablo allowed us to test this hypothesis 

for vapor-deposited Alq3 glasses. Consistent with the surface equilibration mechanism, molecular 

dynamics simulations of supercooled Alq3, reveal a tendency for surface layering. The surface 

equilibration mechanism hence explains the existence of layering in vapor-deposited glasses of 

Alq3. The tendency for layering is a feature commonly observed in vapor-deposited glasses; we 

expect our explanation of layering in Alq3 to be applicable to all these other glasses as well.  

Bulk transformation: When heated above the glass transition temperature (Tg), thin films of stable 

glasses transform into the supercooled liquid (SCL) by growth fronts initiated at the free surface 

and/or substrate interface of the glass.4 The bulk of the thin film maintains its packing from the 

deposition until it is reached by the SCL growth front. In contrast, liquid-cooled glasses transform 

into SCL homogeneously throughout the sample when they are heated above Tg. A second 

mechanism of transformation occurs in thick films of stable glasses. This mechanism has been 

observed in simulations5 and detected experimentally6, 7. Simulations predict that SCL nucleates 

within the bulk of the stable glass and grows through the as-deposited glass.  

Current work in the Ediger group seeks to directly observe the bulk nucleation and growth 

mechanism. Previous work has displayed that growth fronts of SCL in thin stable glasses can be 

inhibited by capping the interfaces of the film (the free surface and the substrate) with layers of a 

second stable glass with a higher Tg.
8, 9 In our work, we use TPD (Tg = 330 K) capped with Alq3 

(Tg = 451 K) (Figure 1). When the capped TPD films are heated above Tg (TPD), but below Tg (Alq3), 

the TPD transforms into a SCL while the Alq3 layers remain glassy, as verified by spectroscopic 

ellipsometry measurements 

during annealing at Tg (TPD) + 16 

K. The ellipsometry data also 

show that the TPD does transform 

into a SCL, indicating that the 

Alq3 caps allow us to isolate the 

bulk transformation mechanism 

of TPD into a SCL.  Figure 1 

shows how the nucleation and 

growth process can be monitored 

with AFM. 

Multilayer films: Vapor-deposited glasses of small organic molecules are routinely used in OLED 

(organic light emitting diode) devices, which are composed of thin (< 50 nm) glassy layers of 

different organic semiconductors. However, much of the published work on vapor-deposited 

glasses of these materials has examined thick films (100-600 nm). Little is known about the 

structure of vapor-deposited glasses near an interface. Particularly relevant technologically is the 

structure at an organic-organic interface, which influences how efficiently charge is transported 

between different layers in an OLED device. 

 

Figure 2. Scheme of TPD stable glass films capped at the free surface 

and the substrate with Alq3. When the layered films are heated above 

Tg (TPD) and below Tg (Alq3), the TPD will transform by the bulk 

mechanism into a SCL (shown in white on the right panel).  
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To investigate glass 

structure near an 

interface, we have 

deposited layers of Alq3 

(Tg = 451 K) and DSA-

Ph (Tg = 360 K) into 

films of stable glasses. 

Two architectures of 

films were initially 

studied (Figure 2). Both 

have the same molecular 

composition (58% Alq3 

and 42% DSA-Ph), but they vary in the number of Alq3|DSA-Ph interfaces. Additionally, both 

architectures have 110 nm Alq3 on the silicon substrate to prevent any influence of the silicon 

interface. One set of films (the “trilayers”) is made up of one bilayer of 300 nm Alq3 and 300 nm 

DSA-Ph, giving it two Alq3|DSA-Ph interfaces. The second set of films (the “multilayers”) is 

composed of 30 bilayers of 10 nm Alq3 and 10 nm DSA-Ph, resulting in films with 61 Alq3|DSA-

Ph interfaces. Because the films have the same composition and vary only in the number of 

organic-organic interfaces in the film, any differences in the structure or molecular orientation 

measured can be attributed to effects caused by Alq3|DSA-Ph interfaces.   

Birefringence is a robust and precise probe of 

molecular orientation. Alq3 glasses are 

optically isotropic2. For DSA-Ph, a negative 

birefringence indicates preferential horizontal 

orientation while a positive birefringence 

indicates vertical orientation3. We find the 

birefringence of DSA-Ph to be nearly equal in 

the multilayer and trilayer at all substrate 

temperatures (Figure 4). Furthermore, the 

birefringence of DSA-Ph in the layered films is 

the same as the birefringence of single layer of 

DSA-Ph deposited onto a silicon substrate. This 

indicates that the molecular orientation of the 

DSA-Ph in the 10 nm slabs is the same as it is 

in 300 nm thick DSA-Ph films. Any 

perturbation of the molecular orientation of 

DSA-Ph by the organic-organic interface must 

be much less than 10 nm. X-ray scattering 

measurements performed at SSRL support this 

result. Our work indicates that the presence of an interface perturbs glass packing over a length 

scale significantly less than 10 nm. 

Future Plans 

 

 

Figure 3. Alq3 and DSA-Ph layered glass films studied. Left: The trilayer film with 

two Alq3|DSA-Ph interfaces. Right: The multilayer film with 61 Alq3|DSA-Ph 

interfaces. 

 

 

Figure 4. The birefringence of a single layer of DSA-

Ph on silicon as a function of substrate temperature 

during deposition3 is plotted in gray, and the 

birefringence of the DSA-Ph in the trilayers is plotted 

in teal triangles. The birefringence of the DSA-Ph in 

the multilayer films has been scaled to its 

composition and is plotted in pink squares. 
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Bulk transformation: We will try to observe the nucleation and growth of SCL bubbles within the 

bulk of the TPD stable glass using atomic force microscopy (AFM). Because the SCL of TPD is 

~2% less dense than the as-deposited glass prepared at Tsub = 0.85 Tg (TPD),
3 the films will expand 

as they transform from a glass to a SCL. The regions of the TPD that have transformed into a SCL 

will be thicker than the surrounding as-deposited glass, and the increase in thickness will be 

monitored by AFM (Figure 1). Because growth fronts of TPD prepared at 0.85 Tg (TPD) can 

propagate through films up to 2 microns thick, we expect that the nucleation sites SCL in the bulk 

transformation will be separated by >2 microns, making them easily observed by AFM. 

Multilayer films: To further amplify the effects of organic-organic interfaces on glass packing, we 

will deposit films composed of 60 bilayers of 5 nm Alq3 and 5 nm DSA-Ph. We will also measure 

films composed of 50% Alq3 and 50% DSA-Ph deposited simultaneously, creating a mixed film. 

This film represents the limit of ‘infinitely thin’ layers. 

Co-deposited PVD glass structure: X-ray scattering will be used to investigate whether co-

deposited films phase segregate during deposition. 
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Program Scope  

Quantum materials such as unconventional superconductors, interfacial 2D electron gases 

(2DEGs), and multiferroics have been fertile ground for new discoveries. Our overarching goal is to 

develop novel synthesis routes that will create a new generation of epitaxial quantum thin film 

heterostructures for study of fundamental science and for development of new applications. These 

films can be of comparable or higher quality than available bulk single crystals, but more importantly 

film deposition conditions can be maintained far from equilibrium, so that metastable phases 

(nonexistent in nature) can be obtained by epitaxial stabilization of thin films. But these novel systems 

are usually sensitive to thin film heterostructure constraints, including interaction with the substrate, 

the difficulty in controlling point defects, and the challenge of forming atomically perfect interfaces.  

Our hypothesis is that designing substrate interactions, controlling and identifying point defects, 

and working toward atomically perfect interfaces will reveal new phenomena and fundamental intrinsic 

properties of quantum materials arising from dimensionality, anisotropy, and electronic correlations. 

We have begun to implement some of these approaches, and have already demonstrated strain 

engineering of the Fe-based superconductor BaFe2As2, and made the first direct observation of the 

two-dimensional hole gas (2DHG) at an oxide interface. As a next step, we have developed a unique 

free-standing oxide stacked membrane fabrication technique to apply large dynamic strain, 

implemented a chemical pulsed laser deposition (CPLD), and begun to understand a route to new 

discoveries through control of highly perfect and defect free films and heterostructures. The thrusts of 

our proposed new work develop these advances, and expand into new materials systems:  

(1) Novel CPLD Synthesis Route for oxide interface strain control, and oxide hole doping.  

(2) Interface- and Strain engineered Fe-based superconductors  

 

Recent Progress  

Point Defect Control of Oxide-based Quantum Heterostructures  

Point defects have played a major role in tuning the properties of materials over the last few 

decades. In quantum heterostructures based on complex oxides, however, the ability to control 

individual point defects continues to be challenging, due partially to non-stoichiometry issues in 

oxides. Here, we demonstrate the ability to tune point defects in oxide-based quantum 

heterostructure LaAlO3/SrTiO3 (LAO/STO), using a newly-developed chemical pulsed laser 

deposition (CPLD) growth technique. X-ray diffraction and Raman spectroscopy show that there 

is a wide process window of controlling the stoichiometry of STO without its structural change. 

Depth-resolved cathodoluminescence spectroscopy reveals that STO films grown at higher 

Titanium tetraisopropoxide (TTIP) flux has a higher ratio of antisite Ti/Sr vacancy with lower 

concentration of oxygen vacancies, which leads to higher electron mobility of two-dimensional 

electron gas at the interface of LAO/STO at low temperature, resulting in clear Shubnikov–de 

Haas oscillations. This result provides an essential part of the development of the next-generation 

complex oxide thin films and their heterostructures to investigate novel quantum phenomena.  

We choose a LAO/STO heterostructure as a model system to demonstrate a point defect control 

of STO layer with a newly-developed chemical pulsed laser deposition (CPLD) growth technique. 

CPLD uses TTIP as a Ti source during laser ablation of a SrO target. The mechanism of CPLD 

growth for STO is related to that of hybrid MBE, where TTIP can only be adsorbed and 
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decomposed to form STO on SrO-terminated surface, whereas it would be desorbed on TiO2-

termiated one.  Using this technique, we were able to precisely tune point defects in STO. 

We have grown homoepitaxial 25 u.c. SrTiO3 

thin films on (001) SrTiO3 single crystal 

substrates. Figure 1a shows out-of-plane θ-2θ 

XRD patterns of SrTiO3 films vs. TTIP inlet 

pressure. Peaks other than those from the 

single crystal substrate likely arise from cation 

off-stoichiometry, as the SrTiO3 lattice 

parameter is highly sensitive to stoichiometry. 

The results indicate a stoichiometric SrTiO3 

growth window over a wide range of TTIP gas 

inlet pressure where SrTiO3 film peaks 

overlap those of the SrTiO3 substrate.  

Variable-temperature Raman spectroscopy 

was performed to investigate signatures of 

inversion symmetry breaking due to point 

defects. SrTiO3 is a cubic perovskite (space 

group Pm-3m) with 12 optical phonon modes. 

Because of odd modal symmetry with respect 

to the inversion center, 1st order Raman peaks 

are not present in the ideal SrTiO3 structure. 

Point defects which break the inversion symmetry of SrTiO3 can thus be detected by 1st order 

peaks in Raman spectra, e.g. the LO3 or TO4 modes. Raman spectrae of SrTiO3 films measured at 

10 K are shown in Fig. 2b. The intensity of the LO3 and TO4 peaks in Ti-rich SrTiO3 films is higher 

outside the flux growth region of 11 to 21 

mTorr, in agreement with the XRD 

stoichiometric growth process window.  

Using the SrTiO3 films as templates, 

epitaxial LaAlO3 layers were grown on 

SrTiO3 by conventional PLD to investigate 

the effect of point defects on 2DEG 

properties . The highest electron mobility 

of ~6,200 cm2/Vs at 2 K ( 21 mTorr TTIP 

gas inlet pressure) (Fig. 2a) is substantially 

higher than the typical 2,400 cm2/Vs 

without the TTIP process. The defect 

concentration inferred from the electron 

mobility monotonically decreases with 

increasing TTIP pressure within the 

structural growth window, as shown in Fig. 2b. We believe that point defect concentration varies 

within the structural growth window, resulting in the dramatic mobility enhancement. 

We performed depth-resolved cathodoluminescence (DRCLS) to directly measure the point 

defects and their spatial distribution in STO films. Figure 3a shows DRCLS spectra of the 

LAO/STO samples with STO grown at 15 and 21 mTorr TTIP inlet pressure of. There is a clear 

difference in intensities between the 15 and 21 mTorr samples within the energy range from ~1.5 

 

Figure 1. a, XRD patterns of SrTiO3 films near (002) 

reflection. b, Raman spectra at 10 K. Data from Sr-rich, 

stoichiometric, Ti-rich SrTiO3 (determined by XRD) 

films are represented in blue, black, red, respectively. c, 

Normalized TO4 intensity in Raman spectra (b) as a 

function of TTIP inlet pressure. Yellow area is a 

stoichiometric growth window determined by Raman 

spectra at 10 K. 

 

 

 

Fig. 2. (a) Electron mobility at the interface of 

LaAlO3/SrTiO3 substrate and LaAlO3/MOPLD-grown 

SrTiO3/SrTiO3 substrate. TTIP gas inlet pressures of 15-23 

mTorr were employed for growing SrTiO3 films (b) LaAlO3/ 

SrTiO3 mobility at 2 K for various TTIP pressures.  

 

(a) (b)
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to ~3.4 eV when the spectra were normalized by the band gap (3.6 eV) energy. In Fig. 3b, relative 

point defect densities of TiSr
2+, VO

2+ are plotted as a function of TTIP inlet pressures for the growth 

of STO films. As the TTIP inlet pressure is increased, the amount of TiSr
2+ is increased whereas 

the amount of VO
2+ is decreased. The electron mobility value measured at 2 K is again plotted in 

Fig. 3c for comparison. It is clear that lower concentration of VO in STO is responsible for higher 

electron mobility at the interface of LAO/STO.   

Since STO is one of the most widely used 

single crystals for growth of oxides, the 

point defect control by CPLD provides a 

way of making high quality STO for: (1) 

producing a template of STO on any 

substrate to integrate oxide in electronic 

(2) in principle because the quality of 

STO is superior that single crystals one 

can avoid buying expensive single 

crystals of STO, but rather producing 

them with CPLD.  

Future Plans 

(1) Novel CPLD Synthesis Route for 

advances in oxide films and 

heterostructures 

We are continuing to develop a chemical 

pulsed laser deposition (CPLD) growth 

process that is showing dramatically 

lower concentration of point defects in 

complex oxide thin films. The higher 

quality epitaxial films and 

heterostructures described here remove 

several roadblocks that have limited the 

development of new science using quantum materials.  

(2) Strain control of the LaAlO3/SrTiO3 interfacial two-dimensional electron gas 

We will use our CPLD synthesis technique to understand the relation between point defect and 

electron gas properties, and to synthesize high-mobility electron gases to explore the effect of 

strain on fundamental aspects. 

(3) Strain and Interface Engineered Unconventional Superconducting Quantum Heterostructures 

Our new synthesis routes now allow exploration of strain- and electric-field dependent 

superconducting properties; such as (1) Giant strain control and investigation of the 

superconducting mechanism by lattice distortion and symmetry constraints in strain-engineered 

pnictides (2) the interaction of monolayer FeSe with strain- and interface engineered SrTiO3 films.     
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Program Scope 

Direct writing of nanoscale structures with focused electron beam induced processing (FEBIP) is 

a promising route to atom-by-atom growth of complex 3D nanostructures, but utility has been 

constrained by slow growth rates (largely due to low precursor density), a limited selection of non-

carbonaceous precursors,  and structural heterogeneity/porosity along with a lack of control over 

topology. As vividly stated in a recent review, electron/ion-beam based deposition methods have 

the potential for “full control of atomic arrangement and bonding in three dimensions”; yet the 

practical realization of this tantalizing possibility has been elusive, with only limited success 

confined to gas-phase precursors. [1] With DOE BES support, we are developing a family of multi-

mode energized micro/nano-jet techniques as a method of local precursor delivery in an excited 

state, which aims to resolve both fundamental process control issues and to expand the range of 

useful precursors for FEBIP. Our ongoing program focuses on establishing a fundamental 

understanding of nanomaterials and meso-scale materials created under far from equilibrium 

conditions. Out-of-equilibria states for material nucleation and growth are established via 

thermally energized gas modulation of adatoms and electrokinetic separation of ionic precursors 

in liquid phase. In this report, we present fundamental advances on these two new methods, 

facilitated by the use of electrospray nano-jets and supersonic gas micro-jets, we pioneered for 

delivery of energized precursor molecules into a vacuum environment of the FEBIP chamber. The 

results of complementary experiments and multiscale modeling on high intensity thermal and 

electric field gradients associated with the energized multiphase jet delivery are presented leading 

to discovery of fundamental mechanisms of electron-precursor interactions and transport in the 

course of material synthesis with implications to FEBIP deposit growth rate, topology, phase and 

compositional purity. Energized micro/nano-jets provide unique capabilities for excitation of the 

far-from-equilibrium precursor-to-substrate molecular interactions, thus establishing a locally 

controlled deposition/etching/doping site for focused electron-beam induced processing (FEBIP). 

Not only this expands FEBIP to a wider range of precursor materials and new phase of synthesized 

nanomaterials, but also affords tuning of sticking coefficients and adsorption/desorption activation 

energies of participating molecules to controlling the deposition chemistry. The latter is especially 

critical for FEBIP on substrates, which are sensitive to doping such as graphene and other 2D 

materials, whose electronic properties change by adsorption of different molecules.  
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Recent Progress  

We demonstrated the control 

of the material phase on the 

micron scale through a direct-

write FEBIP process in an 

unenclosed liquid film. 

Nanoelectrospray as a mode 

of liquid phase introduction 

for FEBIP enables access to 

non-equilibrium solution 

states. [2] The potential bias 

of the electrospray jet (Fig. 1) 

has significant influence over 

the behavior of deposit 

growth and formation, 

determining the overall 

structure (granular vs. 

crystalline) of the deposit, 

and the formation of 

secondary (i.e. non-beam 

driven) deposited material. 

Positive nanoelectrospray of 

a metal salt with elementally exclusive metal cations (e.g. silver nitrate or cupric sulfate) in 

solution produces an excess of secondary deposited material in the form of metal nanoparticles. 

Nanoparticle formation in positive mode electrospray is attributed to the rapid increase in metal 

cation concentration due to desolvation and droplet fission processes. In contrast, negative 

nanoelectrospray produces an environment with an excess of non-metallic anions, and thus 

suppresses the formation of nanoparticles both within the electrospray droplets and within the 

liquid film. In addition, the presence of excess anions within the liquid bulk serves to shield metal 

cations from reaction with 

solvated electrons, limiting 

the rate of nucleation and 

growth of nanoparticles 

formed far from the point of 

beam impact. The absence 

of the excess of 

nanoparticles observed in 

positive electrospray is a 

key benefit of negative 

nanoelectrospray, where the 

Positive nanoES

In-spray
NP nucleation

e-beam

In-film
NP nucleation

Deposition via
agglomeration

Negative nanoES

No in-spray
NP nucleation

e-beam

Nanocrystal nucleation 

via e-beam induced 

metal cation reduction

“hot” grow ing cathode – monolithic deposit

          

time time

time time

Low 
energy 

electrons

Fig. 1: (Top): Positive electrospray bias results in an excess of metal cations 

within the spray and film, resulting in nanoparticle formation both within the 

traveling droplets and the liquid film, forming a highly granular metal deposit. 

(Bottom): Negative electrospray bias results in an excess of anions paired 

with dissociated metal salt, suppressing the formation of nanoparticles to 

favor crystal growth via electrochemical reduction by solvated electrons. 

Fig. 2: Negative Mode NESA-FEBID silver deposits showing transition from 

NP agglomeration to crystalline monolith growth with an increasing solution pH 

by addition of sodium hydroxide (30 keV electron beam with a current of ~3.5 

nA with a water solvent). (a) 1 mM AgNO3, pH 7, (b-c) 0.7 mM AgNO3, pH 8, 

(d) 0.7 mM AgNO3, pH 10.5. Deposit (a) features a primarily granular structure 

typical to deposits formed without an added base. Deposits (b-c) feature large-

scale spike-like crystalline structures covering the surface of the deposit. Deposit 

(d) has large crystals on the scale of 0.5-1 μm embedded within the surface.  

1 μm
1 μm 1 μm1 μm

(a) (b) (c) (d)

pH 7 pH 8 pH 10.5pH 8
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primary mode of deposit formation is instead beam-driven growth through electrochemical 

reduction of silver ions. First, a nanoparticle nucleates at the point of electron beam impact at the 

liquid/vacuum interface.  Then the nanoparticle is charged by the beam, becoming the cathode in 

an electrochemical reaction, i.e., Mn  ne  M . The particle continues to grow due to 

electrochemical reduction of metal cations at the 

liquid/solid interface. The stationary growth of a 

single nanoparticle at the point of beam impact, 

rather than the agglomeration of nanoparticles, 

leads to the formation of crystalline deposits, 

rather than granular deposits (Fig. 2). Solution pH 

also plays a significant role, as elevating the pH 

from 8 to 10.5 via added sodium hydroxide 

significantly promotes the formation of crystalline 

deposits, as elevated pH increases the half-

lifetime of solvated electrons in the boundary 

layer adjacent to the primary nucleate. [3] 

Modes of enhanced surface diffusion can be accessed via an externally applied energetic 

molecular beam that activates surface diffusion, not by bulk heating the surface, but by bringing 

adatoms into a state of strong 

thermal non-equilibrium 

with the surface. Since there 

is no technique to directly 

measure the adatom 

temperature without 

perturbing its intrinsic 

thermodynamic state, the 

only alternative is to rely on 

the predictions using a 

suitable model capturing the 

key physics of interactions 

and validated by comparison 

to carefully designed control 

experiments.  To this end, 

the analytical hard-cube 

model was developed to 

include three interacting 

bodies such that the effective 

temperature of the middle 

body, the adatom, may be 

determined (Fig. 3). [4] The 

Fig. 3: The hard-cube model for adatom thermal 

state is based on the elastic binary collision between 

the impinging particle and the impingement site.  

Fig. 4: (a) A schematic side-profile of the RTD lateral translation range 

illustrates how the RTD is positioned to collect thermal response data at 

different locations relative to the gas jet. (b) The SEM top-view follows the 

RTD as the substrate moves relative to the nozzle along the jet centerline 

position. The RTD thermal response (above the ambient equilibrium 

temperature when the jet is off) is collected for (c) a 7.25 ± 0.1 sccm oxygen 

gas jet with a 10μm and 20μm vertical offset between the nozzle tip outer 

diameter and the substrate and (d) an oxygen gas jet at various flow rates with 

a 20μm offset between the nozzle and the substrate. RTD temperature 

measurement uncertainty is ± 0.002K. 
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capability of the model in the prediction of temperature is verified by predicting complex heating 

and cooling surface profiles in response to gas jet impingement (Fig. 4), which can be used to bring 

the surface adsorbed precursor molecules into an excited thermodynamic state favorable for locally 

controlled nanofabrication by a supersonic inert gas jet FEBIP and shows an enhancement of the 

surface adsorbed precursor diffusion rate (and therefore the nanostructure growth rate) by 10X. 

Theoretical predictions reveal that a supersonic jet impingement, especially when it is thermal 

energized, can dramatically elevate the effective temperature of adatoms - bringing them into a 

state of thermal non-equilibrium with the surface with significant beneficial effects for FEBIP, 

such as enhanced growth rate, improved deposit morphology and structure, for many 

nanofabrication techniques that rely on the optimal state of the surface adsorbed precursor.[5] 

Future Plans 

Future work will focus on: (1) discovery of the reaction and growth pathways, resulting in 

formation of pure metal nanostructures with unique phases and crystalline structures by FEBIP 

from liquid-phase precursors under an influence of a strong local electric field; (2) discovery of 

new processing capabilities and fundamental understanding for the formation of e-beam patterned 

thin films via ion soft landing for locally-controlled electrochemical properties, and (3) 

establishment of experimentally-validated modeling framework for FEBIP enabled by controlled 

energy multi-phase precursor jets at a precisely controlled thermodynamic states. Collectively, 

these basic insights will not only bring about the fundamental understanding of coupled physical-

chemical processes underlying new approaches to FEBIP, but will also enable new hypothesis 

generation and validation of new methods for improving the growth rate, resolution, and 

composition/phase control of FEBIP made nano/meso/micro-structures and synthesis of 3D-

complex hierarchical materials and thin films with atomic scale control.  
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Program Scope 

A significant challenge in the development of functional nanomaterials is understanding the 

growth of colloidal metal nanocrystals.  From a practical perspective, a knowledge of how to 

synthesize selective metal nanocrystal sizes and shapes will be important in achieving a sustainable 

energy future. The science of shape-selective nanocrystal synthesis has been advancing at an 

increasingly rapid pace, with numerous recent reports of syntheses of various beneficial 

nanocrystal morphologies.  Despite many successes, it is still difficult to achieve high, selective 

yields in most synthesis protocols.  Many fundamental aspects of these complex syntheses remain 

poorly understood.  Our research has focused on resolving the thermodynamic and kinetic 

mechanisms by which capping molecules and halides facilitate the growth of Ag and Cu seeds into 

nanocrystals. These studies rely on a collection of theoretical methods that has been developed in 

the Fichthorn group for quantifying kinetic nanocrystal shapes, characterizing solid-liquid 

interfacial free energies, and computing nanocrystal free energies via classical molecular dynamics 

(MD) simulations.  In addition, quantum methods based on density functional theory (DFT) have 

been used. 

Recent Progress 

Five-fold twinned nanowires can be 

synthesized from various fcc metals via 

solution-phase methods. These 

anisotropic nanostructures can be 

grown with aspect ratios (AR) beyond 

1000 and they possess unique 

electrical, optical, and mechanical 

properties that show promise for many 

applications (e.g., see ref. 1). Despite 

considerable interest in their synthesis 

and properties, the kinetic mechanisms 

that promote the high-AR growth of 

metal nanowires are not well 

understood.  

The commonly assumed structure for five-fold twinned nanowires can be inferred from Fig. 1. 

Here, we see that these wires consist of ten {111} end facets and five {100} side facets.  In 

experimental studies2, it was suggested that the selective flux of Ag atoms/ions to the {111} ends 

relative to the {100} sides results in high-AR growth.  This flux selectivity has been attributed to 

the facet-selective binding of capping molecules (e.g., PVP, in the case of Ag nanowires2) to the 

{100} facets.  While recent experiments3 and theoretical studies based on DFT4  confirm facet-

selective binding of PVP to Ag(100), they also indicate that it is unlikely to be sufficient to produce 

nanowires.5,6  

 
Figure 1.  Nanowires at various relative linear facet growth rates. 

The inset shows the AR. {100} facets are light and {111} facets 

are dark.   
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In Fig. 1, we show a kinetic Wulff construction that describes nanowire shapes for various 

linear facet growth rates Gi of the {111} ends and the {100} sides.7  Here, we see that to achieve 

AR around 100 (seen in some experiments1,2), the flux to the {111} facet G{111} needs to be nearly 

100 times larger than the flux to the {100} facet G{100}.  Our DFT-based calculations do not bear 

this out for Ag NW capped solely with PVP.  In these studies5,6, we found G{111}/G{100} ≈ 1.7 - 2.0, 

which is sufficient to produce {100}-faceted nanocubes, but would lead to nanowires with AR 

around 2. 

 

 

It is possible that the inadvertant introduction of halides could enhance nanowire growth for 

Ag, as Da Silva et al. found AR greater than 1000 in their studies of Ag nanowire growth in the 

presence of bromide.1 In a joint theoretical and experimental study, we found evidence for a new 

mechanism by which both a capping agent, hexadecylamine (HDA), and Cl synergistically 

promote anisotropic growth of Cu nanowires.8 Electrochemical measurements on Cu(111) and 

Cu(100) surfaces show that, in contrast to previous hypotheses, HDA does not selectively passivate 

Cu(100); it passivates both facets equally. However, the introduction of Cl- in a narrow range of 

concentrations selectively disrupts the alkylamine monolayer on Cu(111), causing Cu to 

preferentially deposit onto {111} facets on the ends of the nanowires. DFT calculations show that 

HDA and Cl chemically adsorb to both Cu(111) and Cu(100) at sufficiently low Cl coverages and 

that HDA physically adsorbs at high Cl coverages. As in experiments, DFT calculations indicate 

there is a narrow, intermediate Cl coverage window, indicated in Fig. 2, where HDA chemisorbs 

to Cu(100), but physisorbs to Cu(111). Thus, anisotropic growth occurs via Cu atom addition to 

the less-protected {111} facets on nanowire end.  However, Ag nanowires have been grown in the 

absence of halide.1,2  Thus, a mechanism other than facet-selective ion deposition can be operative 

in producing nanowires.  Here, we examine the possibility that this mechanism involves surface 

diffusion. 

We consider the diffusion of Ag atoms on the surfaces of nanowire seeds and the possibility 

that their accumulation on the {111} facets can lead to the growth of seeds into nanowires.  Five-

Figure 2. The surface energy of Cu(100) as a 

function of the Cl and HDA chemical 

potentials.  The region outlined in black is 

where we predict nanowire formation.  In this 

region, the Cl surface coverage on Cu(100) is 

either 0.25 ML (orange region) or 0.33 ML 

(green region) and the Cl surface coverage is 

0.33 ML.  The snapshots depict optimized 

HDA and Cl surface configurations from a side 

view (left) and a top-down view (right), in 

which only the Cl (green) and N (blue) atoms 

are shown.  Dark blue N atoms are 

chemisorbed and light blue N atoms are 

physisorbed. 
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fold twinned nanowires grow from decahedral seeds that are almost 

always depicted as shown in the lower left inset of Fig. 1.  Seeds 

consist of five sub-units with {111} twin planes between each unti.  

The five-fold geometry is not space filling and there is strain associated 

with closing the gap.  Our calculations based on an embedded-atom 

method potential for Ag indicate that a Marks-like decahedron is 

energetically favored for five-fold twinned Ag seeds.  This structure is 

shown in Fig. 3.  Such a structure relieves stress and is consistent with 

the rounded pentagonal nanowire cross sections observed in 

experiments.  

Our MD simulations and energy minimizations indicate the strain 

distribution over the {111} facets of nanowire seeds induces 

heterogeneous atom aggregation and leads to atom trapping there.  

Using the climbing-image nudged-elastic band method, we calculated 

energy barriers for atoms to diffuse over the strained {111}, {100}, and {110} facets shown in 

Fig. 3.  The major pathway for atoms to transit between the {111} and {100} facet is outlined in 

Fig. 4. 

 

 
 

We combined all of the elements discussed above:  seed structure, nucleation, and diffusion to 

find mean-first passage times (MFPT) for inter-facet transport.  We used the theory of absorbing 

Markov chains to compute MFPT.  We find that the MFPT to go from a {111} to a {100} facet is 

significantly longer than the MFPT to go from a {100} to a {111} facet and also much longer than 

the experimental deposition time, indicating atom accumulation will occur on the nanowire ends.  

As the NW grow from seeds, the MFPT to go from {100} to {111} increases and reaches a point 

at which it equals and exceeds the deposition time.  The length at which this point is reached is the 

Figure 4. The energy profile for an atom to transit from the {100} facet (pink) to the {111} facet 

(violet) through the notch (white) and {110} facet (multi-colored). 

Figure 3.  Predicted 

structure for a  a five-

fold twinned nanowire 

seed.   
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length to which the nanowires will grow.  We predict nanowire AR in the experimental range for 

experimentaly realizable deposition rates. 

 

Future Plans 

Many interesting studies are in the works.  First, we are probing the cooperative roles of PVP 

and Cl in promoting Ag nanowire and nanocube growth.  Preliminary studies indicate we will find 

similar trends to those in Fig. 2 for the Cu-Cl-HDA system.  We are investigating the role of 

diffusion in promoting nanowire morphologies for the Cu-Cl-HDA system and preliminary 

calculations indicate that diffusion enhances nanowire growth beyond what we could expect from 

deposition.  Finally, we have initiated studies of metal seed growth to understand how we might 

be able to influence seed growth trajectories and seed shapes, which critically determine final 

nanocrystal shapes. 
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Fabricating Single Crystal Quantum Dot Solids 

 

Tobias Hanrath,1 Lena F. Kourkoutis,1 Paulette Clancy2 (1 Cornell University, 2 Johns 

Hopkins University) 

 

Program Scope 

 This collaborative research program to aims to develop new fabrication techniques that 

enable the creation of single crystal quantum dot solids (QDS) with programmable symmetry 

and composition. Our approach towards that goal involves unique in-situ, multi-probe 

characterization techniques to gain deep insights into the fundamental relationship between 

processing conditions and nucleation and growth of QDS. The program integrates computational 

modeling and experiment to gain atomic-level insights into the underlying physical phenomena 

governing assembly and attachment and to guide development of optimized processing methods. 

QDS promise tunable band structure through control of the quantum dot size and their 

coupling. The limiting factor in realizing these goals is structural disorder, which prevents carrier 

delocalization and limits the optoelectronic properties. Currently available fabrication methods 

yield polycrystalline QDS with poor control over crystal structure and small (~µm) grain sizes 

due to the complex interplay of particle diffusion, assembly, attachment and coupled fluid 

transport processes. The basic kinetic and thermodynamic factors governing the interplay of self-

assembly and directed attachment are poorly understood; this knowledge gap defines a key 

motivation for the proposed work. We will discuss our approach to couple synthesis, modeling 

and advanced characterization by aberration corrected scanning transmission electron 

microscopy (STEM) to understand sources of this disorder and design strategies to overcome 

current limitations. 

We hypothesized that QDS nucleation and growth processes can be rigorously controlled 

in small volumes of surface-patterned liquid droplets. Two principal goals of the proposed work 

are: (1) to establish fundamental principles that govern the formation of single crystal QDS in a 

confined liquid volume and (2) to understand and control the nature of the ‘epitaxial bond’ 

connecting the dots in the atomically coherent superlattice. We see the versatility of the 

methodologies developed in the project and the compatibility with existing device fabrication 

techniques as a key strength and anticipate that our work will likely spur additional advances in 

the synthesis and processing of 2D QDS as well as exploring their unique predicted electronic 

properties. 
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Recent Progress  

We will discuss progress on three coordinated fronts: (i) fabrication of single QDS, (ii) 

structural analysis of QDS using advanced TEM methods, and (iii) computational simulations of 

epitaxial bridge formation.  

Our goal to create QDS on the surface of confined liquid volumes lead us to investigate 

conditions under which QD suspensions could be ink-jet printed. We analyzed the hydrodynamic 

processes involved in jetting colloidal quantum dot suspensions on top of a patterned sessile 

droplet. Analysis of the modified Weber number (the ratio of the kinetic energy of the incoming 

droplet relative to the interfacial energy) provided guidance to key printing conditions such as 

jetting velocity and nozzle diameter. We identified an optimal solvent for the colloidal quantum 

dot suspensions which appropriate balance of volatility and viscosity; this solvent choice was 

informed by the in-situ X-ray scattering experiments of the quantum dot assembly. 

We investigated how the formation of a quantum dot 

monolayer at the interface of two immiscible liquids is influenced by 

the coupled subprocesses of solvent spreading and evaporation. 

Notably, the process of forming a quantum dot assembly at a fluid-

fluid interface involves several hydrodynamic complexities that have 

not been described (nor controlled) in previous reports in the literature. 

To address this knowledge gap, we performed a series of assembly 

experiments using the in-situ X-ray scattering chamber available at 

CHESS (Figure1). In-situ X-ray scattering experiments provided new 

insights into the complex interplay of solvent spreading and solvent 

evaporation. We discovered that the spreading of the bulk colloidal 

suspension is proceeded by the rapid spreading of a monolayer of 

quantum dots. Additionally, we explain how tuning the solvent 

parameters, such as volatility, surface tension and polarity, 

determines the mesoscale morphology of 2D superlattices on 

ethylene glycol.[1] 

Our analysis of the QDS structure demonstrated that orientational disorder of the 

nanocrystal atomic lattices plays an important role in the disorder of the superlattice. Atomic-

resolution STEM images over large fields of view allow is to extract atomic lattice orientations 

across thousands of nanocrystals and quantify local lattice symmetries, showing a correlation 

between atomic lattice alignment between neighbors and local superlattice order (see Figure 2). 

Applying these techniques to a monolayer grain boundary, we see a striking difference between 

the sharp atomic lattice boundary and continuous deformation across the superlattice; this 

analysis supports the idea that the irreversibility of the oriented attachment process is a key 

element of the ultimate material structure. Coupling between the atomic lattice and the 

superlattice is a fundamental driver of film growth, and our results suggest nontrivial underlying 

Figure 1: In-situ X-ray 

scattering provides 

insights into the 

dynamics forming QDS 

at a fluid interface. 
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mechanics, implying that 

simplified models of epitaxial 

attachment may be insufficient 

to understand DQS formation 

and disorder when oriented 

attachment and superlattice 

growth occur in concert [2]. 

Computational progress 

on this project has been made 

on two fronts: (1) a concerted 

effort to create a new reactive 

force field that will model the 

kinds of molecular systems, 

like PbS and PbSe, that cannot 

currently be modeled by 

ubiquitous codes such as 

LAMMPS, nor by existing 

reactive force fields, like 

REAX-FF; (2) studying the 

mechanism by which bridges form between quantum dot building blocks. Our approach towards 

that goal applies the Simple Molecular Reactive Force Field (SMRFF) to accurately simulate 

interactions between quantum dots. This potential uses both reactive and non-reactive force 

fields to model interactions between particles at different interatomic distances: short-range 

interactions can be modeled by a reactive force field, such as the Morse or the Tersoff potential, 

smoothly connected to long-range interactions modeled by a superposition of the Lennard-Jones 

and Coulomb potentials. We have parametrized the force field using a diverse set of 

conformations of the initial PbS quantum dot building blocks. The simulations suggest that 

mechanism of bridge formation is sensitive to the nature of the force field that exists between 

particles. This places a premium on making sure that the force field is as accurate as possible, 

creating more impetus to finalize our reactive force field approach.  

 

Future Plans 

 Having identified an ‘operating window’ in which colloidal quantum dot suspensions can 

be printed on top of immiscible sessile droplets, we will push forward to investigate how 

subsequent processing steps (i.e., introduction of chemical trigger to initial QD attachment) can 

be integrated. Whereas the relatively thin (~100µm) ethylene glycol droplet used in our initial 

inkjet printing studies are susceptible to mechanical instabilities upon impact from the inkjet 

printed colloidal quantum dot solutions, our current printing efforts focus on inkjet printing on 

Figure 2: Local superlattice orientation and four-fold symmetry. (a) A 

HAADF-STEM image of a disordered, but approximately square, QDS. 

(b,c)  structure order parameter 4 is calculated for each dot via their 

corresponding Voronoi cells, outlined in red. In comparatively ordered 

regions (c) the Voronoi cell is approximately square, while in more 

disordered regions (b) the cell perimeter is a less symmetric polygon. 

(d) More distant neighbors corresponding to shorter Voronoi cell edges 

are weighted less in the calculation of 4. (e) The magnitude of 4 

quantifies the degree of local fourfold symmetry of the superlattice. (f) 

The Voronoi diagram corresponding to the image in (a), with the cells 

colored according 4 and the arrows indicating the direction of best 

fourfold symmetry determined from the complex argument of 4.  
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EG in custom-fabricated wells. We are investigating alternative fabrication methods including 

dip-pen deposition of the quantum dot suspension and the chemical trigger. To achieve better 

spatiotemporal control over the initiation of the structural transformation, we are currently 

investigated photoinitated amine trigger release.   

With the characterization tools in place to track the structure of synthesized QDS, we will 

focus next on the effects of thermal annealing on connectivity and disorder. Using a MEMS 

based in-situ heating holder to control the temperature, annealing time and rate of heating we 

will directly image the evolution of the QDS. We will systematical probe processing conditions 

in order to maximize the benefits of annealing on the long range and local structure of the QDS 

films.    

Moving beyond the initial parameterization of SMRFF for PbS quantum dots, we will 

have the foundation we need to conduct large-scale computational studies to comprehensively 

uncover the propensity and mechanism for systems that differ in the number of quantum dots 

(pairs, 4 in-plane dots, 9 full-shell dots), dot size, robustness to the regularity of the shape of the 

dots and the nature of the faceting, initial misalignment of the dots, and the existence of defects. 

In addition, given its sensitivity and impact on the outcomes, we will investigate the role of the 

force field to alter the outcomes of bridge formation. For direct comparison to experiments, we 

will also investigate the result of thermal annealing of the systems. 

Publications 

[1] D. Balazs, T. Dunbar, D.M. Smilgies, T. Hanrath, “The dynamics of nanoparticle spreading 

and assembly at a fluid-fluid interface”, submitted.  

[2] A.R.C. McCray, B.H. Savitzky, K. Whitham, T. Hanrath, L.F. Kourkoutis, “Orientational 

Disorder in Epitaxially Connected Quantum Dot Solids”, submitted 

 

 

108



Single Crystal growth via solid  solid transformation (SCGST) of glass 

PI: Himanshu Jain and Co-PI: Volkmar Dierolf, Lehigh University, Bethlehem, PA USA 

Program Scope 

We are developing a new paradigm for fabricating single crystal in glass using solid  

solid transformation. The selected compositions cannot be grown as single crystals using existing 

methods due to incongruent melting, decomposition upon heating to high temperature or phase 

transformation upon cooling. Previously, the proof-of-concept was demonstrated along with the 

discovery of a new class of solids, termed rotating lattice single (RLS) crystals, and introduction 

of the concept of ‘lattice engineering’.  

A phenomenological, working model has been proposed to explain the origin of lattice 

rotation, which needs verification. Further, key features and impact of SCGST and lattice rotation 

on properties remain unexplored/unexplained. To overcome this deficiency and to advance the 

distinctive attributes of such metastructures in practical applications, we have formulated four 

complementary working hypotheses: (A) SCGST is a widely applicable phenomenon, and not 

limited to congruently crystallizing glass compositions. (B) Rotation of lattice within RLS crystal 

represents dynamic equilibrium between the stresses arising from densification during SCGST and 

structural relaxation in the surrounding glass. (C) Although nucleation of crystal within the glass 

matrix is a random process, it should be possible to control the orientation of nuclei, hence of the 

desired crystal, by polarization or intensity profile of the laser. (D) SCGST imposes unique 

boundary conditions that allow the synthesis of single crystal architecture, which is otherwise very 

difficult or impossible to fabricate. In response to these questions and hypotheses, our goal is to 

investigate SCGST phenomenon and lattice rotation characteristics. The resulting information 

about the glass, the RLS crystal and the interfacial region in relation to local temperature and 

composition will help establish a comprehensive understanding suitable for guiding the fabrication 

of single crystal architecture of novel compositions and properties, which would not be feasible 

by the existing methods.  

 

Recent Progress  

 During the current reporting period we have focused primarily on hypothesis (B), and to 

lesser extent on (A) and (C) to further characterize the lattice rotations within our RLS crystals. 

The most significant progress made in support of these hypotheses is summarized below: 

 

(a) Fundamental nature of lattice rotation within RLS crystal – in situ x-ray diffraction studies  

To understand the process of lattice formation that proceeds via solidsolid 

transformation, we have observed in-situ Sb2S3 crystal formation under x-ray irradiation. Here, an 

x-ray beam is used as the heating source to fabricate these crystal structures while Laue diffraction 

patterns are collected to characterize evolution of structure at the same time. Using this novel 

approach, we were able to observe the progression of crystallization of glass and track changes in 

orientation in real time. We found that during the initial growth of crystal dots, which are used as 

seed crystals for fabricating other crystal architectures, there is a small change in orientation of the 

crystal lattice until reaching the steady state where the seed crystal stops to rotate. This change in 

orientation is notably different from the constant rotation rate found in the crystal lines (see below). 
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From observations under static conditions, we see that diffraction begins with one spot 

until a second spot begins to emerge in its vicinity (Fig. 1). At the last diffraction pattern of the 

crystal dot, the diffraction pattern 

indexes as a single grain confirming we 

are creating single crystal seed. This 

evolution of a given Laue ‘spot’ 

supports the introduction and then 

polygonization of dislocation, leading 

to the formation of a low angle 

boundary within seed crystal. The 

small change in orientation is 

consistent with the small change in 

deviation angle observed from electron 

backscattered diffraction (EBSD) of 

the crystal dot. At the end of the crystal 

dot formation the diffraction peaks are 

elliptical, which suggests that there are still 

organized dislocations within the crystal 

structure.  

To compare directly with laser-

fabricated 1D RLS crystal lines, we 

replicated the procedure using the x-ray 

beam, starting from the previously formed 

dot seed crystal. In the transition from dot to 

line, the lattice evolves in a complex manner 

that introduces large errors in indexing. 

Thereafter, we observe a smooth rotation of 

the lattice in real time, in agreement with 

previously reported ex-situ observations, see 

Fig. 2. Since we observe this rotation as it 

occurs, we conclude that lattice rotation 

within RLS crystals arises during growth at 

temperature, and not afterward during 

cooling to ambient. We also note that the individual diffraction peaks are elliptical as with seed 

crystal, and not circular as expected from ‘perfect’ crystals. These results support the model that 

lattice rotation in RLS crystals arises from the presence of unpaired dislocations and small-angle 

boundaries. 

To directly verify that the lattice rotation in RLS crystals arises from the introduction of 

dislocations, we used transmission electron microscopy on an RLS crystal line that was previously 

characterized by EBSD. As seen in Fig. 3, edge dislocations of the same sign appear in the crystal, 

many of them are well aligned as in a low angle grain boundary. Using the Burgers vector for 

Sb2S3, a/2 = 0.565 nm and the spacing between dislocations, we estimated the rotation rate that 

would result from such dislocations. Thus, the rotation rate along growth direction was calculated 

to be 0.128/m. The EBSD result show the rotation rate as 0.11/m. This excellent agreement 

confirms that the lattice rotation is a manifestation of dislocations introduced regularly during 

single crystal growth via solidsolid transformation. 

 
Figure 1: Evolution of two selected Laue reflections, (9,-6,3) 

and (12,-6,12) during seed crystallization. Time since the 

beginning of X-irradiation is indicated at the top. 

 
Figure 2: a) Plot of the deviation angle vs distance from 

the crystal seed. The equation of the linear fit is shown 

within the graph. b) Unit cell representation of the 

crystal orientation, [1, -26, 9], at the origin of the crystal 

line, 0 micron. c) Unit cell representation of the crystal 

orientation, [-1, -6, 3], at the end of the crystal line, 100 

micron. 

110



(b) Effect of laser polarization on the orientation of the 

lattice of RLS crystals 

 To establish if laser polarization has any 

influence on the orientation of lattice of RLS crystals, we 

performed laser-crystallization experiments using a 

spatial light modulator, SLM, that provides linearly 

polarized light. The SLM was used to modify the laser 

beam from its original Gaussian profile to rings of 

varying sizes to create larger crystal dots with a radially 

isotropic temperature profile; the only possible source of 

anisotropy is the polarization of laser. The crystal 

orientation deviation map shows that there is a rotation 

of the lattice, but it does not occur uniformly around the 

crystal dot. We also see that there is a maximum growth 

rate close to the direction of polarization, the y-direction, 

and minimum growth in the direction perpendicular to 

polarization, as seen in Fig. 4. A plausible explanation of 

this observation is that the alignment of the 

crystallization inducing electric field with the direction 

of crystal growth can lower the entropy of activation, 

creating an environment where it is easier for the crystal 

to nucleate and grow in that direction.  

The rotating lattice of the investigated crystals 

is the defining feature of what we now refer to as RLS 

crystals. Here, we see that when the growth rate is 

increased, there is a decreased rate of rotation; 

conversely at a decreased growth rate, we observe an 

increased rate of rotation. Therefore, if polarization 

can be used to control the relative growth rate of these 

structures it can help control the lattice rotation rate 

and increase their usefulness for applications. 

 

(c) Atomistic simulation of SCGST  

The control of orientation of laser fabricated 

single crystals remains a continuing challenge. It 

requires a detailed understanding of the nucleation 

process, which remains one of the most important 

problems of materials science. Accordingly, we have 

undertaken the task of atomistic simulation of the 

nucleation and growth of a crystal in glass. Since 

nucleation is a stochastic process and difficult to manage using currently available computational 

methods and resources, we have started our investigation into the nature of these processes in the 

vicinity of a well-defined crystal surface in the systems for which we already have experimental 

data. A better understanding of the glass/crystal interfacial structures is needed for elucidating the 

nucleation and crystal growth behaviors within the glass. Accordingly, ab initio Molecular 

Dynamics (AIMD) simulations are used to calculate the behaviors of crystalline/glassy Sb2S3 

 
Figure 4: The single crystal dot #1 induced by 

the laser beam using the “ring” procedure on 

the surface of Sb2S3 glass: (a) Crystal 

orientation deviation (COD) map with 

reference to crystal orientation at the center of 

the dot. Graphs represent growth rate (b) and  

rotation rate (c) with respect to position from 

the center to the periphery of the dot, 0o 

corresponds to the top of the crystal dot. 

Figure 3: Above: Inverse pole figure of 

crystal section characterized by EBSD. 

Below: TEM image of the section of 

crystal identified by dashed red box. The 

white arrows point to individual 

dislocations. 
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interface structures using Quantum 

Espresso and Vienna ab initio 

simulation packages. To begin, reliable 

structures of both crystal and glassy 

Sb2S3 have been obtained (see Fig. 5), 

as the basis for constructing 

crystal/glass interface. For this, slab 

models were used with applied periodic 

boundary in three dimensions. There is 

significant difference in the local 

structures of crystal and glass, for 

example, Sb in the former exists with coordination number (CN) 3 and 5 in equal concentration, 

while in the latter CN = 3, 4, 5 and 6 occur in relative abundance of 20.8%, 33.3%, 25.0% and 

4.2%, with remaining in an under-coordinated state of CN = 1 or 2. To simulate crystallization of 

glass, we are determining the influence of one on the structure of the other by inserting a 3 Å 

vacuum layer. In this regard, the fraction of Sb in four-fold coordination would serve a simple 

parameter for following the evolution of disorder in glass towards crystalline order.  

 

Future Plans  
For hypothesis (B) to further understand the rotating lattice, we plan to explore how the 

surface of our samples affect the rotating lattice. Learning how the surface can affect the rotation 

in our RLS crystals, we can further understand how to control the orientation. Previous 

experiments have shown that a 488 nm CW laser can create photo-expanded regions on the surface 

of our Sb-S-I glasses without crystallizing. To study these surface effects, we will create photo-

expanded regions on the surface of our glass with the 488 nm laser. We will then switch to the 

traditionally used 639 nm laser to create crystal structures over these regions to determine if the 

change in surface topology creates changes in crystal orientation. We plan to characterize these 

crystals with EBSD. 

We plan to continue our efforts with the in situ x-ray micro-diffraction experiments. We 

are currently conducting experiments using a collection rate of 30 frames per second at ALS. While 

this has been successful in exploring early crystal growth, it is not fast enough to explore nucleation 

characteristics. We are exploring x-ray diffraction beamlines at NSLS, to increase our time 

resolution to at least 100 frames per second. We plan to submit a proposal for commissioning time 

at there to explore these possibilities of performing our x-ray experiments with higher time 

resolution.  

For hypothesis (C), we will form dot crystals with stationery CW laser on the surface of 

currently used chalcogenide glasses, but under external DC electric field. Initial tests show that 

application of field at the growth front could be a challenge if the glass matrix is readily polarized. 

Therefore, in parallel, we will investigate the effect of uniaxial compressive stress on crystal 

orientation. 

Finally, we will advance atomistic simulations to model glass-crystal interface to yield z-

density profile, pair distribution function and coordination number. These predictions will be 

compared with the measurement of structure using synchrotrons at NSLS and ALS. In line with 

Hypothesis (A), similar interface models will be constructed for GexSe1-x crystal/glass systems 

using AIMD due to lack of reliable empirical potentials for most of chalcogenide glass systems. 

 

Figure 5. Schematic structure of initial generated Sb2S3 

crystal/glass interface model. Brown: Sb; Yellow: S 
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Intercalation and High Pressure of Phosphorene - Pathways to Novel Materials and Physics 

Jacek Jasinski, Conn Center for Renewable Energy Research, University of Louisville (PI) 

Gamini Sumanasekera, Physics and Astronomy, University of Louisville (Co-PI) 

Ming Yu, Physics and Astronomy, University of Louisville (Co-PI) 

 

Program Scope 

Our preliminary studies have prompted the idea that 

intercalation followed by high pressure can lead to the 

transformation of black phosphorous to blue 

phosphorous. Intercalation can lead to the bond 

reorganization and thus lower the energy barriers for 

structural phase transitions. This offers new pathways for 

the synthesis of blue phosphorene, a new intriguing two-

dimensional (2D) material, and creates an opportunity to 

explore novel physical phenomena in this and similar 2D 

systems. In order to expand the phase diagram space, we will combine the alkali metal (Li, Na, 

and K) intercalation of black phosphorous with high-pressure conditions (Fig. 1). The synergistic 

effects of intercalation and pressure on nanomaterials through computational modeling and in-situ 

monitoring and whether such effects can lead to new nanostructures, at atomic level, will be 

investigated. This research will have significant impacts on the fundamental understanding of 

physics associated with phosphorene and related 2D materials. It is expected that intercalation can 

significantly lower the pressure for the phase transformation from black phosphorous to 

theoretically predicted exotic blue phosphorous. This approach could offer pathways for the 

fabrication of blue phosphorene and also enable its fundamental studies to uncover novel physical 

phenomena in this predicted unique material. Theoretical calculations indicate that due to its 

unique electronic structure, blue phosphorene with varying stacking configurations may be a 

promising candidate as a BCS-superconductor after proper intercalation with alkali metals such as 

Li, Na, and K [1]. It may also exhibit the charge-density-wave (CDW) phase due to periodic 

distortion of the atomic lattice in 

this layered 2D material under 

proper intercalation and high 

pressure. Several layered transition 

metal dichalcogenides, including 

1T-TaSe2, 1T-TaS2 and 1T-TiSe2 

are known to exhibit unusually high 

transition temperatures to different 

CDW phases [2]. Concerning the 

applications, it has been calculated 

that, energetically, blue phosphorus 

is nearly as stable as black 

phosphorus (with the binding 

energy difference < 2 meV/atom [3, 

4]) and it also should be exfoliated 

easily to form new 2D structure, e.g. 

blue phosphorene. It has been 

Fig. 1. Concept scheme of intercalation-

induced phase transition with pressure. 

 

Fig. 2 Top and side views of (a) layered black phosphorene; (b) Li 

intercalation in the layered black phosphorene; (c) Li induced 

structural phase transition during the relaxation; and (d) layered blue 

phosphorene after Li removal, respectively. The arrows show the 

direction of the flow of the transition induced by the Li intercalation. 
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predicted that blue phosphorene has even a wider fundamental band gap (> 2 eV) compared to 

black phosphorene [4], layer-dependent tunable bandgap, semiconducting-semimetal transition 

under strain, possible high carrier mobility, and higher in-plane rigidity, making it a worthy 

contender in the emerging field of post-graphene 2D electronics [4]. 

 

Recent Progress 

To understand the atomistic mechanism of the 

intercalation during the structural phase transition, 

we performed ‘in situ’ theoretical study to analyze 

the role played by Li atoms during Li intercalation 

on phosphorene considering a specific Li 

concentration and configuration Li10P16 (Fig. 2(b)). 

We found that under these conditions, the Li atoms 

on the top and bottom ridge of phosphorene slightly 

pull out nearby P atoms. Such that the particular P‐P 

bonds between the valley and the ridge on the same 

layer broke and subsequently new P-P bonds 

between adjacent layers form. Such reconstruction 

together with the readjustment of some of the bonding angles leads to the rhombohedral structure 

with layers parallel to the (011) plane of the original orthorhombic structure (Fig.2 (c)). As a result, 

the puckered orthorhombic structure was automatically transformed to a buckled rhombohedral 

structure, indicating that the inserted Li atoms at those locations could act as ‘catalysts’ to drive 

the specific P atoms moving along specific directions, resulting bond breaking and forming, and 

subsequently, transforming layered black to layered blue phosphorene (Fig. 2 (d)). Interesting, we 

did not find such structure transformation if we insert K or Na with the same concentration and 

configuration (Fig. 3 (a) and (b)). It is clear that the bond lengths of K-K (~3.95 Å) and Na-Na 

(~3.45 Å) are larger than that of Li-Li (~2.85 

Å), which might affect the interactions 

between K/Na and P and weaken their role as 

‘catalysts’ to mediate the structure 

transformation on layered phosphorene. We 

are analyzing these results in terms of the 

attractive/repulsive interactions between Li 

and P/Li atoms, the charge transfer between Li 

and P atoms, the dislocations of particular P 

atoms during bonds breaking/forming process, 

and the change of the electronic band structure 

of the combined system along the transition 

path. Theoretical findings will be validated by 

experiments planned for the project. The 

experimental work focusses on the fabrication 

and characterization of black phosphorene, 

intercalation, and high-pressure experiments.  

Black phosphorus (BP) samples are 

synthesized using a short transport growth 

method [5]. Quartz glass ampules filled with tin 

Fig. 3 (a) The initial (left) and the final (right) 

structures of K10P16. (b) The initial (left) and 

the final (right) structures of Na10P16. The pick, 

blue, and green dots denote P, K, and Na 

atoms, respectively. 

 

Fig. 4 (a-c) Schematic setup and conditions for the short 

transport growth method of BP. (d) Steps of liquid 

mechanical exfoliation of BP. (e-g) and (h-j) TEM-EDS 

elemental analysis of a poor- and high-quality BP 

sample produced in a single- and two-zone furnace, 

respectively. (k) XRD of BP powder and (l) SAED of 

BP flakes. (m) HRTEM of a single flake. 
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(Sn), tin iodide (SnI4), and red phosphorus are evacuated to 10-6 Torr, sealed using an oxy-

acetylene flame torch (Fig. 4a), and annealed in a quartz tube furnace (Fig. 4b) following the 

heating profile shown in Fig. 4c. The synthesis in a single zone furnace results in multiphase 

materials, composed of phosphorous and tin phosphide, (Fig. 4e-f. However, the use of a two-zone 

furnace and a well-defined temperature gradient yields high-quality BP samples (Fig. 4h-j, k-m). 

These materials are used for the systematic liquid phase exfoliation study. Crushed BP powders 

are suspended in solvent and are sonicated, followed by subsequent centrifuging for the separation 

into fraction of different number of layers (Fig. 4d). DMF and other solvents are tested for good 

control of the flake size and the number of layers. 

Some of obtained phosphorene samples are also used for additional advanced studies. This 

includes a study where a field effect transistor (FET) structure was prepared with phosphorene as 

the conducting channel and its performance was evaluated upon exposure to different gases (H2, 

N2H4, N2O, air, and argon). The chemical doping effects lead to changes of transport properties. 

The observed changes show a strong gas sensing selectivity and are believed to originate from the 

gas-specific modulation of the Schottky barrier formed between the p-type phosphorene and 

aluminum contacts. The findings suggest that phosphorene is a highly attractive material for gas 

sensing applications. This research suggests also that devices fabricated from phosphorene must 

be studied carefully to fully understand how they behave under real working environments. 

In another study, in-situ high-pressure Raman spectroscopy study of bilayer phoshorene were 

conducted at pressures up to 10 GaP (Fig. 5). 

The observed systematic shifting of 𝐴𝑔
1 , B2g, 

and 𝐴𝑔
2  Raman modes reflected the 

deformations in the structure and stiffness of 

the material. A substantial pressure-induced 

enhancement of the interactions between 

atoms for the out-plane mode 𝐴𝑔
1 , mainly due 

to the directional nature of the lone pair of 

electrons and charge transfer, was observed. 

However, these interactions were weaker than 

those in BP. The study showed also a 

significant enhancement of the atomic 

interactions due to bond length for the in-plane 

mode B2g along the zigzag direction. There is 

negligible effect on the in-plane mode 𝐴𝑔
2  

along the armchair direction. 

 

Future Plans 

We have found that the Li intercalation with Li concentration 0.625 (i.e., Li10P16) and asymmetric 

configuration could lead to the structural transition from puckered orthorhombic to a buckled 

rhombohedral. In order to identify specific conditions for the structural transformation mediated 

by the alkali metal intercalation, we are surveying if there are other specific conditions and 

configurations for Li/Na/K intercalation such that the inserted alkaline atoms could induce the 

structural transformation from layered black to blue phosphorene. Based on the atomistic model 

provided above, we will perform a throughout computational MD modeling with various Li/Na/K 

configurations. We will consider the metal intercalation with (1) different Li/Na/K intercalation 

Fig. 5 (a) Schematic of the experimental setup used for 

in-situ high-pressure Raman spectroscopy. (b) Top and 

side view of the bilayer structure model. c) Comparison 

of high-pressure experimental (open circles) and 

theoretical (stars) Raman shifts for the three main 

modes. (d) High-pressure evolution of Raman spectra.  
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rates and (2) for a given rate, different Li/Na/K distributions in the interlayer space of black 

phosphorus (e.g., symmetric and asymmetric). Especially, we are interested in alkaline atoms at 

the specific ‘reactive centers’ to see how those atoms could lead to P atoms with specific 

dislocations and bond breaking on the same layer during dynamics process. All the intermediate 

states of the structural transformation will be monitored during the MD simulations and the 

relationships between metal and P atoms during the intercalation will be systematically analyzed. 

Experimentally, we will continue optimizing the synthesis and exfoliation of BP for the good 

control of phosphorene flake size and its number of layers. Intercalation study with alkali metals 

and detailed characterization will also be conducted. This will include ex-situ measurements, as 

well as, the use of dedicated electrochemical cells (for Raman, XRD, and TEM) for in-situ 

monitoring of the structural evolution under different intercalation conditions. Intercalation 

experiments will help to validate theoretical findings and to prepare phosphorene samples for 

subsequent in-situ high-pressure study. During these experiments, flakes of pristine, intercalated, 

and de-intercalated phosphorene samples with different number of layers will be loaded to a DAC 

and Raman spectroscopy will be used for in-situ monitoring of structural changes and possible 

phase transitions in these materials under high-pressure conditions. Parallel high-pressure studies 

using a modulated nano/Å-indentation (MoNI/ÅI) method [6] are also planned in collaboration 

with Drs. Cellini and Riedo from New York University. The MoNI/ÅI measurements should help 

to validate DAC experiments and provide more data for better statistical analysis.  

 

 References 

1. J.-J. Zhang and S. Dong, "Prediction of above 20 K superconductivity of blue phosphorus 

bilayer with metal intercalations", 2D Materials 3, 035006, 2016. 

2. G. Liu, B. Debnath, T. R. Pope, T. T. Salguero, R. K. Lake, and A. A. Balandin, "A charge-

density-wave oscillator based on an integrated tantalum disulfide–boron nitride–graphene 

device operating at room temperature", Nat. Nanotechnol. 11, 845-850, 2016. 

3. S. E. Boulfelfel, G. Seifert, Y. Grin, and S. Leoni, "Squeezing lone pairs: The A 17 to A 7 

pressure-induced phase transition in black phosphorus", Phys. Rev. B 85, 014110, 2012. 

4. Z. Zhu and D. Tománek, "Semiconducting layered blue phosphorus: a computational study", 

Phys. Rev. Lett. 112, 176802, 2014. 

5. M. Köpf, N. Eckstein, D. Pfister, C. Grotz, I. Krüger, M. Greiwe, T. Hansen, H. Kohlmann, T. 

Nilges, “Access and in situ growth of phosphorene-precursor black phosphorus”, J. Cryst. 

Growth 405, 6-10, 2014. 

6. F. Cellini, Y. Gao, E. Riedo. "Å-Indentation for non-destructive elastic moduli measurements 

of supported ultra-hard ultra-thin films and nanostructures", Sci. Rep. 9, 4075, 2019. 

 

Publications 

1. M. Akhtar, C. Zhang, M. Rajapakse, Md R. K. Musa, M.Yu, G. Sumanasekera, J. B. Jasinski, 

“Bilayer phosphorene under high pressure: in situ Raman spectroscopy", Phys. Chem. Chem. 

Phys. 21, 7298-7304, 2019. 

2. A. Alruqi, R. Zhao, J. Jasinski, G. Sumanasekera, "Graphene-WS2 heterostructures by a 

lithography free method: their electrical properties", Nanotechnology 30, 275704, 2019. 

3. A. Alruqi, R. Musa, R. Zhao, C. Zhang, J. Jasinski, M. Yu, G Sumanasekera, "Layer dependent 

hydrazine adsorption properties in few layer WS2", J. Phys. Chem. C, 2019. 

119



 
 

Semiconductor Nanomembranes and Sheets: Compositions, Geometries, and Interfaces to 

Access New Functionalities 

Max G. Lagally, University of Wisconsin-Madison, Madison WI-53706 

Francesca Cavallo, University of New Mexico, Albuquerque, NM-87131 

 

Program Scope 

This new collaborative research program will leverage the unique attributes of inorganic nano-

membranes (NMs)1 to expand the palette of available compositions, geometries, and interfaces 

across energy-relevant materials.  The effort, which involves both group IV- and III-V-based 

NMs, along with graphene and composites, will develop and understand methods to carry out 

synthesis and processing with precise control, and determine general process-structure-properties 

relationships for the targeted materials. We anticipate that our work will extend the NM platform 

into several unique directions.  

 

Proposed work 

This project is a new collaborative effort. Prior work by one of the collaborators is summarized 

in the Publications List appended. We choose here to discuss proposed research activities of the 

collaborative effort. Our work will focus on high-risk/high pay-off projects, described below.  

1. NM-based materials for solid-state quantum computation. 

We will engineer and characterize NM-based materials to support on-chip quantum computing.  

We focus on how to realize dissipation-less electrical transport and manipulation of spin and spin 

transport within widely available semiconductors, such as Si, Ge, and III-V compounds. Our work 

will extend over two directions as outlined below. 

1.1 Synthesis and strain engineering of interfacial topological insulators. It has been theoreti-

cally predicted that appropriately engineered 

interfaces in epitaxial (111) oriented 

GaAs/Ge/GaAs structures may be able to 

drive Ge into a topologically insulating phase 

via the use of moderate strain (1-3%) and high 

intrinsic electric field (~10 MV/cm).2 Moti-

vated by these theoretical findings, we will 

grow and attempt to realize high electric field 

and moderate strain in GaAs/Ge/GaAs NM 

heterostructures that we will epitaxially grow 

using metalorganic vapor-phase epitaxy 

(MOVPE). Strain will be introduced by as-

sembling the heterostructure NMs to polydimethylsiloxane (PDMS) spherical caps, as shown in 

Fig. 1. We will address the main synthesis, processing, and characterization challenges that relate 

to demonstrating interfacial topological states in GaAs/Ge/GaAs through these specific tasks: 

Figure 1. Synthesis of strain-engineered 

GaAs/Ge/GaAs via release and transfer of epi-

taxially grown NMs on PDMS substrates. 
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(i) realization of smooth and disorder-free Ge/GaAs and  GaAs/Ge interfaces via epitaxial 

growth; (ii) isolation of the trilayer NM and its assembly to a textured compliant substrate;(iii) 

realization and characterization of static and dynamically tunable strain fields in the NM;(iv) 

characterization of topological edge states via gated magneto-transport measurements.  

1.2 Controlled synthesis of screw dislocations in NMs. This work will explore controlled syn-

thesis of screw dislocations (SDs) in semiconductor NMs. The thrust is motivated by recently re-

ported findings that a SD in a crystalline semiconductor creates a unique form of 1D spin orbit 

coupling (SOC) along the dislocation core.3 We will develop an approach to controlled synthesis 

of SDs that relies on overlaying a NM on either a bulk substrate or a NM of the same material 

and crystal orientation. We anticipate that the placement of the NM on a surface as shown in Fig. 

2(a) will lead to the interfacial array shown in Fig. 2(b). We expect that annealing will foster 

propagation of SDs into the overlying NM, leading to the desired array on a suitable substrate to 

process spintronic devices.3 We will characterize SOC in the fabricated materials by tempera-

ture-dependent measurements of 

magnetic susceptibility and by prob-

ing changes in the circularly polar-

ized absorption in magnetic fields. 

We will correlate these results to 

high resolution transmission electron 

microscopy of the NMs that will pro-

vide insight on the crystalline struc-

ture of the material. 

Our effort will comprise the follow-

ing tasks: (i) high-yield synthesis of 

NM-substrate or NM-NM pairs with a controlled twist angle;(ii) thermal treatment of NM-sub-

strate or NM-NM pairs; (iii) characterization of the structure and the magnetic properties of the 

NM. 

2. Synthesis and strain-engineering of GeSn NMs. 

Using the NM platform, we will address the synthesis of GeSn with high Sn concentrations using 

the same approach that has allowed us to increase the amount of Ge in Si and the amount of Si in 

Ge for respectively Si-rich and Ge-rich SiGe alloy films. GeSn alloys hold great promise for the 

development of group-IV solid-state light emitters.4  

Our approach leverages epitaxy on elastically relaxed (i.e., at natural lattice constants) GeSn 

NMs.5  We will initially grow a GeSn thin film of the desired composition on a suitable sacrifi-

cial layer/substrate combination, with sufficiently small thickness to preserve pseudo-morphic 

growth.5 The sacrificial layer will be then dissolved with a selective wet etch to release the GeSn 

NM.  In the process, any strain that may have been present in the GeSn lattice is fully relaxed 

without the formation of any extended defect. Examples of sacrificial layers/substrate combina-

tions that we will use in this work are AlAs/bulk GaAs and In0.52Al0.48As/bulk InP that allow in-

corporating up to 16% and 30 % Sn in a ~20 nm-thick pseudo-morphic GeSn NM, respectively. 

Figure 2. Si NM bonded to a bulk Si substrate with iden-

tical crystalline orientation (a) and expected interfacial 

structure at the atomic level (b). 
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Finally, we will bond the released NMs to a new carrier. We will utilize GeSn NMs bonded to 

rigid and planar hosts to template growth of thicker GeSn device layers.4 NMs transferred to 

flexible polymeric films and mounted in a gas pressure cell6, where strain and composition are 

fully decoupled from each other, will be used to explore the optoelectronic properties of  GeSn.  

Major tasks within this effort will be: (i) growth and isolation of GeSn NMs; (ii) subsequent 

growth of GeSn on relaxed GeSn NM substrates;(iii) characterization of the effect of decoupling 

composition and strain on the optoelectronic properties of GeSn NMs; (iv) determination of 

trade-off conditions between stretchability and thickness for GeSn NMs of various thicknesses 

and compositions. 

3. Graphene-based combinations.  

We believe that the potential of combining graphene with other materials, particularly but not ex-

clusively semiconductors has just begun to be explored. We will investigate new paradigms for 

synthesis of composites involving graphene as one layer to establish additional/enhanced elec-

tronic, thermal, and mechanical properties. Our effort will encompass the following tasks: 

(i)Synthesis and characterization of graphene-Ge interfaces in 2D and 3D  via direct growth and 

graphene release and transfer. The objective is to generate understanding and predictive control 

of electrical transport in graphene/Ge by tailoring the chemistry and the geometry of the inter-

face. We will compare process-structure-properties relationships of monolayer graphene grown 

on or transferred to a Ge NM7-9 to determine the effect of the interface on electrical transport in 

the combination. This work expands on our highly interesting but controversial earlier work.7 

For this purpose we will use conventional structural characterization techniques in combination 

with gated magneto-transport measurements and multi-carrier analysis (e.g., maximum entropy 

spectrum analysis).10 Additional studies will focus on  planar Ge/graphene/Ge NMs and a variety 

of  graphene/Ge interfaces in 3D geometries, such as rolled-up graphene/Ge NMs or gra-

phene/Ge inverted funnels.  

 (ii) Synthesis and characterization of graphene-based interfaces for thermal transport. In this 

effort, we will fabricate composites in which one layer is graphene in order to investigate thermal 

transport through graphene/X interfaces.  These measurements are relevant for thermal manage-

ment in future devices that involve the use of graphene. We will focus on two promising systems 

for high-speed electronics, namely graphene/Ge and graphene/hBN.7 The thermal measurements 

will be performed using a differential 3-omega technique on a measurement system that is highly 

sensitive to the thermal resistance of even a single-layer interface.12 

 

Summary 

 

The unifying theme in all the efforts described above is the synthesis and use of thin crystalline 

sheets (nanomembranes) to create new function, via the manipulation of strain, interfaces, and 

orientation, or the application of external stimuli (e.g., electric/magnetic fields, light, or heat).  
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Program Scope 

 This project encompasses a comprehensive study of physical mechanisms that lead to 

formation of exotic quantum electronic states on semiconductor surfaces and explores a novel 

approach of strain engineering of such states. It covers four correlated research topics: (1) 

Mechanistic study of epitaxial growth of an overlayer of Dirac and topological states on 

semiconductor surfaces, which is atomically bonded but electronic isolated from the underlying 

substrates. (2) Self-assembled growth of topological states arising from non-conventional lattice 

symmetry in semiconductor surfaces. (3) Strain engineering of topological surface/edge states 

and topological nanomechanical architecture. (4) Nanostructured topological materials. The 

common theme of the proposed research is to understand a new class of “surface-based” 2D 

Dirac and topological materials chemically supported (i.e., non Van der Waals type) on a 

substrate. The theoretical studies will be done in collaboration with experiments including Prof. 

Lagally funded by the DOE-BES “Materials Synthesis and Processing” program. 

We will employ a multiscale approach, combining several state-of-the-art theoretical and 

computational techniques, ranging from first-principles density-functional-theory (DFT) 

electronic structure calculations to semi-empirical tight-binding (TB) model Hamiltonian 

analyses and calculations and to classical molecular dynamics (MD) simulations. Specifically, 

surface equilibrium structure and associated energetics will be calculated by DFT and MD 

methods. Electronic band structure will be studied using both DFT and TB methods with the TB 

parameters fit to the DFT band structures in supercells of slab geometry to represent a surface. 

Band topology will be revealed by analyzing the bulk (thin film) Bloch wavefunctions and the 

topological surface (edge) states using DFT and TB bands and iterative Green’s function and 

Wannier function method. In addition, DFT as well as classical MD simulations will be carried 

out to directly simulate topological nanomechanical architectures resulted from the strain 

induced bending of thin films to study strain engineered topological states and spin manipulation. 

Our studies will significantly improve our fundamental understanding of physical origins of 

surface-based Dirac and topological states in solid material systems, in terms of lattice geometry, 

spin-orbit coupling (SOC), orbital composition and surface/interface interactions. It will open up 

a new route towards realizing topological quantum phases in a new class of surface-based 2D 

materials. It will foster a new field of research by taking the effect of stress/strain to new 

territories on topological order of materials, beyond strain engineering of self-assembled 

nanostructures and of electronic properties that we have studied in the past decade within the 
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DOE-BES program. We believe many of our theoretical findings will provide useful guidance 

for future experimental efforts in growing surface-based 2D materials as we propose, realizing 

novel topological phases, strain engineering of topological states and spin texture, and 

nanostructured topological materials. These studies have also technological impact on advancing 

electronic and optoelectronic materials for energy applications, to fulfill the mission of 

Department of Energy. 

Recent Progress  

 During the last two years, we have published 43 journal papers fully or partially 

supported by this DOE grant, including  8 Physical Review Letters (3 as Editor’s Suggestion 

and 1 as Featured in Physics), 3 Nano Letters, 1 Nature Communications, 1 ACS Nano; plus 

one invited review and one invited book chapter. Two postdoctoral research associates and three 

graduate students have been fully or partially supported by this DOE project. The PI gave 12 

invited talks at national/international conferences, and 18 departmental colloquium/seminar 

presentations.  Below is a brief summary of four topics of research achievements pertaining to 

this project. 

(1) Quantum Spin Hall Effect and Spin Bott Index in Quasicrystal Lattice:1,2 Despite the 

rapid progress in the field of the quantum spin Hall 

(QSH) effect, most of the QSH systems studied up to 

now are based on crystalline materials. Recently, we 

propose that the QSH effect can also be realized in 

quasicrystal lattices (QLs) (See Fig. 1). We show that 

the electronic topology of aperiodic and amorphous 

insulators can be characterized by a spin Bott index 

𝐵𝑠. The nontrivial QSH state in a QL is identified by 

a nonzero spin Bott index 𝐵𝑠 = 1, associated with 

robust edge states and quantized conductance. We 

further map out a topological phase diagram in which 

the QSH state lies in between a normal insulator and 

a weak metal phase due to the unique wave functions 

of QLs. Our findings not only provide a better 

understanding of electronic properties of 

quasicrystals but also extend the search of the QSH 

phase to aperiodic and amorphous materials that are 

experimentally feasible. 

Note: This work1 was selected by PRL editor as “Editor’s 

Suggestion” and published jointly with a PRB “Editor’s 

Suggestion”2 detailing the theory of Spin Bott index for defining the topology of aperiodic system. As a pleasant 

surprise, the PRB was converted from the originally submitted Supplementary Information for PRL upon referee 

and editor’s kind recommendation.    

 

Fig. 1. (a) Penrose tiling of 521 vertices. The 

red dashed line marks a unit cell under 

periodic approximation. The inset shows the 

atomic orbitals on the vertices of rhombuses 

indicating nearest-neighbor hopping. (b) 

Illustration of a QSH state in a surface-based 

2D QL. The red/blue arrows represent helical 

edge states with opposite spin polarizations. 
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(2) Ubiquitous Spin-orbit Coupling in a Screw Dislocation with High Spin Coherency:3 We 

theoretically demonstrate that screw dislocation (SD), a 

1D topological defect widely present in semiconductors, 

exhibits ubiquitously a new form of spin-orbit coupling 

(SOC) effect (see Fig. 2). Differing from the widely 

known conventional 2D Rashba-Dresselhaus (RD) SOC 

effect that typically exists at surfaces/interfaces, the deep-

level nature of SD-SOC states in semiconductors readily 

makes it an ideal SOC. Remarkably, the spin texture of 

1D SD-SOC, pertaining to the inherent symmetry of SD, 

exhibits a significantly higher degree of spin coherency 

than the 2D RD-SOC. Moreover, the 1D SD-SOC can be 

tuned by ionicity in compound semiconductors to ideally 

suppress spin relaxation, as demonstrated by comparative 

first-principles calculations of SDs in Si/Ge, GaAs, and 

SiC. Our findings therefore open a new door to 

manipulating spin transport in semiconductors by taking 

advantage of an otherwise detrimental topological defect. 

Note: This work was selected by PRL editor as “Editor’s Suggestion” and “Featured in Physics” with a nice 

Viewpoint written by Olena Gomonay in Physics, 11, 78 (2018).   

(3) Strain engineering of edge spin currents of 

quantum spin Hall insulators:4,5  QSH system can 

exhibit exotic spin transport phenomena, mediated by its 

topological edge states. Recently we have demonstrated 

a new concept of bending strain engineering as an 

effective means to tune the spin transport properties of a 

QSH system.4,5 We show that bending strain can be 

used to control the spin orientation of counter-

propagating edge states of a QSH system to generate a 

non-zero spin current. This physics mechanism can be 

applied to effectively tune the spin current and pure spin 

current decoupled from charge current in a QSH 

ionsulator by control of its bending curvature. 

Furthermore, the curved QSH insulator can be achieved 

by the concept of topological nanomechanical 

architecture in a controllable way, as demonstrated by 

the material example of Bi/Cl/Si(111) nanofilm4 and 

As-graphane5 (Fig. 3). This concept of bending strain 

engineering of spins via topological nanomechanical 

 

Fig. 3. Upper: A self-bent As-graphane, a 

curved 2D topological insulator. Lower 

left: Band structure of the bent As-

graphane; lower right: Edge spin 

conductance. 

 

Fig. 2. A schematic diagram of screw 

dislocation (green balls) in crystal with 

rotating spin texture (red arrows) due to 

a ubiquitous SOC effect arising from 

breaking of local inversion symmetry. 
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architecture affords a promising route towards the realization of topological nano 

mechanospintronics. 

Note: This work was highlighted in the DOE SC website (see screen shot on 

the right), as noted by the DOE Web editor: “The SC tweet about the highlight 

(https://science.energy.gov/bes/highlights/2017/bes-2017-12-f/) on bending 

materials was the top tweet for the last week of December.” 

 

Future Plans 

 We plan to expand our current studies in the following areas: 

(a) Develop new models for studying quantum materials 

(b) Search for new inorganic and organic topological and quantum materials 

(c) Continue exploring a new research direction in “topological phases in disordered 

systems, including quasi-crystalline materials” as recently initiated 

(d) Explore different epitaxial growth routes towards formation of topological quantum 

phases on semiconductor surfaces, especially including studies of defects in topological 

phases 

(e) Initiate a new research direction in flat-band materials 

(f) Continue the efforts of experimental collaborations 
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Program Scope 

 The 2D Dirac cone state in graphene as well as the recently-discovered quantum spin Hall 

(QSH) insulator in FeSe [1] and WTe2 [2-4] monolayers imply that the introduction of non-trivial 

band topology to other 2D material systems may be an effective route to generate new quantum 

states with functional properties. This proposed research aims to discover novel 2D materials with 

topological quantum states through material synthesis and characterization. The specific interest 

of the proposed efforts is focused on ternary transition metal chalcogenides (TTMCs), including 

WHM (W=Zr/Hf/rare earth, H=Si/Ge/Sn/Sb, M=O/S/Se/Te)[5], MBX3 (M = Ni/Pd/Zn/Cd, B = 

P/Si/Ge, X =S/Se/Te) [6] and BaMX3 (M=V/Nb/Ta, X=S/Se)[7]. All these materials have been 

predicted to show topological quantum states in bulk and/or 2D thin layers, thus providing 

wonderful opportunities to explore new topological states in low dimensions.  In this project, the 

PIs aim to develop a comprehensive strategy to grow the single crystals of those predicted 

topological materials through the integration of thermodynamic stability prediction by 

computation and experimental synthesis efforts. In addition to bulk single-crystal growth and 

characterization, the PIs also also explore the possibility of direct thin-film growth of topological 

semimetals using the vapor transport deposition method.  

 

 Recent Progress  

We made significant progresses in several areas. First, we demonstrated it is effective to use the 

thermodynamic stability prediction by the DFT calculations to guide material synthesis. For 

example, MnBi2Te4 has recently been reported to be an intrinsic antiferromagnetic topological 

insulator and its 2D thin layers can realize the quantum anomalous Hall insulator and axion 

insulator [8-11]. However, the synthesis of this material has been extremely challenging, since it 

is a metastable phase. The co-PI Sun group revealed its thermodynamic stability through total 

energy calculations, which provides an important clue to the successful synthesis by the Mao 

group. Second, we have successfully synthesized single crystals of several other quantum materials 

and discovered new quantum phenomena in them, including bulk half-integer quantum Hall effect 

in BaMnSb2, a tunable Weyl semimetal state induced by Rashba spin-orbit coupling in YSn2 [12], 

high mobility surface state in ZrSiSe [13], and coexistence of superconductivity and non-trivial 

band-topology in CaSn3 [14]. In addition, we have successfully constructed the new vapor 

transport growth system, which incorporated the induction heater to the vapor transport tube 

system, with the capability of heating source materials to 2000oC. Such high temperature can 

generate high vapor pressures from sources with high melting points and should significantly 

increase the reaction rate in forming crystalline films on the substrate wafer. 

 Ab initio thermodynamics of 2D magnetic materials:  a case study on MnBi2Te4 
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Computational materials synthesis based on ab initio thermodynamics is playing an increasingly 

important role in discovery of novel materials that host interesting phenomena. Two dimensional 

magnetic materials (2DMM) are of particular interests as a playground of new physics and 

potential applications for various industries. However, ab initio description of 2DMM 

thermodynamics faces great challenges, due to the coexistence of different kinds of chemical 

bonds ranging from the strong covalent to weak van der Waals interaction as well as the coupling 

between charge, lattice, and spin degrees of freedom. As an illustration of such challenges, we 

investigated the metastability of a layered magnetic material MnBi2Te4[8-11], which hosts 

intrinsic quantum anomalous Hall effect, but is extremely difficult to synthesize.  Using a 

combined ab initio-based approach that considers charge, lattice, and spin degrees of freedom, we 

calculated the temperature dependent formation free energy of MnBi2Te4 based on the reaction: 

Bi2Te3+MnTe=MnBi2Te4. We used a rescaled Monte Carlo method to treat the magnetic 

contribution and a combination of harmonic approximation and quasi-harmonic Debye model 

(QHA-Debye) to treat the vibrational contribution, all based on total energy calculations using the 

state-of-the-art SCAN+rVV10 density functional. We found MnBi2Te4 to be stable at high 

temperature but become unstable at low temperature, consistent with experiments. Magnetic 

coupling, van der Waals interaction, and anharmonicity, which usually have negligible 

contributions to thermodynamic stability of conventional bulk materials, but are intrinsic to 

2DMM, are found to play delicate but vital roles in stabilizing MnBi2Te4 which might be general 

for 2DMM. These findings not only have assisted the Mao group in successfully growing high-

quality MnBi2Te4 single crystals, but also could pave a way for future high throughput discovery 

of novel 2DMM. 

 
 Bulk half-integer quantum Hall effect in a layered antiferromagnetic Dirac semimetal BaMnSb2 

Figure 1: Bulk half integer quantum Hall effect observed in BaMnSb2: a) Crystal structure of BaMnSb2. b) 

Top view of the Sb zig-zag chains which create quasi-2D Dirac fermions. (c) and (d) experimental and 

simulated STEM images along the [010] and [100] zone-axes, demonstrating the orthorhombic structure with 

the space group of I2mm. (e)longitudinal (xx) and Hall resistivity (xy);  xy exhibit 3D half-integer quantum 

Hall effect. f) Out-of-plane resistivity (zz), the saturation of which below 20K demonstrates surface chiral 

metal (unpublished).   
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We have also expanded our efforts to explore some new layered topological materials relevant to 

our research goal. These efforts have led to discovery of half-integer quantum Hall effect (QHE) 

in bulk single crystals of a layered Dirac semimetal BaMnSb2. QHE can give rise to plentiful exotic 

properties such as dissipationless edge transport and quasi-particles with fractional charges. 

Although the QHE is not generally expected for bulk materials due to the band dispersion along 

the magnetic field direction, bulk QHE has been observed in a few materials such as Cd3As2 [15], 

ZrTe5 [16]. We find a unique bulk half-integer QHE observed in BaMnSb2. In the extreme 

quantum limit, its quantum Hall state is accompanied by two-dimensional chiral metal at the 

surface, which represents a novel quantum liquid, never observed in any other bulk single crystal 

materials. This finding establishes a promising experimental platform which not only provides 

access to 3D interacting topological states, but also offers opportunities to investigate the novel 

physics of 2D chiral metal. Mao and Sun have worked together on this project. The DFT 

calculations by Sun has enabled understanding of the crystal structure and electronic band structure 

of this material. We have prepared a manuscript for this work, which will be submitted in early 

July.   

 Unusual protection mechanism of the surface state in nodal-line semimetal ZrSiSe 

In topological semimetals, the bulk-edge correspondence principle results in a gapless edge mode 

when the symmetry group protecting the bulk bands’ topology is unbroken on the surface. Such a 

topological surface state is considered as the fingerprint of the topological non-trivial bulk phase. 

Recently, a new type of surface state, the surface floating band, has been proposed in crystals with 

nonsymmorphic symmetry [17]. At the crystal surface where the nonsymmorphic symmetry is 

broken, the bulk bands’ degeneracies are lifted, leaving an unusual surface band with trivial 

topology “floating” on top of the bulk. In the nano-flakes of nodal-line semimetal ZrSiSe, we have 

observed the surprising quantum oscillations arising from such a topological trivial surface band. 

Such a surface state remains robust with high mobility. This work has recently been submitted to 

Nature Nanotechnology.  

Multiple topologically non-trivial bands in non-centrosymmetric YSn2 

The square lattices formed by main-group elements such as Bi, Sb, Sn and Si in layered materials 

have attracted a lot of interest, since they can create rich topological phases. Recently, we have 

discovered the slightly distorted square lattice of Sn in a non-centrosymmetric YSn2 generates 

multiple topologically non-trivial bands, one of which likely hosts nodal line and tunable Weyl 

semimetal state induced by the Rashba spin-orbit coupling and proper external magnetic field. The 

quasiparticles hosted by these bands are manifested by nearly zero mass and non-trivial Berry 

phases probed in quantum oscillations. The dHvA study also reveals YSn2 has a complicated Fermi 

surface (FS), consisting of several 3D and one 2D pockets. Our first principle calculations show 

the point-like 3D pocket at Y point on the Brillouin zone boundary hosts the possible Weyl state. 

Our findings establish YSn2 as a new interesting platform for observing novel topological phases 

and studying their underlying physics. This work has been published in PRB 98, 035117 (2018). 

 Thermodynamic stability prediction by the DFT calculations for the proposed materials 

The Sun group has been providing computational support for Mao and Wei to explain mechanisms 

behind materials properties and the synthesis and processing of the materials, and more 

importantly is to guide the experimental synthesis via (high-throughput) computations.  Most of 

the target materials proposed in our proposal are indeed hypothetical compounds. The synthesis 

efforts may be much more efficient if we are able to predict the thermodynamic stability of the 

target materials by computation. The Sun group works closely with Mao and Wei groups and has 
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identified a group of material for synthesis among proposed materials. These efforts have recently 

led to a discovery of a new layered van der Waals material, which shows a magnetic order at 75K 

and be exfoliated to thin layers. This work is still on-going.  

Enhanced chemical vapor deposition to grow thin films of complex topological materials: Growth 

of thin films of complex topological semimetals remain unexplored and is hindered by several 

obstacles related to the high melting points of precursors and complicated chemical reactions. We 

have explored the possibility of thin film growth with an enhanced chemical vapor deposition 

technique, in which induction heating is utilized to generate high vapor pressure of each precursor. 

We have constructed a new vapor transport growth system with an induction heater capable of 

reaching 2000oC. Our preliminary growth efforts have successfully demonstrated growth of thin 

plates ofTa2PdSe6, a possible candidate of topological semimetal. Besides, simulation of the thin 

film growth dynamics has also been conducted to guide future growth efforts. 

Future Plans 

 The Mao group will continue to synthesize and characterize those candidate materials 

predicted to be thermodynamic stable by Sun. In the current grant period, Sun has mostly focused 

on the WHM family. In the next grant period, Sun will complete thermodynamic stability 

evaluation for the other two materials systems, i.e. MBX3 and AMX3. In general, a more reliable 

prediction of the phase equilibrium temperature requires considerations of electron excitation, 

anharmonic treatment of phonon excitation, and more accurate methods for the treatment of 

magnon excitation. These issues will be addressed in the next grant period.  For those materials 

synthesized successfully, the Mao group will perform various measurements to evaluate their 

topological fermion properties.  The Wei group will explore their properties in 2D thin layers to 

discover new 2D topological quantum states. Moreover, Wei will also use the newly constructed 

CVT furnace to explore ZrSiS and ZrSiO thin film growth. 
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Long-range and short-range order as competing driving forces for synthesis of 
complex oxides 
 
A Navrotsky, University of California–Davis 
Grant number: DE-FG02-03ER46053 
 
Program Scope: 
Modern structural, thermodynamic and computational tools used together are discovering a 
wealth of complex intermediates in the synthesis, processing, use and degradation of complex 
oxide materials. The pyrochlore structure (ideal stoichiometry A2B2O) is an ordered 
superstructure of the basic fluorite aristotype (AO2 or A4O8) with ordering of both cations and 
oxygen vacancies. Ordered, disordered and intermediate variants are often accessible under 
varying conditions. They possess different physical and optoelectronic properties, and are 
relevant to applications ranging from nuclear waste disposal to ionic conduction to catalysis. 
Structural and thermodynamic studies together elucidate the mechanisms, energetics and 
kinetics of disordering and annealing. 
 
Recent Progress: 
Pyrochlores can be amorphized by radiation and disordered by radiation and by grinding. Our 
recent structural studies by neutron scattering (which gives more information on ordering on 
the oxygen sublattice than attainable by X-ray methods) have been combined with calorimetric 
studies of energetics of formation and annealing of crystalline, disordered and amorphized 
pyrochlores of various compositions. The disordered and X-ray amorphous materials have in 
common large concentrations of short-range ordered domains with a weberite-like structure, 
representing an ordering scheme different from pyrochlore and intermediate in degree of order 
between the pyrochlore and disordered fluorite phases. On heating, the amorphous and 
disordered materials revert quickly near 800 °C to a structure with long-range pyrochlore 
ordering, but retain weberite-like short-range domains. These persist to at least 1200 °C. The 
energy released on heating to 1200 °C is only about half the total energy stored in the initial 
damaged samples, consistent with the persistence of short-range order and the decoupling of 
the kinetics of short- and long-range ordering.  
 
Future Plans: 
The implications of this complex energy landscape of order-disorder processes for the 
controlled synthesis of new materials in various complex oxide systems is being explored. We 
will continue investigations of pyrochlores, garnets and other phases. A different part of this 
program focuses on hybrid perovskites. 
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Synthesis and characterization of novel topological materials 

Ni Ni 

University of California, Los Angeles, Los Angeles, CA 

Program Scope 

Modern research of condensed matters devotes in understanding how properties of complex solids 

are determined by their structural and electronic degrees of freedom. Recently, since the discovery 

of protected surface state in bulk materials, band topology has emerged as a new organizing 

principle of states of matter. The entanglement of band topology and the spin, charge, orbital and 

lattice (SCOL) degrees of freedom have led to emergent phenomena, such as quantized anomalous 

Hall effect, colossal photovoltaic effect, etc. However, due to the lack of “ideal” topological 

materials where only minimum non-trivial nodal feature exists at the Fermi level, there are 

significant materials challenges facing the in-depth understanding of collective phenomena and 

excitations of topological materials, thus hindering the material discovery with favorable 

functionality arising from the non-trivial topology. The objective of this research is to design 

topological materials that lie at the edge of structural/magnetic instabilities, aiming at the discovery 

of “ideal” magnetic/superconducting topological materials and the in-depth understanding of the 

entanglement of band topology and SCOL degrees of freedoms through thermodynamic, transport, 

X-ray, and neutron measurements.  

Recent Progress  

1. Discovery of novel antiferromagnetic topological insulator with weal saturation field. Magnetic 

topological insulators 

(MTI), including Chern 

insulators with a Z-

invariant and 

antiferromagnetic 

(AFM) topological 

insulators (TIs) with a 

Z2-invariant, provide 

fertile ground for the 

exploration of emergent 

quantum phenomena 

such as the quantum 

anomalous Hall (QAH) 

effect, Majorana 

modes, the topological 

magnetoelectric effect, 

and the proximity 

Figure 1: Crystal structure (a), DFT calculation (b) and angular-resolved 

photoemission spectroscopy (c) measurements of antiferromagnetic topological 

insulator MnBi
4
Te

7
. 
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effect. Although the QAH effect has been experimentally realized in magnetically doped 

topological insulator Cr0.15(Bi0.1Sb0.9)1.85Te3 thin films [1], it remains a challenge to realize the 

QAH effect at high temperatures. Recently MnBi2Te4 was discovered to be an intrinsic AFM TI 

[2]. In its two-dimensional (2D) limit [3], quantized Hall conductance originating from the 

topological protected dissipationless chiral edge states was realized in odd number of slab, a 

magnetic field of 12 T at 4.5 K or 6 T at 1.5 K, above which the AFM spins enter the forced 

ferromagnetic (FM) state [4].  

How can we achieve the QAH effect at much lower magnetic fields in AFM TIs so that the 

associated emergent phenomena could be studied at more accessible conditions and the quantized 

Landau levels would not contaminate the QAH effect? Our recent work realized a bulk vdW 

material with a superlattice of alternating one [MnBi2Te4] and one [Bi2Te3] layers, as shown in 

Figure 1. This have paved a new avenue to achieve 

the QAH effect at low or even zero magnetic fields 

[5]. We showed that MnBi4Te7 is a Z2 

antiferromagnetic topological insulator with two 

distinct (001) surface states from [Bi2Te3] and 

[MnBi2Te4] termination, respectively. Strong FM 

fluctuations were observed above TN (12 K). Due 

to its superlattice nature, in the two-dimensional 

limit, it serves as natural heterostructures. The 

extremely low out-of-plane saturation field  0.22 

T makes it an ideal system to study the quantized 

anomalous Hall effect, quantum spin Hall effect 

and associated emergent phenomena. 

 

2. Discovery of an ideal topological nodal line 

semimetal. Recently, the relativistic fermions 

hosted by square-net lattices of main group 

elements were found to have rich interplay with the 

magnetism in antiferromagnetic (AFM) material 

family of AMnX2 (A=alkaline earth or rare earth 

elements, and X=Sb/Bi). SrZnSb2 can be viewed 

as a nonmagnetic version of the AMnX2 [6]. To 

examine the effect of magnetism on the existence 

of Dirac fermions in this group of mateirals, we 

have investigated quantum transport properties up 

to 35T for SrZnSb2 which has a distorted square net of Sb. As seen in Fig. 2, we have observed de 

Haas–van Alphen (dHvA) oscillations in magnetic torque measurement starting from 5 T in 

SrZnSb2. Our analysis reveals the nontrivial Berry phase accumulation and light effective masses 

of the quasiparticles in this system. The angular dependence of the de Haas van Alphen oscillations 

 

 

 

Figure 2: Crystal structure, quantum oscillation 

and DFT calculated bulk and surface band 

structures of SrZnSb2 from two types of 

terminations. 

Termination A              Termination B              
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further reveals that the Fermi surfaces are quasi 2D-like, similar to those in the AMnX2 materials. 

Interestingly, our DFT calculation suggests this compound may serve as an ideal topological nodal 

line semimetal since the DFT band structure shows that we can tune the Fermi level so that only 

the nodal line feature exist at the G point in the reciprocal space. In collaboration with Dan 

Dessau’s group on SrZnSb2, ARPES measurement has been performed. The good agreement 

between ARPES experiment and DFT calculation indeed suggests the non-trivial topology and 

nodal line feature in SrZnSb2. It also turned out that (Sr1-xLax)ZnSb2 (x=0.1, 0.2, 0.25) single 

crystals can be made, where La doped electrons into the system, providing a tunable system to 

investigate the evolution of topological nodal line and drumhead surface state. 

 

3. The investigation of quasi-two-

dimensional materials with 

structural/magnetic instability. Layered 

pnictide materials have provided a fruitful 

platform to study various emergent 

phenomena, including superconductivity, 

magnetism, charge density waves, etc. We 

performed transport, magnetic, single 

crystal X-ray and neutron diffraction 

measurements on AAg4As2 (A=Sr, Eu) 

[7,8]. We have revealed the Fermi surface 

topology and the strong coupling of 

magnetism and charge carriers. Both 

SrAg4As2 and EuAg4As2, show a 

nonmagnetic phase transitions emerge at around 110 K, likely associated with structural 

distortions. In SrAg4As2, quantum oscillations reveal small Fermi pockets with light effective 

masses. In EuAg4As2, noncollinear magnetism was revealed, as shown in Fig. 3, where two sets 

of superlattice peaks with the propagation vectors of q1 = ±(0,0.25,0.5) and q2 = ±(0.25,0,1) exist. 

Before the hexagonal Eu2+ sublattice enters into an incommensurate noncollinear 

antiferromagnetic state below 9 K with a propagation vector of (0,-0.1,0.12), a short-range 

antiferromagnetic order with reduced magnetic anisotropy takes place between 15 K to 9 K. The 

magnetic structure below 9 K is helical along the c axis and cycloidal along the b axis with a 

moment of 6.4 µB/Eu2+. 

 

4. Collaborations with various groups in this period. Our collaboration with Burch’s group (Boston 

College) published on Nat. Mater. has demonstrated a colossal mid-infrared bulk photovoltaic 

effect in microscopic devices of TaAs which produces large photocurrent [11]. Our 

collaboration with Prasankumar’s group (LANL) published on PRL has elucidated the 

relationship between the crystalline symmetry and the direction of the photocurrent [12].   

 

Future Plans 

We will continue our exploration and investigation on topological materials with 

structural/magnetic instabilities.  

 

Figure 3: Crystal and magnetic structure of EuAg4As2.  
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1. The existence of natural heterostructure MnBi2nTe3n+1 (n=1 to 4) family of alternating n[Bi2Te3] 

and [MnBi2Te4] makes this system great to investigate the effect of dimensionality and interlayer 

magnetic coupling on the band topology and magnetism. We will continue our investigation on 

the members with higher n numbers, aiming at discovering a FM natural heterostructure 

topological material. 

2. By doping, intercalating and designing of new materials with the MnBi2Te4 building blocks, we 

will aim at the discovery of MTI with higher transition temperatures and natural heterostructure 

materials with alternating superconducting and topological magnetic layers. 

3. In collaboration with Dan Dessau’s group on SrZnSb2, ARPES measurement will be performed 

on the (Sr1-xLax)ZnSb2 (x=0.1, 0.2, 0.25) single crystals. 

4. The TI material data base suggests that the sister compound of SrAg4As2, SrAg4Sb2 has 

nontrivial topology without structural distortion. As a comparison study, we will investigate 

SrAg4Sb2 and EuAg4Sb2 to reveal the role of topology and structural distortion in the transport 

properties. 

5. We will explore chiral topological materials to investigate the effect of the chirality in the band 

topology.  
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Fundamentals of Spark-Plasma Sintering: Rapid and Ultra-Rapid Materials Consolidation 

and Joining 

PI: Prof. E. Olevsky, San Diego State University 

 

Program Scope 

 The main project idea is the analysis of the spark plasma sintering (SPS – Fig. 1) physical 

basis at multiple scales specifically exploring the role of electric current in the acceleration of mass 

transport and with an emphasis on ultra‐rapid materials 

consolidation and joining. Thereby the project specifically 

addresses the following issues: (I) The development of a new 

constitutive model for spark‐plasma sintering, taking into 

account the role of electric current in the acceleration of mass 

transport. (II) The development of a comprehensive multi‐

scale SPS modeling framework incorporating the elaborated 

SPS‐specific constitutive model. (III) The development of a 

new Flash Hot Pressing (Flash SPS) processing technique. 

(IV) Exploring SPS capabilities for joining (including direct 

seamless bonding) of ceramic and metallic materials.  

Recent Progress  

The impact of the electric current on sintering is revealed by introducing the three heating modes 

during spark plasma sintering enabling the different electric current density flowing into the 

electrically conductive powders under the same temperature [1]. The experimental evidence of the 

electric current effect on sintering is demonstrated by the determination of the electric current  

related constitutive parameters obtained from the three heating modes (Figs. 2,3).  

Fig. 1 (a) Schematic representation 

of SPS process, (b) SPS tooling 

before an experiment. 

Fig. 2 Schematics of spark plasma sintering setup enabling the 

different current density flow into ZrN powders. Black, gray, gold 

and blue color indicate the graphite component, graphite paper, ZrN, 

and boron nitride. 
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The enhancement of the dislocation motion and the reduction of the flow stress under the 

electric current passage are experimentally proven by the ex-situ mechanical strength tests and 

using the X-ray diffraction results analyzed by the modified Williamson-Hall equation.  

 

Mo nanopowders are synthesized by ball milling and the following hydrogen reduction of 

MoO3 powders. The densification mechanism of Mo nanopowders during spark plasma sintering 

(SPS) is analyzed by the combination of the regression of the experimental data on regular SPS 

and on the SPS multistep pressure dilatometry based on the continuum theory of the sintering. The 

Mo mirror with 400 nm average grain size and 93% relative density is fabricated by the SPS. The 

performance of the mirrors made from a single crystal Mo and from the hydrogen-reduced sintered 

Mo nanopowder is discussed (Figs. 4,5). The microstructure and optical properties of the mirrors 

are characterized before and after plasma exposure, and no substantial degradation of the 

reflectivity was observed [2,3].  

 
 

Fig. 3 (a) Experimental porosity evolution curves of ZrN specimens processed by three SPS modes fitted 

by Eq. (2). (b) Porosity evolution of ZrN under 20 MPa (solid line) and 30 MPa (dashed line) at 1500 ºC, 

θ ̇_1 and θ ̇_2 indicate the densification rate for 20 MPa and 30 MPa case at specified porosity levels (θ = 

0.225, 0.25 and 0.275) (c) Comparison of calculated ATD (thermal deformability) and AECAD (electric 

current assisted deformability) of ZrN for 3 SPS modes based on the fitting results.and boron nitride. 

Fig. 4. (a) Specular reflectivity of single crystal (SC) and nanocrystal 

(NC) Mo before and after plasma exposure (45° illuminations and 45° 

collection), (b) Diffuse reflectivity of SC and NC Mo and (45° 

illuminations and 35° collection). 
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The densification mechanism of conductive powders is revealed by comparing the electric 

current-assisted spark plasma sintering (SPS) of ZrN powder with conventional hot pressing (HP) 

carried out with the same powder and under the same pressure and temperature [4]. To determine 

the actual temperature inside ZrN powder, a sacrificial thermocouple is directly inserted into the 

powder during the SPS process. The spatial distribution of the electric current passing through the 

powder is calculated using the finite element modeling (Fig. 6).  

 

Fig. 5. SEM images of (a) single crystal (SC) and (b) 

nanocrystal (NC) Mo before (left) and after (right) 

plasma exposure. 

Fig. 6. Experimentally measured and FEM-simulated temperatures of ZrN 

powder and graphite die during SPS thermal cycle (a) without contact 

resistance, (c) with electrical and thermal contact resistance. FEM simulation 

map of the temperature and electric current flow at the end of the holding time 

(b) without contact resistance, (d) with electrical and thermal contact 

resistance. SPS at 1100 °C under 60 MPa and 10 °C/min was used. 
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The porosity-interparticle neck area geometrical relationship is applied to estimate the 

electric current density inside the powder volume subjected to SPS. For the first time, by taking 

into account the explicit influence of the electric current effect on the SPS densification 

mechanism, the constitutive equations describing the electric current-assisted hot pressing of 

powders are developed [4]. The densification mechanism of ZrN is determined by the inverse 

regression of the new SPS constitutive equations and by utilizing the experimental results on ZrN 

powder consolidation with and without the participation of the electric current effect (Fig. 7). 

 

Future Plans 

 In accord with the proposed plan, the following activities will be carried out:  

The continuation of the analysis of the SPS physical basis at multiple scales specifically exploring 

the role of electric current in the acceleration of mass transport and with an emphasis on the 

conditions of controlled non-equilibrium. 
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Topological excitations such as Majorana fermions provide unique pathways to fault-

tolerant quantum computing. Recent progress in this direction has been enabled by proximity 

effects between non-superconducting materials and superconductors; however, further 

breakthroughs leading to topological quantum computation require developing new material 

systems that integrate semiconductors not only with superconductors, but also with epitaxial 

ferromagnets or antiferromagnets. Currently, Majorana devices based on semiconductors require 

application of an external magnetic field to induce spin splitting and open a helical gap – necessary 

to realize an odd-parity topological superconductor. However, the presence of this magnetic field 

limits the robustness of topological properties (by weakening the induced superconductivity). 

Moreover, the stringent requirements on its orientation with respect to the device greatly restrict 

the scalability of Majorana-based quantum information systems. A promising path forward is to 

realize Majorana modes without an applied magnetic field by closely integrating epitaxially-grown 

ferromagnets or antiferromagnets with semiconductors and superconductors. The goals of our 

inter-disciplinary effort are to develop novel one- and two-dimensional materials platforms, and 

to leverage them to discover novel topological excitations and demonstrate topological quantum 

systems with novel functionality. Ultimately, we aim to use these new materials platforms to 

demonstrate robust topological properties of Majorana modes. This talk will provide a brief 

overview of the motivations behind and approaches towards these goals, and summarize our 

current progress.  
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Program Scope  

Topological excitations such as Majorana fermions provide unique pathways to fault-

tolerant quantum computing. Recent progress in this direction has been enabled by proximity 

effects between non-superconducting materials and superconductors; however, further 

breakthroughs leading to topological quantum computation require developing new material 

systems that integrate semiconductors not only with superconductors, but also with epitaxial 

ferromagnets or antiferromagnets. Currently, Majorana devices based on semiconductors require 

application of an external magnetic field to induce spin splitting and open a helical gap – necessary 

to realize an odd-parity topological superconductor. However, the presence of this magnetic field 

limits the robustness of topological properties (by weakening the induced superconductivity). 

Moreover, the stringent requirements on its orientation with respect to the device greatly restrict 

the scalability of Majorana-based quantum information systems. A promising path forward is to 

realize Majorana modes without an applied magnetic field by closely integrating epitaxially-grown 

ferromagnets or antiferromagnets with semiconductors and superconductors. We propose an inter-

disciplinary effort that will combine materials synthesis with in-situ characterization and device 

fabrication, integrated with a computational approach based on lattice matching, genetic algorithm 

(GA) optimization, and machine learning. Having developed novel one- and two-dimensional 

materials platforms, we will then leverage them to discover novel topological excitations and to 

demonstrate topological quantum systems with novel functionality. Ultimately, we aim to use 

these new materials platforms to demonstrate robust topological properties of Majorana modes. 

This includes detection of the non-local nature of Majorana modes, and more ambitiously, 

measurement-based braiding. Importantly, our approach will be compatible with large-area 

scalability to form two-dimensional arrays of non-Abelian qubits. Thus, if successful, the proposed 

research has the potential to greatly advance topologically-protected quantum information 

processing. 

Recent Progress (Details on growth progress and plans will be presented in a separate poster by 

Chris Palmstrøm) 

Transport Experiments: Pribiag and Crowell (U. Minnesota), together with Frolov (U. Pittsburgh) 

have undertaken research into ferromagnet-InSb nanowire-ferromagnet (FM-NW-FM) structures 

using Fe and CoFe. At U. Minnesota, the focus has been on FM-NW-FM structures using Fe, 

which form quantum point-contacts with magnetic contacts. Conductance measurements (U. 

Minnesota) as a function of gate voltage demonstrate quasi-one-dimensional transport: electrons 
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enter nanowires from FM reservoirs as quantized 

transverse modes and the quantized conductance 

provides evidence of 1D ballistic transport (Figure 1). 

Moreover, we also observed Fabry-Pérot interference 

patterns in the devices. This is a direct consequence of 

the quantum wave properties of the e lectrons, as they 

form quasi-bound states in the nanowires because of 

potential barriers near the FM-NW interfaces. To 

investigate the magnetic properties of electron 

transport in the FM-NW-FM structures we performed 

magneto-resistance measurements. At high back-gate 

voltage, where nanowires are more conductive, we 

can observe spin valve-like hysteretic 

magnetoresistance dips. Bias (Figure 2) and contact-spacing dependence (not shown) showed that 

the MR ratio decreased with higher bias and longer spacing. This indicates spin transport across 

the NW. At lower back-gate voltage, in the few quantum modes regime, the magnetoresistance we 

observe two kinds of hysteretic features: spin valve-like magnetoresistance and spin-filtering. We 

ascribe the latter to spin-dependent quantum interference in the NW. At low gate voltages, the 

Fermi wavelength is large, leading to stronger quantum interference effects. Electrons in the 

semiconductor NW acquire a phase as they propagate through the NW and a phase-shift when they 

are reflected at the NW-FM interface. Spin splitting due to Zeeman effects and Rashba spin-orbit 

coupling leads to different phases for the two spin species, affecting the quantum transmission 

probability for each spin, this forming a spin-filter device. To better understand the effects of the 

local spins on the MR, we have been performing micro-magnetic simulations using the Mumax 

package. In parallel, we have also been exploring ways to reduce the curvature of the FM near the 

interface with the NW (due to the shape of the NW) by using a planarization process. This will be 

an important task going forward.  

In parallel, Frolov (U. Pittsburgh) has been focusing on developing NW-FM InSb-CoFe devices 

in various configurations. Starting with an InSb nanowire, CoFe contacts were fabricated in the 

spin-valve configuration. 3D micromagnetic simulations (OOMF) developed in collaboration with 

U. Minnesota suggest that contacts of 100-400 nm width and 20-50 nm thickness are in the single 

domain regime. Hysteretic magnetoconductance behavior was observed. Subsequently, non-local 

spin valve geometry was developed, with four contacts on a single InSb nanowire (two 

ferromagnetic CoFe and two non-magnetic Ti/Au contacts). It was observed that hysteretic 

Figure 1: Evidence of ballistic transport in a FM-

NW-FM structure with 200 nm spacing between 

the FM contacts. 

 
Figure 2: (left) 2D map of magneto-resistance (MR) vs. current bias (I) and magnetic field (B) through a FM-

NW-FM structure in the many-modes regime. (center) cut showing pronounced hysteretic MR at low bias. (right) 

cut showing that hysteresis vanishes at higher bias. 
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magnetoconductance is strongly dependent on the setting of the voltage on the back gate which is 

the doped silicon substrate separated by 300 nm of thermal oxide. The amplitude and the sign of 

the hysteresis can be controlled by the gate, contrary to typical spin-valve behavior in diffusive 

semiconductor systems. Furthermore, hysteretic signals were observed even when current was 

passed between the two normal contacts flowing past the ferromagnetic contacts. A hypothesis has 

emerged that the hysteresis is due to dipolar coupling of stray magnetic fields from the 

ferromagnetic contacts to the nanowire, amplified by the large effective g-factor of InSb (the shape 

of the FM contacts employed at U. Pittsburgh is different from that used at U. Minnesota, like 

resulting in larger stray field effects). To test this, CoFe contacts were fabricated without etching 

the InSb oxide layer, i.e. in the same geometry but without any electrical contact to the nanowire. 

This confirmed that stray fields are the likely origin of the hysteretic behavior for the magnet shape 

used in Pittsburgh. Following this, effort has shifted to improving the stray field configuration to 

maximize the effect. This work is currently underway. 

First-principle calculations: In the Marom group, we made a breakthrough for InAs/Al interface, 

which will help us explore interfaces involving InSb. Previous studies show that only MBJ and 

hybrid functionals could predict a correct band gap for InAs, while GGA and GGA+U fail to do 

so. However, we proved that GGA+U does work with a certain combination fo U values and it is 

much faster than MBJ and hybrid functionals. We successfully utilize a machine learning 

technique, Bayesian Optimization,to find a pair of U values for InAs which could be used in 

GGA+U method. The Bayesian Optimization itself is very suitable for finding unknown U values, 

it takes only 1 hr to get the U values compared to the 70 hrs with grid search method.  The U we 

choose is -4 eV for In’s p orbital and -9 eV for As’s  p orbital. The band structure is similar to the 

result of MBJ (Fig. 3) and it opens a band gap around 0.35 eV compared to experimental gap 0.41 

eV and MBJ gives a gap of 0.6 eV. 

 

We also built a SnSe(111)/EuS(111) interface and a SnTe(111)/CaTe(111) with and without 

vacuum space, and compared their bands by VASP. A nontrivial topological surface state is found 

in  near the Fermi level for model 1.  However, we found that this topological surface states on 

top and bottom are both broken in model 2 where the SnSe(111) is in contact with EuS(111) in 

both surfaces.  In this case, we observed a gap of 20 meV is induced for the surface state. The 

Dirac cone on top is well preserved, but the Dirac cone on bottom which is in contact with 

EuS(111) is broken, resulting in a gap of 20 meV, same value as model 2. We believe this is caused 

by the magnetic proximity effect of EuS, since we observed a magnetic penetration for the first 

Se(-0.27 μB) and Sn (-0.07μB) atoms at bottom, while the pure SnSe shows a nonmagnetic 

properties. We are comparing these results with another SnTe/CaTe interface in order to compare 

  
Figure 3: The band structure of InAs with GGA, GGA+U, MBJ in a), b), c), respectively 
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the behavior of a magnetic interface to a non-magnetic one. Models related to 

SnTe(111)/CaTe(111) show that a topological surface state of SnTe can also be found in the  

near the Fermi level. After calculating the band structure of SnTe(111) contacting with CaTe(111) 

on both sides, where CaTe is a non-magnetic semiconductor, we found that the Dirac cone is well 

preserved. We also studied the band structure where SnTe(111) only contacts CaTe(111) on one 

side. We find that the Dirac cone is also intact in this case. Comparing to SnSe(111)/EuS(111) 

interface, the non-magnetic CaTe layers do not break the topological surface states of the slab, 

which further proves the impact of magnetic effect on the topological surface states.  

Future Plans 

In Minnesota, the Crowell group will be focused on measurements of the tunneling anisotropic 

magnetoresistance (TAMR) using both DC magnetotransport and microwave rectification.  After 

starting with prototype samples based on Fe, Co and Heusler alloys (Co2Mn1-xFexSi) on GaAs, 

epitaxial samples will be prepared on InxGa1-xAs and InSb substrates.  In addition to measuring 

the TAMR as a proxy for the strength of the interfacial spin-orbit coupling, the information on 

interfacial magnetism will be used to improve the InSb nanowire devices.  

 

The Pribiag group will also transition from ex-situ to in-situ prepared interfaces, investigating InSb 

and InAs nanowire devices onto which Palmstrøm will have deposited FM and AFM materials. 

These will be selective-area growth wires and bottom-up wires prepared with the help of in-situ 

cleaning of the interface.  

 

Going forward, stray fields from micromagnets can be used in the future to create local Zeeman 

splitting of InSb states and create Majorana zero modes without the use of external global fields. 

In the immediate future, the Frolov group will transition to fabricating superconducting and 

ferromagnetic contacts onto the same nanowire.  

 

So far, the Marom group has been working on developing DFT methods to treat semiconductors, 

such as InAs and InSb, which erroneously come out metallic with standard DFT methods (e.g. 

the PBE functional), as shown for InAs in Figure 3a. Marom is currently developing a machine 

learning method for finding the optimal Hubbard U parameter in a GGA+U approach by 

Bayesian optimization. Her group has some promising results with an objective function that is 

only based on reproducing the band gap obtained by more accurate methods (namely the HSE 

hybrid functional), as shown in Figure 3b. This method works well for InAs and InSb and 

reproduces band structures obtained by HSE and MBJ (Figure 3c). However, it does not work 

well for other materials, such as EuS, because it reproduces the correct band gap but distorts the 

band structure. In the near term, the plan is to develop a more sophisticated objective function 

that also considers other features of the band structure, then apply these to the materials 

interfaces listed in Table 1 of our proposal. 

 

Publications 

None – new grant. 

164



Project Title: Using Crystallization to Control Filler Dispersion and Vice Versa in Polymer 

Nanocomposites 

PI:  

Linda Schadler, Mechanical Engineering Department, University of Vermont 

Sanat Kumar, Department of Chemical Engineering, Columbia University 

Brian Benicewicz, Department of Chemistry and Biochemistry, University of South 

Carolina 

 

Program Scope 

To achieve the full promise of nanoparticle filled polymers, control over both filler organization 

and polymer morphology is required.  Recent work demonstrated that there is a critical 

crystallization rate below which, nanoparticles will align in the interlamellar regions of 

semicrystalline polymers.  This project explores the fundamental principles behind tailoring the 

organization of fillers by varying filler / matrix compatibility, filler diffusivity, and matrix 

molecular weight.  A second component will focus on organizing fillers in the melt to alter matrix 

crystalline morphology.  This abstract focuses on the former. Molecular dynamics (MD) 

simulations on a coarse-grained model were performed to study the effect of the particle size on 

the critical crystallization velocity in the nanoparticle limit. Experimentally, we successfully align 

layers of nanoparticles in the interlamellar spaces in poly(ethylene oxide) (PEO) through 

isothermal crystallization. We have explored the impact of graft density, graft molecular weight, 

and crystallization rate on this response. To achieve this same alignment in a broadly used 

engineering polymer, we developed the first method for grafting olefins to nanoparticles with 

control over both graft density and molecular weight.  We have found that the degree of filler-

matrix compatibility leads to a competition between filler organization and filler agglomeration 

leading to interlamellar alignment at low molecular weight, and larger scale alignment in higher 

molecular weight systems. While the nanoparticles are ordered by the crystallization process, they 

are still templated by the spherutlitic nature of the semicrystalline morphology. We go beyond 

beyond this limitation, and created one-dimensionally ordered NP structures, by using zone 

annealing to create elongated spherulites along the flow direction. 

Key Recent Progress  

(1) A new synthetic technique developed for linear polyethylene grafted chains on 

nanoparticles.  A range of graft densities and molecular weights were achieved.   This is 

exciting because of the potential impact for all nanofilled polyethylene, as well as the 

fundamental goals achieved in this project. 

(2) The balance between repulsive and attractive interactions has been studied via molecular 

dynamics (MD) simulations on a coarse-grained model molecular dynamics (MD) 

simulations on a coarse-grained model. The critical growth velocity can be determined with 

the balance force. Using a more detailed model is necessary to capture the experimental 
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behavior of critical velocity, including incorporating the role of temperature gradients at 

the crystallization fronts.  

(3) Linear nanoparticle organization in interlamellar spaces has been achieved within PMMA-

g-silica Nanoparticle/PEO systems. Tuning the grafting density of PMMA chains on the 

silica can varying the uniformity of the nanoparticle dispersion, as predicted by the phase 

diagram by Kumar et al. SAXS patterns of melted composites shown difference in 

dispersions across a range of NP loadings. 

(4) Successful good dispersion of C18 modified silica particles in high density polyethylene 

(HDPE) was achieved through solvent mixing. By controlling the rate of crystallization, 

we can tailor the organization of the nanofillers. The particles either organize in the 

interlamellar, interfibrillar, and interspherulitic zones.  The result depends on the balance 

between nanoparticle aggregation, nanoparticle diffusivity and crystallization 

organization.  

(5) Zone melting process was developed to create a melt front that provides more specific 

control over growing morphology. The uniformity of the zone annealing thermal 

processing history imparts unidirectional alignment of NPs in the direction of translation. 

Ongoing efforts to quantify the anisotropy involve calculating the Hermans orientation 

function for different positions along the samples.  

(6) The impact of the morphology on mechanical and dielectric properties was investigated for 

both PEO and HDPE systems using DMA and dielectric spectroscopy. The effects of 

multiscale ordering can enhance the resulting modulus to the original neat polymer with 

relatively small amounts of filler and can balance the crystallinity effect on permittivity to 

optimize the dielectric properties of the polymer nanocomposite.  

(7) Organization of PE grafted silica nanoparticles in the HDPE melt with preliminary impact 

on the crystallization behavior of the HDPE matrix were studied. Controlling the initial 

dispersion of nanoparticles in the melt state can significantly alter the confinement seen by 

the crystallization matrix. This has dramatic effects on the crystallization rate, 

crystallization morphology, and in turn the mechanical reinforcement or permittivity 

difference. Continued work has been done to study more drastic changes in the 

crystallization from controllably aggregated systems. 

Future Plans 

(1) Correlate the Hermans orientation function to the invariant calculation in order to get a 

more complete picture of the extent and direction of NP alignment in the zone annealing 

and isothermal crystallization experiments. Model the scattering profiles with Percus-

Yevick structure factors to gain a deeper understanding of the physical parameters within 

our system. 

(2) Judiciously integrate our experimental results with coarse-grained MD simulations to 

understand the physical phenomena that control the morphology of nanoparticle 

organization through crystallization. 
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(3) Tailor the compatibility of the nanoparticle with the HDPE matrix using bimodal grafted 

ligands with controlled grafting density to balance the inter nanoparticle interactions and 

nanoparticle diffusion rate. Develop a map of spherulitic growth velocity of silica/HDPE 

systems vs. isothermal crystallization to understand the mechanism of nanoparticle 

diffusivity and crystallization growth on nanoparticle alignment. For select nanofiller 

organizations, the mechanical and dielectric properties will be studied. 

(4) Tune the surface ligands (such as grafting chain length, grafting density etc.) on nanofillers 

to tailor the enthalpic and entropic driving forces to develop the assembly of PE-grafted 

nanoparticles in HDPE matrices in the melt. Develop a morphology map (sheets, strings, 

uniform distribution, small clusters, aggregations) based on grafted brush/matrix Mw ratio 

and grafting density. Analyze how these morphologies can affect the matrix crystallization 

behavior in turn. The effects of fillers organization as well as crystalline morphology on 

mechanical and dielectric properties will be analyzed. 
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Using Interfaces to Create Strongly-Coupled Magnetic-Ferroelectrics 
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Program Scope 

 Our objective is to create a ferromagnetic ferroelectric that can be deterministically 

switched between symmetry equivalent states using an electric field.  The electric-field switching 

of a magnetization between 180° symmetry equivalent states has not been demonstrated in any 

material.  The required coupling between ferroelectric and ferromagnetic domains allowing such 

switching is a missing feature in most multiferroics and is key to advancing the field both 

scientifically and technologically.  Starting at the level of electrons and atoms our goal is to 

rationally design complex oxide heterostructures and interface-materials with this targeted 

emergent behavior.  This is not a matter of simply optimizing material parameters, but rather 

begins with understanding a mechanism to control the interplay between the diverse microscopic 

degrees of freedom prevalent in complex oxides in order to achieve this desired behavior, and 

ends with the design of new material realizations.  These realizations are in turn created with 

atomic-layer precision, structurally assessed to see that they are the intended realization, and 

finally their relevant properties are measured.  In this program we will develop the scientific 

ideas necessary to apply this design paradigm to the creation of multiferroics with unprecedented 

coupling between ferroelectric and magnetic order parameters, i.e., strongly-coupled magnetic-

ferroelectrics. 

 Recent Progress  

 Using a combination of theory and experiment, we discovered the world’s first material 

that is simultaneously ferrimagnetic and ferroelectric at room temperature.1  Materials that 

exhibit simultaneous order in their electric and magnetic ground states hold tremendous promise 

for enabling electrical control of magnetism.  Such materials are, however, exceedingly rare as a 

consequence of the competing requirements for ferroelectricity and magnetism and until recently 

BiFeO3 was the only material with this functionality at room temperature.2-5  Unfortunately, 

BiFeO3 is a slightly canted antiferromagnet so the spontaneous magnetization of BiFeO3 at room 

temperature is quite small (0.04±0.02 Bohr magnetons per iron atom).6-9 

We recently discovered a means to hierarchically construct a single-phase multiferroic where 

ferroelectricity and strong magnetic ordering are coupled near room-temperature.1  This 
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involves a combination of interface engineering, epitaxial stabilization, polarization doping, and 

symmetry breaking.  Starting with hexagonal LuFeO3, a metastable geometric ferroelectric10 

with the greatest known planar rumpling, individual extra monolayers of FeO were introduced 

during growth to construct formula-unit-thick layers of ferrimagnetic LuFe2O4 within the 

LuFeO3 matrix, more specifically, (LuFeO3)m/(LuFe2O4)1 superlattices.  Note that the stable 

polymorph of LuFeO3 has a centrosymmetric perovskite structure in which the iron coordination 

polyhedron is an octahedron.  As inversion symmetry precludes ferroelectric behaviour, the 

stable polymorph of LuFeO3 is unwanted.  We used epitaxial stabilization to achieve the desired 

hexagonal ferroelectric polymorph of LuFeO3, where the iron coordination polyhedron is a 

trigonal bipyramid, by growing it on (111) YSZ.11  Fabricating (LuFeO3)m/(LuFe2O4)1 

superlattices involves interface engineering.  Cross-sectional TEM images of these superlattices 

shown in the figure below illustrate the severe rumpling imposed by the neighbouring LuFeO3 

that drives the ferrimagnetic LuFe2O4 into a simultaneously ferroelectric state, while also 

Creating an atomic-level composite between a ferrimagnet and a geometric ferroelectric.  Alternating layers of 

the ferrimagnet LuFe2O4 (the crystal structure of which is shown at the left) and the geometric ferroelectric 

LuFeO3 (shown at the right) were made by MBE.  (a)-(j), Cross-sectional high-angle annular dark field 

scanning transmission electron microscopy (HAADF-STEM) images of (LuFeO3)m/(LuFe2O4)1 superlattices 

with m=1 to 10.  The severe rumpling imposed by the LuFeO3 drives the ferrimagnetic LuFe2O4 into a 

simultaneously ferroelectric state, while also reducing the LuFe2O4 spin frustration.  This increases the 

magnetic transition temperature to 281 K for (LuFeO3)9/(LuFe2O4)1 shown in (i).  Lu, Fe and O atoms are 

coloured turquoise, yellow and brown, respectively, in the crystal structures.  (After Ref. 1) 
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reducing the LuFe2O4 spin frustration.  This rumpling increases the magnetic transition 

temperature significantly—from 240 K for LuFe2O4 to 281 K for (LuFeO3)9/(LuFe2O4)1.  Note 

that the rumpling from the LuFeO3 imposes a local distortion on the neighbouring LuFe2O4—one 

that removes the mirror symmetry that the LuFe2O4 layers would otherwise have—and in so 

doing enables the LuFe2O4 to become simultaneously ferromagnetic and ferroelectric.  As no 

macroscopic strain is involved, this rumpling is distinct from strain engineering.  Importantly, in 

these superlattices the ferroelectric order couples to the ferrimagnetism, enabling electrical 

control of magnetism at 200 K.1  

 Our result demonstrates a design methodology for creating higher-temperature 

magnetoelectric multiferroics.  The key aspect of this design methodology is to combine a 

frustrated magnetic system with a geometric ferroelectric that rumples it.  In this case LuFe2O4 is 

the frustrated ferromagnetic and LuFeO3 is the geometric ferroelectric.  When brought into 

intimate atomic contact, the geometric ferroelectric distorts the ferrimagnet reducing its 

frustration.  This reduced frustration leads to a higher magnetic ordering temperature of the 

ferrimagnet and is an example of how ferroelectricity can enhance magnetism.  Though rare, that 

magnetism can be strengthened by ferroelectricity has been predicted12 and seen in other 

systems13 and is desired for producing superior multiferroics.  Ongoing DOE-SISGR work has 

shown the possibility to create other related superlattices, with the possibility to enhance the 

magnetic ordering temperature through the introduction of ferrimagnetic spinels (for example, 

CoFe2O4) while seeking to maintain the ferroelectric coupling. 

 

Future Plans 

 We have submitted a renewal proposal to depart from designing and creating 

multifunctional materials that are interesting/useful for their ground-state, insulating properties 

(i.e., the multiferroics we have worked on up to now) and apply our materials-by-design 

approach to identify new, low-symmetry metallic materials: non-centrosymmetric metals, which 

may also lack time-reversal symmetry.  By doing so, we will greatly expand our toolset for 

designing materials that can enable future energy-efficient spin-based memory or logic devices.   
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Probing the solidification of quasicrystals through joint experiment and simulation 

Ashwin J. Shahani and Sharon C. Glotzer, University of Michigan, Ann Arbor, MI 48109 

 

Program Scope 

 The long-term objective of this project is to identify the fundamental processes 

underlying the self-assembly of quasicrystals.  For instance, how do clusters of atoms in the 

liquid phase organize themselves into a quasiperiodic lattice during solidification?  What types 

of defects does the growing quasicrystal possess?  Finally, how do these structural defects 

influence the growth shapes of the 

quasicrystals?  Resolving these open 

questions requires a tight collaboration 

between experiment and simulation.  In 

particular, Shahani's team is harnessing in 

situ dynamic transmission electron 

microscopy together with synchrotron-based 

X-ray imaging to peer into the growth 

dynamics of quasicrystals, covering a broad 

range of length scales and solidification 

pathways.  In parallel, Glotzer's team is 

performing large-scale molecular dynamics 

simulations of quasicrystal growth using their 

massively parallel, GPU-enabled, open source 

HOOMD-blue software package.  On the basis of the experiments and simulations (see Fig. 1), 

the collaborative team will advance a self-consistent theory of quasicrystal formation.  

Recent Progress  

 Through synchrotron X-ray “live” imaging, Shahani’s team has had the unique 

opportunity to capture the growth and equilibrium shapes of decagonal1 and icosahedral2 

quasicrystals in a liquid.  We have also compared the growth dynamics of a quasicrystal and its 

periodic approximant, finding significant 

differences between the two despite their similar 

structural motifs.✝︎ We have since turned our 

attention to the problem of growth interactions 

between quasicrystals.  When the nucleation rate is 

relatively high, the nuclei ('seeds') may impinge on 

one another (via 'hard collisions').  Under ordinary 

circumstances, a grain boundary is formed between 

the two crystals.  However, we recently observed 

through X-ray tomography that this may instead 

lead to the formation of single quasicrystals, devoid 

of dislocations, see Fig. 2.  That is, the bicrystal 

relaxes into a single-crystal state.  We expect that 

Fig. 2. Isochrones of solid-liquid interfaces during 

crystallization.  At early stages (red) in growth, 

multiple QC particles can be observed; at longer 

times (blue) these particles impinge on each other 

and grow into a single QC with ten facets.    

Fig. 1. Overview of program, showing the superposition of 

experimental data (e.g., solid-liquid interfaces, in red) and 

simulation data (e.g., tiling model, in yellow). 
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phasonic defects — that are unique to quasicrystals — may help distribute the coherency 

stresses, thereby suppressing dislocations.  To determine if this hypothesis is correct, Glotzer's 

team developed a model describing a decagonal quasicrystal and used this force field to 

investigate two grains growing together, mimicking the experimental conditions as closely as 

possible. Our preliminary results match those of the experiments – namely, the absence of a 

grain boundary upon collision.  Current efforts are directed towards extracting the phasonic 

strain field (where the crystals meet) by lifting the particles onto the four-dimensional hypercube 

lattice.  In addition, we are deriving analytic data on the trajectory of every single atom using 

machine learning, which may provide a more direct and detailed view of phason flips.  By 

varying the simulation conditions (e.g., temperature and seed misorientation) and quantifying the 

particle dynamics in this manner, we can determine under what conditions the phason flips are 

dominant and single crystals are formed.   

Future Plans 

 Shahani's team will conduct dynamic transmission electron microscopy (DTEM) studies 

of quasicrystal nucleation and growth under far-from-equilibrium conditions at Lawrence 

Livermore National Laboratory (LLNL).  We have been granted access to LLNL in summer 

2019.  This instrument has the unique capability to monitor irreversible transformations down to 

nm and ns in space and time, respectively, which is a considerably finer resolution compared to 

synchrotron X-ray tomography.  The DTEM 

experiments will be done in the 'movie-mode' 

configuration; that is, one ns (or fs) laser beam 

will trigger the melting of a thin film of 

quasicrystal composition while the second laser 

beam will generate the electron bunches 

(109 electrons) for subsequent TEM imaging 

and/or diffraction, see schematic in Fig. 3.  The 

time-resolved images will provide clues of the 

origin of quasiperiodicity — one of the 

fundamental puzzles in the field of crystal 

growth — and determine whether classical or 

non-classical nucleation theories3 apply.  For 

instance, it may be found that the formation of 

the critical nucleus is correlated to icosahedral 

clusters in the fluid.  If this is indeed the case, then it is interesting to consider whether the 

clusters have any properties that make them favorable hosts for quasicrystal nuclei, a question 

that can be readily answered using Glotzer's particle simulation toolkit.   
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Fig. 3.  Schematic of DTEM, in which one laser 

generates the electron pulses (green) for imaging while 

a second laser (red) provides the melting stimulus.   
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New inorganic compounds in shallow energy landscapes  

Daniel P. Shoemaker, Materials Science and Engineering Department and Materials Re-

search Laboratory, University of Illinois at Urbana-Champaign 

Program Scope 

The major goals of this project are to investigate rapid in situ materials discovery and kinetics, and 

understand how to interface the process with computational methods. Our project is demonstrating 

that the paths we take to make new materials can be made many times faster, and more hypothetical 

materials can be experimentally screened when we can watch reactions in real-time. 

At the heart of our project is the ability to conduct materials synthesis with in-situ diffraction in-

house, as a method of screening for new materials and understanding the kinetic barriers to com-

pound formation. We began with trial systems in the Fe—Si—S and Fe—S systems to uncover 

routes to octahedral iron semiconductors.1 The current goal is discover new phases while also 

developing mechanisms to probe relevant mechanisms that appeared in initial studies. Throughout 

the project, opportunities to interface enthalpy calculations and known kinetic data are crucial to 

leveraging our data for more efficient synthesis.  

 Recent Progress  

Discovery of semiconducting sulfides: The grand 

challenge of synthesizing bulk materials by predic-

tive design remains outstanding because the exper-

imental thermodynamic and kinetic factors that in-

fluence synthesizability can quickly become intrac-

table, even for well-known systems. Nevertheless, 

predictions that are sufficiently benchmarked by 

large amounts of quality data should have predict-

able rates of success. A coarse predictor, such as 

the synthesizability of a compound based on its 

bonding energy E as determined by density func-

tional theory (DFT), has a success probability P less 

than 1. However, when a search space returns 

enough plausible hits N such that NP > 1, there 

should be a fertile ground. In this project, we found 

that multiple phase spaces without exotic elements 

obey this rule, and we present a family of previ-

ously undescribed zinc-based semiconductors, all 
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of which exhibit known structure types and indi-

cate the possibility of many such phases hiding 

in easily-accessible phase space.  

We operate under the assumption that all predic-

tions (e.g. bond energies E from DFT) are prox-

ies for the Gibbs free energy G, which can only 

be approximated since it arises from the actual 

enthalpy and entropy of all compounds, which 

are many-body problems. While it may seem dis-

heartening that G for a particular material cannot 

be predicted, a set of E approximations can re-

turn valuable information about the propensity 

to form new or metastable phases in a particular 

phase space.  

We begin with candidate structures in the A–

Zn–Q systems where A = Na or K and Q = S or 

Se, and use a straightforward chemical substitution algorithm from Materials Project to generate 

candidate materials that exhibit known structure types.2 The T = 0 K enthalpy is approximated 

using DFT-LDA for all the compounds, most of which we do not expect to be observed experi-

mentally. The representative plot for the K—Zn—S system is shown in Figure 1, top. Two things 

should be noted here. First, the plots contain multiple polymorphs of certain compositions, indi-

cating that the algorithm finds many plausible structures. Second, there are multiple phases with 

∆E < 0.01 eV/atom versus the end members, which is ten times smaller than a typical DFT “error 

bar” on E. This means that these landscapes are very flat; i.e. there are multiple compounds at 

multiple compositions that are plausibly stable.  

These results validate our hypothesis that compound prediction is best performed statistically, and 

that high numbers of prospective phases are the best indicators of regions of phase space where 

new compounds are likely to form. The K2S—ZnS  system can be compared to a well-known 

system such as BaO—TiO2, (Figure 1, bottom) which is a much deeper energy well.  

We have isolated the new compounds Na2Zn2S3, Na2ZnSe2, Na6ZnSe4, K2ZnS2, K2Zn3S4, 

K2ZnSe2, and K2Zn3Se4. Structures are shown in Figure 2. We have also verified the existence of 

additional compounds Na2Zn3S4, K6ZnS4, Na2Zn2Se3, and K2Zn2S3. All these compounds are com-

prised of Zn tetrahedrally coordinated by S, but they vary in connectivity of these motifs from 0-

D (isolated tetrahedra) to 2-D (sheets of edge-sharing tetrahedra). The UV-vis absorption spectra 

Figure 2. Structures of the new ternary zinc chalco-

genide compounds A–Zn–Q with stoichiometry 

A2ZnQ2, A2Zn2Q3, A6ZnQ4, and A2Zn3Q4. The alkali 

metal, zinc and chalcogen are shown in white, gray 

and yellow respectively. 
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are shown for the selenides in Figure 3. More 

detailed studies of the optoelectronic behavior 

of these highly anisotropic compounds are un-

derway.  

Similar ternary zinc chalcogenides have shown 

interesting properties such as the Eu(II) acti-

vated Sr2ZnS3 phosphor, which possesses 

strong yellow emission and can be excited in the 

wide range by near-UV and blue light.3 Simi-

larly, Mn-activated Ba2ZnS3 is an important red 

phosphor material.4 Ba2ZnSe3 has been evaluated for visible-light-responsive photocatalytic ma-

terials.5 Cs2Zn3Se4 and Cs2Zn3Te4 have been predicted as potential p-type transparent conducting 

materials.6 BaTiS3 was recently shown to have giant optical anisotropy for use in linear and non-

linear optics.7 

Probing reactions in liquids: Experimental exploration of flat and complex energy landscapes 

often occurs in liquids and fluxes. We have used in-situ X-ray scattering to study flux reactions to 

great effect, and continue to do so as part of this project. Reactions in liquids represent a tremen-

dous advantage in their flexible chemistry but pose distinct challenges in their small volume frac-

tion of product. We commissioned a new proof-of-concept setup for energy-dispersive X-ray dif-

fraction (EDXRD) of solvothermal reactions at the Advanced Photon Source (APS) beamline 6-

ID, shown in Figure 4. This setup uses a large solvent-compatible oven with excellent temperature 

uniformity, which is the typical full-size oven that is used for ex-situ solvothermal reactions. This 

Figure 3. UV-Vis data for a selection of new alkali 

zinc selenides reveal band gaps between 3.0-3.5 eV.  

Figure 4. Left: A custom-built class-A convection oven for reproducible solvothermal reactions, with 

beam ports on each side, in place at Advanced Photon Source beamline 6-ID for energy-dispersive X-ray 

diffraction (EDXRD) of Cu4O3 formation in ethanol-DMF. Right: The reaction tube inside the oven, with 

beam port on left marked by a square of Kapton and mylar tape. 
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setup was designed to study the for-

mation of Cu4O3, a metastable oxide. In 

Figure 5, an hours-long data collection 

of the growth of Cu4O3 from copper ni-

trates in an ethanol-dimethylformamide 

(DMF) mixed solvent is shown. Unlike 

our previous ex-situ work examining 

the formation of this compound ex situ,7 

we see formation of Cu4O3 in less than 

an hour at 130°C. As part of our work 

understanding the formation mecha-

nisms of this phase, we discovered a 

copper-ethylenediamine (en) complex 

[Cu(en-N)(en-N,N′)2](NO3)2 with a to-

tally new five-fold copper coordination, 

which was accepted as a cover article in 

CrystEngComm.  

Future Plans 

Detailed electronic spectra are being calculated to understand the possible optoelectronic applica-

tions of the alkali zinc oxides. Further optimization of the search process is under way to under-

stand how to apply this flatness criterion to understudied phase spaces. We found that probing the 

Cu4O3 reaction with EDXRD was effective when product was in the beam, but locating the product 

can be challenging due to lack of contrast when viewed with hard X-rays. Further optimization of 

the data collection parameters (beam intensity, spot size, and rastering) will establish best practices 

probing for a wide variety of reaction chemistries. 

Flux reactions, while not discussed in this abstract, are amenable to the discovery of compounds 

in “flat” reaction spaces and can benefit for EDXRD studies. We performed encapsulated flux 

reactions of sulfur-rich Ba—Fe—S samples in situ at (APS) beamline 17-BM. Further technique 

development (pre-reaction amorphization, machine-learning pattern deconvolution) will be a val-

uable step toward disentangling diffraction data that contain many competing unknown phases. 
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Figure 5. In situ EDXRD data of Cu4O3 formation, plotted 

with equivalent 2θ for Mo-Kα X-rays. Most peaks are Cu4O3, 

indicating fast formation that was totally unexpected after our 

ex situ trials. Some slow and minor conversion to Cu2O (weak 

peaks arrowed) is evident. Total reaction time shown is 11 h. 
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Program Scope 

 Atomically thin semiconductors offer extraordinary opportunities for the manipulation of 

charge carriers, many-body optical excitations, quantum light emitters, and non-charge based 

quantum numbers. Confinement and reduced dielectric screening in these two-dimensional (2D) 

materials give rise to large characteristic energies so that many-body and quantum effects are 

important even at room temperature. Optical excitations in extended homogeneous areas have 

been investigated intensely, albeit mostly focusing on a limited set of materials, particularly 

transition metal dichalcogenides. Much less understood are light-matter interactions for other 

classes of 2D semiconductors, as well as effects that arise in heterogeneous materials, either near 

naturally occurring defects, impurities, edges and grain boundaries, or as a result of intentional 

interface formation in heterostructures. Addressing such systems experimentally involves 

significant challenges: Understanding the atomistic growth mechanisms of 2D semiconductors, 

so that novel systems with designed properties, specific ‘imperfections’, or controlled interfaces 

can be realized; and probing of local excitations at scales that match the relevant (nanometer) 

length scales in heterogeneous materials. Here, we address these challenges by harnessing 

quantitative in-situ microscopy to study the growth of 2D and layered semiconductors and 

heterostructures, combined with local spectroscopic measurements of quasiparticles excited at 

the nanometer scale. An integral part of the research is the development of novel experimental 

approaches, both for in-situ microscopy of synthesis and nanoscale spectroscopy. Experiments 

are guided and analyzed via computations of structure, chemistry, and excitation spectra. The 

particular materials focus is on group IV chalcogenides, a family of less explored 2D/layered 

semiconductors whose diversity in crystal structure and properties promises a fundamental 

understanding of novel classes of materials that meet core 21st century technology needs. 

Recent Progress 

Group IV monochalcogenides (MX; M: Sn, Ge; X: S, Se) are anisotropic 2D/layered 

compound analogues of black phosphorus/phosphorene. In bulk form, these semiconductors have 

long been considered for energy conversion applications (e.g., photovoltaics) and showed 

exceptional characteristics, such as record thermoelectric performance. Recent calculations 

predicted a number of intriguing properties for single-layer group IV monochalcogenides, 

including large exciton binding energies, high carrier mobility, strain-tunable band offsets and 
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charge separation in lateral heterostructures, selective valley polarization, and coupled 

ferroelectricity and -elasticity up to above room temperature. 

The controlled synthesis of few-layer and 2D group IV monochalcogenides, required to 

explore the unique properties of these materials, is a major challenge. To establish fundamental 

synthesis approaches for ultrathin MX crystals, we carried out extensive in-situ microscopy of 

SnS growth on van der Waals (vdW) substrates.1 The results showed an unusual imbalance 

between strong adsorption on SnS nuclei and negligible sticking on the surrounding substrate, 

which favors vertical growth and complicates the synthesis of large ultrathin crystals. Using 

alternative (‘reactive’) vdW substrates and novel synthesis strategies, we were able to realize 

high quality few-layer SnS and GeS and identify their thickness-dependent properties. A 

comparison of shapes developed during growth and sublimation established that the typical 

crystal habits observed for SnS and related monochalcogenides are kinetic growth shapes rather 

than equilibrium (Wulff) shapes. This insight can guide the design of approaches for achieving 

particular shapes of SnS and related layered crystals.2 In-situ electron microscopy identified the 

thermal stability and sublimation pathways of layered GeS, and demonstrated that GeS flakes 

self-encapsulate in a thin, sulfur-rich amorphous GeSx shell during growth. In contrast to 

exfoliated GeS, which rapidly degrades when exposed to air, synthetic GeS flakes protected by 

GeSx shells show no signs of chemical attack and remain stable in air for extended time periods.3 

Photoluminescence spectroscopy showed tunable bandgaps due to out-of-plane quantum 

confinement in GeS flakes below 100 nm thickness. Cathodoluminescence (CL) spectroscopy 

with nanoscale excitation showed interfacial charge transfer due to a type II heterojunction 

between the crystalline core and amorphous shell. Finally, locally excited CL provided 

Figure 1: Wrap-around core-shell structures of layered crystals. (a) Schematic of SnS-SnS2 core-shell 

crystals formed spontaneously by phase separation during growth. (b) TEM image of a typical μm-scale 

core-shell structure. (c) High-resolution TEM image showing a corner (arrow in (b)) with a layered SnS2 

shell tightly wrapped around the SnS core. (d) High-resolution image of the unconventional perpendicular 

interface between core and shell. ‘M’: Interlayer moiré pattern between van der Waals stacked SnS and 

SnS2. (e)-(f) STEM image and hyperspectral CL linescan of a thin (45 nm) core-shell heterostructure. (g)-

(h) STEM image and hyperspectral CL linescan of a thicker (80 nm) core-shell structure. 

183



measurements of the minority carrier diffusion length in p-type GeS, which is on par with the 

largest diffusion lengths reported for layered chalcogenide semiconductors. 

A unique aspect of group IV chalcogenides is the existence of stable layered crystal 

phases with different chalcogen content, i.e., MX, M2X3, and MX2, and the facile reversible 

transformation between these phases by control of the chalcogen chemical potential. The 

structurally distinct and essentially immiscible phases present rich opportunities for exploring 

self-organization phenomena involving phase-separation and -conversion of layered crystals. 

SnS growth from mixed precursors containing S-rich minority phases causes the spontaneous 

formation of novel wrap-around core-shell structures, in which a phase separated single-

crystalline SnS core is enclosed in a few-layer SnS2 shell (Fig. 1).4 STEM-CL spectroscopy with 

nanometer-scale excitation shows anisotropic carrier separation at type II core-shell hetero-

interfaces, where holes and electrons are transferred to the SnS core and SnS2 shell, respectively. 

Extreme infrared sensitization in light harvesting to photon energies significantly below the 

fundamental bandgaps of both constituent semiconductors is realized due to spatially indirect 

absorption at the abundant interfaces of the wrap-around core-shell structures.  

VdW heterostructures between azimuthally misaligned (‘twisted’) layers have attracted 

considerable interest due to emergent optoelectronic and many-body correlation phenomena that 

arise in twist-moiré patterns. However, twisted heterostructures have been realized primarily by 

mechanical stacking of exfoliated crystals and no scalable synthesis methods offering twist 

control exist to date. Using group IV chalcogenides as model systems, we obtained fundamental 

insight into novel approaches for growing twisted vdW heterostructures. Real-time microscopy 

during the growth of ultrathin SnS on SnS2 showed a striking transformation, in which initial 

Figure 2: Synthesis of twisted van der Waals heterostructures. (a) Real-time low-energy electron 

microscopy during SnS growth on SnS2, showing the spontaneous transformation of a SnS nucleus into 

twisted t-SnS2. (b)-(d) Diffraction analysis of the competing surface phases and their orientation: SnS2 

substrate (b); initial SnS nuclei, azimuthally aligned with the SnS2 substrate (c); and ultrathin 30° twisted 

t-SnS2, formed by S-incorporation into the SnS intermediate (d). 
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SnS nuclei with fixed azimuthal orientation relative to the substrate incorporate additional sulfur 

and spontaneously convert to few-layer SnS2 (Fig. 2).5 Importantly, the resulting t-SnS2 does not 

adopt the equilibrium aligned (0°) stacking with the underlying SnS2 support, but its orientation 

(30° twisted) is determined by the intermediate SnS crystal. These findings point to a general 

strategy in which a sacrificial intermediate phase is employed to realize twisted vdW 

heterostructures by bottom-up synthesis. While the above approach readily provides large twist 

angles, obtaining controlled small interlayer twists presents additional challenges. We identified 

a novel architecture, van der Waals nanowires – implemented using layered GeS as a model 

system – in which small interlayer twists arise spontaneously during growth.6 Eshelby twist 

causes a chiral structure of the layered GeS nanowires so that the in-plane crystal axes 

progressively rotate and layers in adjacent turns of the helix naturally form a twist moiré pattern. 

The axial rotation and the twist moiré are tunable via the nanowire diameter. Our combined 

findings demonstrate novel approaches toward the scalable fabrication of vdW structures with 

defined twist angles, for which interlayer moirés are realized either at planar interfaces or on 

helical paths along layered nanowires. 

Future Plans 

Combining in-situ microscopy of synthesis processes and nanometer-scale optoelectronic 

probes creates unique opportunities for exploring the controlled synthesis and emerging 

phenomena in atomically thin energy and quantum materials. By understanding the fundamental 

growth processes, we can identify synthesis protocols for ultrathin group IV chalcogenide 

semiconductors and test theoretical predictions of their properties, e.g., strongly bound excitons 

and ferroelectricity/elasticity. Focusing on these materials, we already demonstrated the 

spontaneous formation of a rich set of unconventional heterostructures. We will further 

systematically explore phase-conversion and -separation phenomena to realize novel 

heterostructure architectures and establish their interfacial light-matter interactions using local 

CL spectroscopy and mapping. By addressing these and other emerging phenomena, such as 

single photon emission and controlled valley polarization, we will realize the overarching goals 

of this program: A fundamental understanding of the ways in which defects, edges, and 

judiciously placed interfaces affect the interactions between light and many-body excitations, 

and its translation into robust materials platforms that harness imperfections for new 

functionality in energy conversion or quantum information processing. 
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Program Scope 

 Our work focuses on using solution methods such as electrodeposition to produce epitaxial 

films of semiconductors, optical materials, and catalysts. Epitaxy is the growth of crystals whose 

orientation is determined by their crystalline substrate (1, 2). Epitaxy can produce thin films with 

atomic perfection that rivals that of single crystals as well as metastable phases (such as body-

centered cubic Ni on Fe and face-centered cubic Fe on Cu), superlattices, quantum wells, and 

strained-layer architectures with tunable properties (2). Although epitaxial growth is usually 

constrained to ultrahigh vacuum or high temperatures by techniques such as molecular beam 

epitaxy, chemical vapor deposition, and liquid-phase epitaxy, it was first demonstrated in aqueous 

solution in 1836 when Frankenheim showed that sodium nitrate crystals could be grown epitaxially 

on a freshly cleaved calcite substrate (3). In 1950, Johnson also used aqueous solution to grow 

NaCl crystals epitaxially on single-crystal Ag (4). Other examples of solution-based deposition of 

epitaxial films are hydrothermal processing (5), chemical bath deposition (6-8), and 

electrodeposition (9-11). Each of these solution methods has limitations. Hydrothermal processing 

requires high temperature and pressure, chemical bath deposition requires specific reactions to 

occur at the substrate surface, and electrodeposition requires conducting or semiconducting 

substrates. 

 Recent Progress  

 Spin-coated films, such as photoresists for lithography or perovskite films for solar cells, 

are either amorphous or polycrystalline. Here, we show that epitaxial films of inorganic materials 

such as CsPbBr3, PbI2, ZnO, and NaCl can be deposited onto a variety of single crystal and single-

crystal-like substrates by simply spin coating either solutions of the material or precursors to the 

material. The out-of-plane and in-plane orientation of the spin-coated films is determined by the 

substrate. The thin stagnant layer of supersaturated solution produced during spin coating promotes 

heterogeneous nucleation of the material onto the single-crystal substrate over homogeneous 

nucleation in the bulk solution, and ordered anion adlayers may lower the activation energy for 

nucleation on the surface. The method can be used to produce functional materials such as 

inorganic semiconductors or to deposit water-soluble materials such as NaCl that can serve as 

growth templates. 
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Future Plans 

1. Spin coating epitaxial semiconductors for photovoltaics. 

a. Can we spin coat epitaxial metal sulfides? 

b. Construct perovskite solar cell – need electron and hole conducting layers. 

c. Minimize electron-hole recombination? 

2. Chiral Surfaces. 

a. Chiral catalysis (e.g., oxidation of L and D dopa) and chiral crystallization on 

Au(643) and on Au(111) with cysteine self-assembled monolayers. 

3. Topotactic conversion of metal oxides and halides to epitaxial metal chalcogenides. 
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Fig. 1. A new spin on epitaxy. Left : spin-coating scheme. Right : micrographs of spin-

coated CsPbBr3, PbI2, NaCl, and ZnO on single crystal and single-crystal-like 

substrates. 
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Program Scope 

The overarching goal of this project is to understand how a group of metals with relevance to 

batteries develop unstable growth morphology during electrodeposition, a process important for 

the functionality of batteries. These metals include alkali metals (e.g. lithium, sodium and 

potassium) and zinc, which have high atomic mobility and reactivity with electrolytes. While they 

are attractive electrode candidates for the next-generation rechargeable batteries, the prevalent 

formation of highly non-uniform electroplating morphologies presents a major barrier to their 

successful application by causing rapid capacity fading and internal shorting of the batteries. This 

project focuses on examining two hypotheses on the mechanism of unstable growth during 

electrodeposition of such systems by using on zinc as a model system, namely: I) A stress-related 

morphological instability mechanism generally operates in this group of active metals; II) The 

complex mossy structure of electroplated active metals results from a stress-driven nucleation and 

defect-mediated growth process. Accordingly, the project has three specific objectives: 1) 

Investigate the relation between plating stress and morphology, 2) Characterize the microstructure 

of mossy electrodeposits, 3) Model stress-enhanced morphological instability phenomena. 

Recent Progress  

I. Effect of plating stress on zinc electroplating morphology 

Similar to our previous finding in lithium1, we discovered that plating stress also plays a significant 

role in initiating mossy structure in zinc 

electrodeposition, which provides strong 

support to our Hypothesis I that a common 

stress-induced morphological instability 

mechanism operates in the active metal group 

(alkali elements, Zn, Cd). We conducted 

comparative study of electroplating zinc on 

soft vs hard substrates to examine the effect of 

plating stress on deposition morphology. As 

shown in Figure 1a, surface profile 

measurement reveals the periodic wrinkling 

pattern of soft substrate after zinc deposition, 

which confirms the presence of compressive 

stress in zinc during electroplating. The 

measured wrinkle periodicity agrees well with 

the small deformation theory. After 

wrinkling, residual stress in zinc plated on soft 

substrate is relieved to lower level. Under 

 
Fig. 1 Zinc electrodeposition on soft vs hard 

substrate. a) Wrinkle pattern on soft substrate after zinc 

plating. b) & c) Morphology of zinc deposit on soft (b) 

and hard (c) substrate after plating at 10 mA/cm2 for 5 

min. d) Area coverage of mossy zinc on soft (blue line) 

vs hard (red line) substrate. 
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otherwise the same condition, zinc plating on soft substrate (Figure 1b) exhibits ~50% fewer mossy 

zinc deposits (bright regions) than on hard substrate without stress relaxation (Figure 1c), in both 

number count and area coverage. The difference persists with increasing plating time. The 

observed difference provides evidence that plating stress does contribute to the nucleation of zinc 

mossy structure and its elimination can suppress the mossy growth.     

II. Microstructure characterization of zinc mossy structure 

We performed the first detailed TEM 

characterization of individual zinc filaments 

(Fig. 2a) in the mossy deposits, with the goal to 

identify the filament growth direction and 

defects present. The zinc filaments are found to 

grow along the <210> axis (Fig. 2b, c). A 

surprising finding is that that the filaments are 

single-crystalline in nature despite the presence 

of topological defects such as kinks and branch 

points. This is proven by the continuous lattice 

fringes across the kink (Fig. 2b)  and the single 

diffraction pattern of the branching point of the 

filament (Fig. 2d inset). We note that these 

observations are remarkably similar to the 

recent cryo-TEM characterization of kinked 

single-crystalline filaments in lithium mossy 

structure2. The similarity between the filament 

structures of electroplated lithium and zinc 

provides further support to the existence of a 

universal morphological instability mechanism 

among active metals.  

In addition to characterization at the single filament level, we applied FIB/SEM to 

reconstruct the mossy zinc’s filament network structure. We developed a novel pre-FIB sample 

preparation procedure, in which PMMA is spin coated onto electroplated zinc surface and 

penetrates into the pore space inside mossy zinc under capillary force, followed by cross-linking 

PMMA. Compared to conventional pore filling by gas-deposited carbon or Pt, this method can 

achieve a much higher degree of pore filling, which significantly enhances the contrast of filaments 

(Figure 3a) and eliminates potential reconstruction artifacts due to the presence of residual voids 

within mossy zinc. Using the approach, several individual mossy zinc structures have been 

reconstructed to reveal their internal microstructure for the first time. One example is shown in 

Figure 3b. Analysis of topological and statistical features of reconstructed mossy zinc shows that 

zinc filaments frequently branches or bifurcates during the unstable mossy growth, see Figure 3c. 

This contributes to the fast growth kinetics of the mossy structure. Notably, the average filament 

length between two neighbor branch points displays no or only slight increase with electroplating 

 
Fig. 2 TEM characterization of zinc filaments. a) 

TEM image of a kinked filament from mossy zinc 

structure. b) Same zinc filament at higher resolution, 

with defect visible at the kink. c) Selected area 

diffraction (SAD) confirms that the filament grows 

along <210>. The weak diffraction pattern belongs to 

surface zinc oxide. d) TEM image of a branched zinc 

filament. SAD of the circled region shows reveals 

only one diffraction pattern (inset), confirming the 

single crystallinity of the branched filament. 
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time, Figure 3d, which suggests that filament branching is a steady state process. Currently, the 

detailed topological and geometrical information obtained from FIB/SEM reconstruction provides 

valuable guidance to the development of a kinetic model of mossy zinc growth process.  

 

III. Modeling of stress-induced morphological instability in electrochemical processes 

In addressing Objective 3, progress was made in understanding the effect of stress on 

morphological evolution in the broad context of electrochemical processes relevant to energy 

storage. As a prelude to the study of stress-induced unstable growth in electrodeposition, which 

involves the interplay between stress, surface reaction and mass transfer, we first considered a 

related but simpler phenomenon of stress-induced instability in electrochemical ion intercalation 

in battery compounds. Through this exercise, we aim to develop the necessary theoretical tools for 

studying the more involved phenomena in electroplating. Using linear stability analysis, we show 

that an initially flat ion intercalation front moving inside a battery compound during (dis)charge 

can become morphologically unstable driven by the misfit stress between ion-rich and ion-poor 

regions. We term this phenomenon as the “inverted Grinfeld instability” for its close analogy to 

the classical Asaro-Tiller-Grinfeld instability3 in epitaxially strained thin film growth, Figure 4a. 

We further studied such interface instability in phase-field simulation (Figure 4b), which shows 

excellent agreement with the linear stability analysis in predicting the early-stage growth kinetics 

of interface perturbation, Figure 4c. An interface stability map (Figure 4d) is constructed to reveal 

the conditions (particle size, applied overpotential, interface location) under which the 

intercalation front can maintain its stability. A notable finding is that enhancing ion diffusion can 

stabilize the intercalation front against perturbation, which is contrary to the role diffusion 

typically plays in promoting interface instability in other processes such as solidification.  

Fig. 3  FIB/SEM reconstruction of 

mossy zinc. a) SEM image of a FIB-ed 

cross section of zinc moss (medium 

bright color) filled with PMMA (dark) 

and covered by a 20nm gold layer 

(bright). b) A reconstructed zinc moss, 

which is highlighted in orange in a). c) 

Skeletonized view of the reconstructed 

mossy structure in b), with its base 

marked by the green circle. Red dots 

represent 3-way branch points or end 

points of the filaments. d) Zinc 

filament length between two neighbor 

branching points as a function of the 

filament generation, defined as the 

number of branch points between the 

filament and mossy structure base.  
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Future Plans 

1) Towards Objective 1, we will apply the multi-beam optical stress sensor (MOSS) technique to 

perform in-situ plating stress measurement to determine the correlation between stress evolution 

and the onset of unstable zinc plating behavior. Zinc electrodeposition experiments on soft vs hard 

substrate will be expanded to a wide range of plating current density and time to establish a 

preliminary zinc plating morphology map.   

2) Towards Objective 2, in addition to continuing FIB/SEM reconstruction and analysis of mossy 

zinc structure, we will initiate an effort to perform in operando nanotomography reconstruction in 

collaboration with beamline scientists at NSLS-II beamline 18-ID. High-resolution TEM 

characterization will focus on analyzing the locations and types of defects (e.g. grain boundary) in 

the mossy structure.    

3) Towards Objective 3, we will extend the linear stability theory of ion intercalation in battery 

compounds to the electroplating process and analyze the conditions under which stress can initiate 

the nucleation of filamentary or mossy structure. A macroscopic kinetic model of mossy growth 

process will be developed and validated by FIB/SEM reconstruction and measurements of mossy 

zinc size as a function of time. 
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Fig. 4 Stress-induced ion intercalation 

front instability in battery compounds. a) 

Analogy between Asaro-Tiller-Grinfeld 

instability in epitaxial thin film growth and 

stress-induced ion intercalation front 

instability in battery compounds. b) Phase-

field simulation of intercalation front 

instability when a Li-rich phase (red) 

advances in a Li-poor (blue) particle. c) 

Growth exponent vs wave vector of 

interface perturbation predicted by linear 

stability analysis (lines) agrees well with 

phase-field simulation (red circles). d) 

Interface stability map in the parameter 

space of particle size, applied overpotential 

and interface distance to particle surface. 

Interface is unstable in the shaded region.    

193



Publications 

 L. Hong, K. Yang, M. Tang, A Mechanism of Defect-Enhanced Phase Transformation 

Kinetics in Lithium Iron Phosphate Olivine, NPJ Computational Materials, under review.  

 J. Zhang, F. Wang, V. Shenoy, M. Tang, J. Lou, Towards Controlled Synthesis of 2D Crystals by 

Chemical Vapor Deposition (CVD), Nature Materials, under review.  

  

 

194



Experimental and Computational Studies of Crystal Nucleation in Composition Gradients 

Timothy P. Weihs, Department of Materials Science, Hopkins Extreme Materials 

Institute, Johns Hopkins University 

Michael L. Falk, Department of Materials Science, Department of Mechanical 

Engineering, Department of Physics and Astronomy, Hopkins Extreme Materials 

Institute, Johns Hopkins University 

Program Scope 

The major goals of the project are to develop a predictive model of crystallization that 

incorporates composition gradients and is applicable to a large range of metallic systems which 

form both stochiometric and non-stochiometric compounds. This model will expand the extant 

thermodynamics-based theories, and will lay groundwork to improve the general understanding 

and predictive capabilities of the role that gradients play in phase formation, glass formability 

and stability. To that end, we use Molecular Dynamics simulations and both isothermal and 

isochronal nanocalorimetric experiments on amorphous phases with controlled composition 

gradients to validate and improve the classical nucleation model or develop new kinetic theories 

more applicable in the regimes of interest.  

Recent Progress  

Phase selection through nucleation in composition 

gradients in multi-layer materials, interpreted by 

Desré’s theory [1], offers opportunities for materials 

and device engineering.  To examine the controlling 

and fundamental mechanisms experimentally, we 

completed and analyzed DC nanocalorimetry studies 

of Cu/Zr amorphous films with controlled 

composition gradients using isochronal heating (Fig. 

1).  This expanded the dataset for nucleation 

temperatures within this system and underscored the 

need for isothermal investigations. Characterization 

methodologies for these amorphous films were 

honed as well. More recently we commenced 

fabrication of amorphous films of a second binary 

system, aluminum-zirconium (Al/Zr), and 

characterized the as-deposited composition gradients 

in these films. However, there appear to be challenges in depositing persistent sharp gradients in 

this binary system that did not occur in Cu/Zr system.  

To complement our existing DC nanocalorimetry methods, we developed the capability to use 

alternating current (AC) controlled nanocalorimetry for low heating rate and isothermal 

investigations. During this process, we uncovered issues with voltage-controlled AC 

nanocalorimetry, and we identified the causes of these issues with helpful insight from Prof. 

Joost Vlassak at Harvard University. We implemented the required hardware for current-

controlled AC nanocalorimetry, along with the requisite software development, expedited by 

useful discussions with our collaborator, Dr. Karsten Woll at Karlsruhe Institute of Technology. 

 

Figure 1: Isochronal reaction power vs 

temperature for Cu-Zr amorphous thin films 

with average composition equivalent to the 

Cu10Zr7 phase, showing no evidence of the 

gradient impacting nucleation temperature. 
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Working with Dr. Woll and his group, we performed in situ synchrotron microdiffraction and 

nanocalorimetric experiments on Al-Zr based multilayer samples to identify variations in phase 

formation sequences as a function of heating rate.  

We identified challenges for our in situ TEM nanocalorimeter experiments regarding sensor and 

sample holder designs, and we are designing and building alternate sensors and sample holders. 

Specifically, the current nanocalorimeter sensor requires electrical contacts be made on either 

side of the sensor, thereby requiring contacts inside the polepiece of the TEM. This was 

acceptable in designing holders for much older TEMs (such as the instrument upon which the 

DTEM at LLNL was based), but for modern TEMs with small-pole pieces it is either challenging 

or impossible. The new design pulls the contact pads out of the pole piece and is compatible with 

the highest resolution and most capable modern TEMs.  

To provide atomistic level studies of the process, 

independent brute force MD simulation were 

performed.  For simulations of nucleation we found that 

it is essential to choose model systems that have a 

relatively simple intermetallic crystal structure and 

relatively fast intermetallic nucleation rate due to the 

limited length- and time- scales accessible to MD.  

Thus, we first screened multiple compounds (Table 1) 

by simulating growth of an embedded intermetallic 

seed from super-cooled melts at selected temperatures 

and compared the observations with those for the Ni/Al 

system.  MD simulation of the growth of the Cu10Zr7 

compound proved difficult due to its complicated 

intermetallic crystal structure and slow growth kinetics. 

The AlTi phase crystalizes as quickly as NiAl with 

some ‘HCP’ structure evident in the ‘FCC’ structure, 

which is likely due to stacking faults. Since the 50/50 

compound sits on a phase boundary at lower 

temperatures, Al52.5Ti47.5 is more suitable for further 

studies in binary systems with composition gradients. 

The Al/Zr system exhibited a slow growth rate for the Al2Zr and Al3Zr compounds, though as a 

line compound, Al2Zr is still within our interests due to its smaller critical nucleus size than 

Al3Zr. Thus, Table 2 outlines investigations in Al52.5Ti47.5 and Al2Zr in MD simulations. The 

melting temperatures in the MD studies were estimated by simulating competition between 

coexisting crystal and liquid phases, separated by a flat interface. We also applied the survival 

probability test method to estimate critical nucleus size at selected undercooling (Fig. 2) [2]. 

Both Al52.5Ti47.5 and Al2Zr exhibit lower melting points and larger critical nuclei than AlNi.  

Table 1: Summary of binary alloy compounds studied in growth simulations with embedded spherical intermetallic 

seed (initial radius =15 Å) at 1200K/1100K.  

Binary System Compounds Structure Type in CNA Growth w/ an Embedded Seed 

Ni/Al NiAl @ 1200K BCC Quick 

Al/Ti AlTi @ 1200K FCC/HCP Quick with negligible stacking 

fault 

 Al
52.5

Ti
47.5

 @ 1100K FCC/HCP Quick with 1/3 stacking fault 

Figure 2: Plot of embedded intermetallic 

seed size versus time with initial seed 

radius = 4, 6, 8, 10, 12, and 14Å at 

around 23% undercooling (T = 1100K) in 

Al52.5Ti47.5 , where ‘G’ represents growth, 

and ‘NG’ represents no growth. Only 1 of 

multiple independent runs at each seed 

radius is shown.  
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Al/Zr Al
2
Zr @ 1200K ICO on Al (w/ noise) Slow 

 Al
3
Zr @ 1200K FCC No growth w/ critical nucleus 

radius R
c
>15Å 

Ni/Zr NiZr Lack of effective order parameter 

to identify the crystal structure 

N/A 

Cu/Zr Cu
10

Zr
7
 Lack of effective order parameter 

to identify the crystal structure 

N/A 

 

Table 2: Summary of melting points and critical nucleus radii in selected binary alloy compounds.  

Binary Compound Melting Point in MD (K) Critical Nucleus Radius (Å) at Undercoolings 

23% 35% 50% 

NiAl 1825±5 7±1 5±1 1±1 

Al
2
Zr 1425±5 11±1 7±1 7±1 

Al
52.5

Ti
47.5

 1505±5 7±1 <6 <6 

 

Using MD simulations we previously demonstrated the 

suppression of nucleation by steep composition 

gradients in the Ni/Al system at small undercoolings. 

This is in qualitative agreement with Desré [2].  The 

applicability of Desré’s model depends on two 

conditions: (1) knowledge of the composition and 

temperature dependence of the interfacial energy, and 

(2) applicability of classical nucleation theory (CNT) at 

deep undercooling. We developed calculation methods 

for the interfacial free energy between an amorphous 

phase and an intermetallic phase using the capillary 

fluctuation method (CFM) [3-5] .  We demonstrated in 

the Ni/Al system that the interfacial free energy at the 

melting point has a strong composition dependence (Fig. 

3), which we will incorporate into the nucleation model.  

Future Plans 

The key experimental focus will be on implementation of isothermal in situ nanocalorimetric 

experiments to assess nucleation rates in composition gradients. Complementing these 

experiments, we will perform cross-sectional TEM characterization of the nuclei that form. Due 

to the computational challenges for the Cu/Zr system that we experienced during this reporting 

period, we will perform the isothermal experiments on both Cu/Zr and Al/Zr or Al/Ti, unless the 

latter systems prove to be significantly more complicated experimentally than Cu/Zr. Early 

experiments on Al/Zr suggest that fabricating a sharp gradient which persists at or above room 

temperature may be challenging, thus Al/Ti will be simultaneously investigated and we will 

investigate how the fabrication could be altered or optimized. Other key steps to these 

experiments are the final development of current-controlled AC nanocalorimetry, 

 

Figure 3:  (a) Solid-liquid interfacial 

free energy at melting point as a function 

of composition for the non-

stoichiometric NiAl B2 compound 
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implementation of an alternative nanocalorimeter design compatible with modern TEMs, and 

final development of a TEM holder for that design. 

Moving forward, we have several computational/theoretical issues to address.  For good glass 

formers such as Cu/Zr, it is very difficult to investigate direct nucleation events using MD.  

Whether the reason for this is primarily thermodynamic or kinetic remains unclear. In addition, 

the model systems used in MD simulations rarely yield strict line compounds, i.e. nucleation on 

MD time scales is far easier to achieve for intermetallic compounds for which there is a broad 

composition range.  This might pose some issues in direct comparison with experiments where 

choices of compounds are also constrained technically.  We will continue to explore other glass 

forming model systems that enable direct amorphous-intermetallic nucleation for comparison 

with experiments. Another challenge is finding suitable order parameters to distinguish atoms in 

the intermetallic phases from those in the amorphous phase.  In addition to common neighbor 

analysis, we will investigate more efficient order parameter algorithms, for example, revised 

bonded common neighbor analysis. Methodologies to remove statistical noise from the data at 

elevated temperatures are also being developed.  

The experiments are typically performed at deep 

undercoolings (~50%) due to the fact that we are 

heating from room temperature where composition 

gradients can be fabricated for physical experiments 

(on nanocalorimeters) rather than by cooling from the 

melt where sharp gradients do not exist. At these 

deep undercoolings, the applicability of CNT remains 

questionable.  The critical nucleus size might be too 

small for nucleation to be the rate-limiting 

mechanism. Even if nucleation barriers persist at 

these deep undercoolings, analyzing nuclei by 

applying a geometrically idealized model is 

problematic (Fig. 4) [6].  While we continue 

extending our previous computation of 

thermodynamic quantities into deep supercooling 

regime, we will also investigate alternative theoretical frameworks for deep undercooling 

conditions, the role of the composition gradient on the kinetics of crystal growth, and the 

potential for the occurrence of spinodal decomposition.  
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Figure 4: Radius of critical nucleus as a 

function of undercooling for the NiAl B2 

compound. 
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Predictive models for 2D materials synthesis, examples of practical relevance 

Boris I. Yakobson, MSNE Department, Rice University  

Program Scope 

 The discovery of novel physics in graphene has ignited the interest and expanded the scope 

of research worldwide, to the extended family of 2D-materials “beyond graphene.” This raised 

several broader compelling questions about the ways of making such monoatomic layers. The 

exfoliation from natural bulk precursors is not scalable. On the other hand, their synthesis through 

chemical vapor deposition involves complex gas-solid chemistry works empirically, but still lacks 

theoretical understanding and sentient design. Hence, our general goal is to develop state-of-the-

art multiscale models of 2D-layers on substrates and of atomistic mechanisms of their nucleation 

and growth. We aim to explore how a sentient choice of a substrate, interacting at just the right 

level with the commencing nucleus, can facilitate the growth of planar materials forms, even for 

compositions currently unavailable. The primary set of materials for our project includes those of 

already established great interest: graphene, hexagonal boron nitrogen, and transition metal 

dichalcogenides. We will also investigate the nucleation and growth of emergent or even 

hypothetical 2D materials: borophene, phosphorene, stanene, silicene. The impact of this project 

could be enormous by leading to an efficient synthesis of materials with novel desired properties. 

It will impact fundamental studies in this field, as well as permit various applications in devices, 

energy utility, and production, of commercial and defense significance. 

 Recent Progress  

The last decade was marked by the unprecedented growth of the family of 2-dimensional 

(2D) materials – not only theoretically predicted but practically synthesized – with most of them 

possessing interesting novel properties. The rapid progress in this relatively new field brings closer 

a promise of the future 2D electronics. Yet the transition from the purely scientific research to the 

industrial applications demands the fundamental understanding of the materials properties and 

growth mechanisms. On the example of the three important groups of 2D materials, hexagonal 

boron nitride (h-BN), transitional metal dichalcogenides (TMDs) and borophene, we would 

discuss recent progress in the field with the emphasis on its practical relevance. 

The synthesis of the large-scale and high-quality monocrystals of 2D materials is the first 

obstacle for their industrial use. Unlike graphene, for which variety of methodologies were 

successfully realized, many other materials (such as h-BN and TMDs) possess lower symmetry, 

which on commonly used low-index surfaces of substrates leads to nucleation of mutually inverted 

islands, merging into polycrystals replete with grain boundaries. On vicinal substrate surfaces, 

such growing pieces were observed to orient alike, and very recently, this effect enabled the growth 

of large single crystal h-BN [1]. Using first-principles calculations on various surfaces of Cu and 

Ni as representative catalytic substrates, we confirm that h-BN would preferentially nucleate 

docked to the step with N-passivated zigzag edge without evidence of any surface epitaxy [2]. 
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Theoretically, in case of well-aligned steps, this would result in 

co-oriented islands of growing material avoiding anti-parallel 

orientation and consequently grain boundaries. In practice, 

however, steps on vicinal surfaces are commonly curved or even 

meandering at higher temperatures used for the growth of h-BN 

(Fig.1). Presence of misaligned segments of steps should lead to 

misorientation in growing islands, yet considered at the atomistic 

level curved steps consist of series of parallel 1-D terraces 

separated by kinks, allowing islands to nucleate on aligned 

terraces. Presence of kinks though can lead to stress 

concentration and ultimately the creation of defects if dimensions 

of kinks on substrate steps do not match those for growing 

material. This introduces the additional requirement of kink 

complementarity for the successful growth of monocrystalline 

materials on vicinal surfaces. We formulate a criterion for 

choosing promising substrates for growth of h-BN through a 

selection of substrate material, surface, and step directions. We 

suggest (110) surface with steps along [-112] for Cu, Pt, Ir, and 

Ni to be the most promising substrates in agreement with recent 

experimental success on (110) Cu surface. While our 

investigation was carried out on the example of h-BN, the 

developed approach is suitable for the consideration of other 

materials without inversion symmetry, such as TMDs.  

While the growth of single crystal TMDs remains of great importance, the high variability 

of this class of materials opens a new aspect of this 2D semiconductors. Similar structure and 

variability of various TMDs – MoS2 and WSe2, for example – allows for the creation of alloys 

that, in turn, enables a bandgap modulation as been shown earlier [3]. Furthermore, the thermal 

annealing of such alloys results in the creation of the atomically sharp electronic junctions (Fig.2) 

[4]. Direct synthesis of sharp interfaces is generally challenging as the creation of alloys is 

entropically favored. As was previously shown on the examples of classic III-V semiconductors, 

an increased number of components in the system can result in the introduction of the miscibility 

gap. Consequently, in such systems, alloys became metastable at certain compositions, and phase 

transition towards now stable heterostructure can be induced with thermal treatment (see Fig.2 

right). Using the phase diagram from the reciprocal solution model, we demonstrate the existence 

of the miscibility gap in quarternary Mo/W-S/Se TMD systems that is further confirmed by 

experimental observations. 

The diversity of TMDs is further increased by the existence of two phases: the ground state 

2H and the metastable 1T. On the example of WSe2 and MoS2 nanoribbons, we demonstrate the 

possibility to switch the stability of the two phases in TMD nanoribbons [5]. We found that at 

Figure 1. (a) Perspective view of 

a vicinal surface with 

unidirectional steps. (b) Top view 

of the nucleating 2D islands 

docked to the steps; the one 

shown as the dashed-line triangle 

is tilted, to follow the step curve. 

(c) Close-up view of a 

meandering step, composed of 

sparse kinks and “1D terraces” of 

principal direction, to which the 

h-BN nuclei are docked. [2] 
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narrow width 1T phase is favored over 2H due to higher coordination of edge metal atoms in 1T 

phase than in the 2H phase and an interesting electronic reconstruction of 1T lattice in the ribbon 

interior. The edge configuration of the 1T phase diminishes the dangling bonds on edge and 

thereby enhances the stability of TMD nanoribbons. Our findings emphasize the importance of 

edges in determining the structures of 2D TMDs and are crucial for their future scientific studies 

and potential applications.   

Another promising 2D material – borophene, or 2D boron – is characterized by a very high 

structural variability. Borophene can be thought of as a triangular boron lattice with the inclusion 

of vacancies or hollow hexagons (HHs). The concentration of such vacancies can vary between 0 

(triangular lattice) to 1/3 (hexagonal lattice). The vast number of possible HH arrangements 

underlies the polymorphic nature of borophene and necessitates direct HH imaging to identify its 

atomic structure definitively. The use of CO-functionalized atomic force microscopy allowed 

visualization of structures corresponding to boron-boron covalent bonds confirming the v1/5 and 

v1/6 borophene models [6]. Using this methodology, we assemble a borophene phase diagram, 

including a transition from rotationally commensurate to incommensurate phases at high growth 

temperatures, thus corroborating the chemically discrete nature of borophene. Furthermore, v1/6 

and v1/5 phases were found to intermix and accommodate line defects in each other with structures 

that match the constituent units of the other phase [7]. First principle calculations show that these 

line defects energetically favor spatially periodic self-assembly that gives rise to new borophene 

phases, which ultimately blurs the distinction between borophene crystals and defects. This 

phenomenon is unique to borophene as a result of its high in-plane anisotropy and energetically 

and structurally similar polymorphs. 

Lastly, to illustrate the variability of growth processes within 2D materials, we demonstrate 

the mechanism of recently observed borophene growth on Au (111) that significantly differs from 

all other substrates. Unlike previously studied growth on Ag substrates, boron diffuses into Au at 

elevated temperatures and segregates to the surface to form borophene islands as the substrate 

cools [8]. The ab initio modeling shows the process of the interstitial boron diffusion into the Au 

lattice that facilitates such a mechanism. Our first principle calculations show that borophene 

synthesis also modifies the surface reconstruction of the Au (111) substrate, resulting in a trigonal 

Figure 2. Schematic diagram showing the main steps for heterostructure formation in the quaternary alloys. Left 

to right: Following the CVD growth, transition metals preferentially segregate under annealing, forming a lateral 

heterostructure. Right: Various compositions of quaternary alloys indicating the compositions which transform 

into heterostructure. [4] 
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network that templates growth at low coverage. As the concentration of boron increases, nano-

templating breaks down and larger borophene islands emerge. The borophene grown on Au (111) 

possesses a metallic electronic structure, suggesting various potential applications. 

Future Plans 

The rise of scientific interest towards borophene inevitably motivates us to investigate it in more 

details. Consideration of the borophene nucleation process as well as its growth on various 

substrates can provide valuable insights into the borophene-substrate interaction and allow more 

general understanding of how such interaction aids the formation of 2D boron sheets vs. 3D 

structure. Furthermore, this approach would assist in resolving the still outstanding question of the 

post-growth separation from the substrate through the optimization of the strength of the substrate 

interaction. Additionally, consideration of the heterostructures and junctions between borophene 

and other 2D materials may prove to be of high importance for practical use in the future. Another 

promising element of the future nano-electronics, transition metal dichalcogenides, remain high 

on our priority list. Unlike borophene, TMDs do not require a catalyst for the growth with most of 

the reactions happening in the gas phase where we focus our interest and would perform detailed 

analysis to determine reaction mechanisms and possible ways to optimize them for more efficient 

and controlled synthesis. Lastly, our investigation into monocrystalline growth of the hexagonal 

boron nitride, material attracting significant attention in recent years as a convenient 2D insulator, 

based on interaction with the steps and terraces on the surface of the substrate would continue. 
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i) Program Scope 
 

The general objective of our project is to develop a molecular-level understanding of the thermal 

reactions that the organometallic compounds used for atomic layer deposition (ALD) follow on 

surfaces.  ALD is one of the dominant technologies for the growth of nanometer-sized conformal 

films in many industrial applications.  In microelectronics in particular, ALD can be used for the 

growth of diffusion, adhesion, and protection barriers and of metal interconnects, structures that 

are central to the buildup of diodes, transistors, and other elements within integrated circuits.  

More recently, the applications of ALD has been extended to areas related to energy production 

and use such as solar cells and photovoltaics, batteries, fuel cells, and catalysts and 

photocatalysts.  All these processes require the deposition of isotropic films on complex 

topographies under mild conditions and with monolayer control.  ALD is particularly suited to 

all those uses, but many questions concerning the underlying surface chemistry need to be 

answer to improve performance.  Our mechanistic studies of ALD reactions are being pursued 

with the aid of surface-sensitive techniques such as X-ray photoelectron (XPS), low-energy ion 

scattering (LEIS), temperature programmed desorption (TPD), and infrared (IR) spectroscopies.   

 

ii) Recent Progress 

 

We have identified a number of key issues relevant to the behavior of common organic ligands 

used to make ALD precursors.  At the beginning, the work financed by this grant has focused 

primarily on the chemistry of copper precursors, a metal used in microelectronics applications.  

In recent years we have expanded that work to also include the deposition of other transition 

metals, with emphasis on films of interest in catalysis, batteries, fuel cells, and other energy 

applications.   

 

Our studies with copper have illustrated the difficulties that may be encountered when selecting 

metalorganic compounds of late transition metals for ALD and other chemical vapor deposition 

(CVD) processes.  In particular, it is worth realizing that the precursors for CVD and ALD are 

often designed and chosen based on their known thermal chemistry from inorganic chemistry 

studies, taking advantage of the vast knowledge developed in that field over the years.  Although 

a good first approximation, this approach can lead to wrong choices, because the reactions of 

these precursors at gas-solid interfaces can be quite different from what is seen in solution.  For 

one, solvents often aid in the displacement of ligands in metalorganic compounds, providing the 

right dielectric environment, temporarily coordinating to the metal, or facilitating multiple 

ligand-complex interactions to increase reaction probabilities; these options are not available in 

the gas−solid reactions associated with CVD and ALD.  Moreover, solid surfaces act as unique 

“ligands”, if these reactions are to be viewed from the point of view of the metalorganic 

complexes used as precursors: they are bulky and rigid, can provide multiple binding sites for a 

single reaction, and can promote unique bonding modes, especially on metals, which have 
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delocalized electronic structures.  The differences between the molecular and surface chemistry 

of CVD and ALD precursors can result in significant variations in their reactivity, ultimately 

leading to unpredictable properties in the newly grown films.  In collaboration with the groups of 

Professors Sean Barry (Carleton University) and Andrew Teplyakov (University of Delaware), 

we have recently published a perspective in 

Accounts of Chemical Research where we 

discuss some of the main similarities and 

differences in chemistry that CVD/ALD 

precursors follow on surfaces when 

contrasted against their known behavior in 

solution, with emphasis on our own work but 

also referencing other key contributions [1].  

Our approach is unique in that it combines 

expertise from the inorganic, surface science, 

and quantum-mechanics fields to better 

understand the mechanistic details of the 

chemistry of CVD and ALD processes and to 

identify new criteria to consider when 

designing CVD/ALD precursors.  Analogies 

in terms of the chemistry of ligands have 

been drawn between metalorganic discrete 

compounds and the reaction of organic ligands on surfaces (Figure 1).  A useful set of initial 

observations and conclusions was discussed, but more research is needed from the scientific 

community to be able to derive a more comprehensive picture. 

 

Within the last couple of years of this project, our research on copper amidinates as precursors 

for the deposition of metallic Cu films was culminated with the design of a fourth-generation 

copper metalorganic compound, Cu(I)-2-(tert-butylimino)-5,5-dimethyl-pyrrolidinate.  On the 

basis of our previous surface science 

studies with similar acetamidinate, 

guanidinate, and iminopyrrolidinate 

complexes, it was concluded that the high 

(and undesirable) reactivity of these when 

adsorbed on metal surfaces is due to the 

lability of their C−N bonds, which can be 

triggered by β-hydrogen elimination steps.  

Accordingly, a ligand was designed without 

any available hydrogen atoms at these 

positions.  The result is a much more stable 

reactant (Figure 2) [2]. Temperature-

programmed desorption (TPD) experiments 

indicated that dehydrogenation from the 

new compound on Ni(110) starts only at 

450 K, an increase of about 200 K in comparison with any of the earlier-generations ALD 

precursors. TPD and X-ray photoelectron spectroscopy (XPS) data were used to establish the 

details of the decomposition mechanism of the ligands, which appears to be initiated by the 

scission of the iminopyrrolidine C−N bond.  Many byproducts are produced, including HCN, N2, 

 
Figure 1. The surface chemistry of precursors for ALD 

and CVD viewed from an inorganic, ligand-based, 

perspective. 

 
Figure 2. Mechanistic depiction of the initial 

decomposition step of imidinate ligands in ALD/CVD 

metal precursors. 
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iso-butene, and possibly pyrroline and other olefins such as pentenes.  However, all of that 

occurs at relatively high temperatures, leaving an acceptable temperature window for the use of 

this complex for the deposition of copper films.  An increased stability of the new ligands in our 

new copper ALD precursor was also observed on SiO2 thin films, attesting to the generality of 

our conclusions.  We suggest that our methodology for the rational design of this ALD precursor, 

based on studies of its surface chemistry, can be easily extended to other cases. 

 

More recently, we have extended our mechanistic studies to other metals and to other ligands.  

One direction of our work has been to characterize the surface chemistry of cyclopentadienyl 

ligands, with focus on the ALD process developed for the deposition of platinum films using 

trimethyl(methylcyclopentadienyl)platinum(IV) (MeCpPtMe3).  The chemistry of that precursor 

and its reactivity with oxygen were characterized by using XPS [3].  The uptake of the 

MeCpPtMe3 ALD precursor was found to be self- limiting between 525 and 625 K, but to lead to 

multilayer deposition at 675 K. The adsorbed species display a C:Pt ratio of approximately 5:1, 

suggesting that all methyl moieties are lost upon activated bonding to the surface but that the 

methylcyclopentadienyl group remains coordinated to the adsorbed Pt atoms.  Oxygen treatment 

of that surface leads to the complete removal of the carbon-containing species from the surface 

and to the formation of a thin NiO film.  Further dosing with MeCpPtMe3, in the next ALD 

cycle, fully reduces that NiO film to metallic Ni(0) and adds more Pt to the surface. However, no 

Pt film buildup was seen after several ALD cycles.  Angle-resolved XPS data suggested that the 

deposited Pt migrates below the NiO that forms during the O2 exposures and possibly alloys with 

the metallic Ni substrate at that stage. 

 

Because MeCpPtMe3 is difficult to activate initially on 

surfaces, the use of external excitations sources to 

facilitate that first step was tested.  The use of gas-

phase electron-impact activation in particular was 

probed [4], in an analogous way as we had reported in 

the past for a similar Mn precursor [5] (Figure 3).  

Uptake enhancements of more than one order of 

magnitude were calculated from XPS data.  On the 

basis of the measured C:Pt ratios, the surface species 

were estimated to mainly consist of MeCpPt moieties, 

likely because of the prevalent formation of 

[MeCpPtMex−nH]+ ions after gas-phase ionization (as 

determined by mass spectrometry and recently 

corroborated by using static secondary-ion mass 

spectroscopy).  Counterintuitively, more extensive adsorption was observed on thick SiO2 films 

than on the native thin SiO2 film that forms on Si(100) wafers, despite the former having 

virtually no surface OH groups.  The adsorption of MeCpPt fragments on silicon oxide surfaces 

was determined by density functional theory (DFT) calculations to be highly exothermic and to 

favor attachment to Si−O−Si bridge sites. 

 

For ruthenium deposition, the thermal chemistry of tris(2,2,6,6-tetrameth-yl-3,5-heptanedionato)-

ruthenium(III) (Ru(tmhd)3) single-crystal surfaces was characterized on Ni(110) by using a 

combination of TPD, XPS, and reflection−absorption infrared spectroscopy (RAIRS) [6]. 

Additional characterization of the surface chemistry of the protonated ligand, Htmhd, was 

 
Figure 3.  Schematic depiction of the gas-

phase electron-impact excitation approach 

developed to facilitate the adsorption of 

cyclopentadienyl ALD precursors. 
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evaluated as well for reference.  It was found that the molecularly adsorbed ruthenium compound 

reacts readily by approximately 310 K, loosing its ligands to both the gas phase and the surface 

as the central ion is reduced to its Ru0 metallic 

state.  The diketonate ligand, now bonded to 

the nickel surface, starts to decompose at 

around 400 K and generates gas-phase carbon 

monoxide and molecular hydrogen in TPD 

peaks at 435 K, and more extensive 

decomposition is seen at 535 K, yielding 2,2-

dimethyl-3-oxopentanal, isobutene, ketene, and 

carbon monoxide, and also carbon dioxide and 

molecular hydrogen at slightly higher 

temperatures (Figure 4).  The XPS data 

corroborate the early reduction of the metal center and the losses of carbon- and oxygen-

containing adsorbates to the gas phase, and the RAIRS traces show similar chemistry followed 

by the Ru complex and the free ligand, both converting via an initial decarbonylation step and a 

subsequent loss of the terminal tert-butyl groups.  The early decomposition of the ligand on the 

metal surface points to potential problems with the clean deposition of metal films using 

diketonate complexes, but the ease with which those ligands are displaced from the central ion 

suggests that there is a potential for low-temperature film deposition chemistry under specific 

circumstances. 

 

 

iii) Future Plans 
 

In the near future, we plan to continue exploring the surface chemistry of precursors viable for 

film deposition of transition metal films.  Our choice of systems to explore is guided by two 

parallel goals: 

1. We aim to study the deposition of materials of interest to applications in energy-related 

problems, including catalysis, batteries, fuel cells, and others.  Our immediate next target 

will be the deposition of nickel, which is useful to promote the hydrogenation or 

reforming of carbon dioxide. 

2. We also search for general trends in the surface chemistry of common ligands used for 

ALD/CVD precursors.  We have been targeting three families of multiply coordinate 

ligands: amidinates, cyclopentadienyls, and diketonates. 
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Figure 4. Reaction mechanism for the 

decomposition of Ru diketonate precursors. 
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Program Scope 

 

Acquiring the ability to manipulate the microscopic processes of surface oxidation of 

metals represents a vast field of basic scientific interest because of its huge technological 

implications ranging from mitigating corrosion damage to increasing fuel efficiency. This project 

therefore encompasses an atomic-scale study of the fundamental principles in controlling the 

surface oxidation from the initial stage of oxygen surface chemisorption to subsequent oxide 

formation. A combination of in situ experiments and theoretical modeling is employed to 

elucidate the interplay between kinetic and thermodynamic aspects of the surface oxide 

formation, where the thermodynamics governs the phase stability conditions while kinetic 

process contributes to the stabilization of the oxide film. Based on the structure and chemistry 

measurements of the oxide films formed under a wide range of environmental conditions and 

coordinated density-functional theory and first-principles thermodynamics modeling, three 

critical issues are addressed, i) tune oxide nucleation and selective oxidation of metallic alloys, 

ii) tailor oxide growth, structural ordering and polymorph transitions, iii) elucidate the structure 

dynamics of the oxide/metal interface and its role in guiding the oxide growth and atomic 

structure evolution. The long-term goal of the research is to establish the fundamental knowledge 

in oxide thin film design to produce new material systems in a controlled manner. 

 

Recent Progress 

More than 70 % of the elements in the periodic table are metals, signifying that a wealth 

of metal oxides with various properties and functionalities could be fabricated. Particularly, 

oxide nanowires represent an important class of quasi-one-dimensional (1D) nanomaterials and 

have received broad interest because of the possibility of tuning their functionalities by size, 

shape, stoichiometry, phase, atomic termination and defects. Oxidation induced oxide nanowire 

formation has received considerable attention for its technical simplicity and large-scale growth 

possibility with high crystalline quality1-4. Contrary to its technical simplicity, however, the 

mechanism underlying the oxide nanowire growth has not been resolved to date although the 

oxide whisker formation during the oxidation of metals was observed frequently back in 1950s5-

9. Precise nanocrystal growth with controlled size, shape, and functionalities requires a 

fundamental knowledge of the growth mechanism, thereby allowing manipulation of the growth 

process. Growth kinetics plays a key role in controlling the morphology, shape, and facets of 

nanocrystals. In bulk or ensemble systems, crystal growth proceeds through the nucleation and 

growth processes and the kinetic understanding is developed around the statistical averaging of 
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Fig. 1: In situ TEM imaging of the unidirectional growth of 

a bi-crystal  at the atomic scale during the oxidation of Cu at 

400 °C and in ≈ 0.5 Pa of O2 flow. (a-d) Time sequence of 

HRTEM images showing the nucleation of monoatomic 

layers at the top-left corner of the tip. (e, f) Sequential 

HRTEM images showing the layer-over-layer, step-flow 

growth of atomic planes on the tip in the middle region. (g-l) 

Sequential HRTEM images showing the nucleation of 

atomic layers in the top-right corner region of the nanowire 

tip and their lateral propagation via the step-flow growth 

toward the left side. (m) Schematic illustrations of the 

nucleation and growth process of atomic layers at the 

nanowire tip. 

 

these two convoluted processes. Thus, many key aspects of the crystal growth may be buried in 

these entangled events and cannot be resolved directly. Among the leading challenges is the 

ability to disentangle these events 

via visualizing complex growth 

processes under in situ conditions.  

Transmission electron 

microscopy (TEM) has evolved 

dramatically in recent years and the 

development of environmental TEM 

enables disentangling nucleation and 

growth kinetics through atomically 

resolved imaging of the dynamic 

evolution of the local atomic 

configurations at the vapor-solid and 

solid-solid interfaces. By employing 

a dedicated environmental TEM 

equipped with an image corrector and a 

differential pumping system, we 

demonstrate in situ TEM visualization of 

the growth of oxide nanowires during 

the oxidation of copper, which provides 

significant new insight into the rather 

complex kinetic process underlying the 

directional crystal growth. By 

introducing reactive gases into the 

sample region while simultaneously 

monitoring the structure changes at the 

atomic scale, we monitor the growth of 

individual CuO nanowires by directly imaging the nucleation and growth of atomic layers at the 

growing end of CuO nanowires formed by heating metallic Cu in an O2 gas flow (Fig. 1). We 

describe a nanowire growth mechanism, driven by an axial bi-crystal boundary along the length 

of the nanowire. The self-propagation of atomic steps at the nanowire tip with adatoms supplied 

through the bi-crystal boundary diffusion enables one-dimensional crystal growth. The observed 

step-flow propagation of atomic layers from the nanowire tip toward the root direction further 

confirms the bicrystal boundary diffusion mechanism for the nanowire growth. The dynamic 

visualization of the oxide growth at the atomic scale demonstrates the remarkable ability of bi-

crystal boundaries to direct the unidirectional growth of crystals.  

Together with density-functional theory calculations (DFT), we further show that the 

asymmetry in the corner-crossing barriers promotes the unidirectional oxide growth by hindering 

the transport of Cu ions from the nanowire tip to the sidewall facets (Fig. 2). We expect broader 
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Fig. 2: DFT computed minimum energy path for the 

diffusion of a Cu adatom on the CuO  tip terrace 

from site 1 to 2 and then to site 3 on the  side wall. 

Blue and red balls represent Cu and O atoms, respectively. 

applicability of our results in manipulating the growth of nanostructured oxides by controlling 

the bicrystal boundary structure 

that favors anisotropic diffusion 

for unidirectional, one-

dimensional crystal growth for 

nanowires or isotropic diffusion 

for two-dimensional platelet 

growth. 

 

Future Plans 

 

 We will continue the in-

situ microscopy and spectroscopy 

experiments with coordinated modeling 

to address a number of critical issues 

including the dynamics of metal/oxide 

interfaces, charge transfer between surface adsorbates and underlying metal atoms, tuning the 

surface reaction dynamics by manipulating the surface structure of intermetallic compounds, and 

the interplay between surface and subsurface in modulating the surface reaction dynamics.  

 (i) Misfit dislocations are usually generated at heterointerfaces that join dissimilar 

materials involving lattice mismatch. Such interface defects play a key role in various interfacial 

phenomena including adhesion, mass transport, and phase transformation. However, directly 

probing misfit dislocation dynamics has been a major challenge due to the experimental 

inaccessibility of buried interfaces. We will overcome this issue by employing environmental 

TEM to observe the dynamic evolution of misfit dislocations during H2-induced Cu2O reduction 

at the epitaxial Cu2O/Cu interface. Our preliminary in-situ TEM observations at the atomic scale 

and in real time show that the interfacial reaction proceeds via step flow in a stop-and-go 

manner, by which the Cu2O→Cu transformation is pinned at the core of misfit dislocations and 

then become unpinned after the dislocation core climbs to the adjacent lattice plane of the oxide. 

We will continue the study for potentially manipulating the way that buried interfaces can affect 

the mass transport and interfacial transformation.  

 (ii) Measuring the charge transfer between adsorbates and metal surfaces. Charge transfer 

reactions constitute one of the broadest classes of chemical processes such as photosynthesis, 

corrosion and catalysis reactions. Oxygen chemisorption on metallic surfaces represents a model 

reaction for understanding the metal-to-ligand and ligand-to-metal charge transfer processes. 

Measuring charging transfer is experimentally challenging but important to understanding the 

nature of chemical bonding. Our preliminary study showed the unique capability using a 

combination of X-ray photoelectron spectroscopy (XPS) and Auger electron spectroscopy in 

measuring the electron transfer associated with the chemisorption of oxygen on Cu surfaces. We 
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will continue the study with more systematic measurements along with DFT modeling of the 

experimental results.  

 (iii) Intermetallic compounds exhibit unique and tunable surface reactivity towards 

oxygen, carbon, and hydrogen that is of significant interest to the heterogeneous catalysis 

community. Using NiAl(100) as a model system, we will study how the control in the surface 

composition and structure of the intermetallic compounds can enable fine control over reactions 

that involve C-O, O-H, O-O bond cleavage or formation. In-situ LEEM will be employed to 

monitor the surface reaction dynamics of NiAl(100) with CO, CO2, H2O and O2 with 

complementary measurements by LEED on surface structure and AP-XPS on surface chemistry.  

 (iv) Surface and subsurface are commonly considered as separate entities because of the 

difference in the bonding environment and are often investigated separately due to the 

experimental challenges in differentiating the surface and subsurface effects. However, the 

physical and chemical functionalities of the oxides are often intimately controlled by the 

interplay between the surface and subsurface states. Detailed insight into such surface-subsurface 

interactions is needed for better understanding of the fundamental features of the reactivity and 

for the design of efficient catalysts. Unfortunately, deconvoluting the subsurface and surface 

effects has been a major challenge, and the subsurface and surface effects are therefore often 

investigated separately. To overcome this change, we will employ environmental TEM to 

dynamically resolve the atomic structural changes in both the surface and deeper regions of the 

CuO lattice in response to hydrogen induced surface reactions. Our preliminary results show that 

the hydrogen-CuO surface reaction results in structural oscillations in the deeper region of the 

CuO lattice below the surface via cycles of ordering and disordering of oxygen vacancies in the 

subsurface. We will continue the study by developing an in-depth understanding of the reaction 

pathway and atomistic origin underlying the propagation of the reaction dynamics into the 

deeper region of the bulk. 
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