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ABSTRACT 

Adam Haas Woomer: From van der Waals to Coulombic Heterostructures: Understanding 

Charge Transfer in 2D Materials 

(Under the direction of Scott C. Warren) 

 

 Innovations in semiconductor technologies, such as transistors, photovoltaics, and light-

emitting diodes, require materials with highly designed properties. Zero-dimensional quantum 

dots and one-dimensional conjugated polymers are ideal building blocks for engineered three-

dimensional materials because of their size-dependent quantum-confined optoelectronic 

properties, however, two-dimensional materials have been largely unexplored. Here I show that 

reassembled films of 2D semiconductors retain their quantum-confined properties due to 

turbostratic disorder and interlayer contaminants, yet are still electrically conductive. I designed 

uniaxially pressure and temperature-dependent van der Pauw conductivity measurements to 

determine that charge transport proceeds via hopping, with an activation energy expected for 

nanoparticle systems. In this manner, we can design 3D materials with virtually any 

optoelectronic propertie with the appropriate choice of 2D material and thickness. 

 I next introduce a new class of materials, called Coulombic heterostructures. As opposed 

to the familiar van der Waals heterostructures, in which van der Waals forces dominate the 

interlayer space of stacked 2D materials, Coulombic heterostructures exhibit massive charge 

transfer and Coulombic forces between layers. These materials take advantage of the ultra-low 

work function and anionic electron gas of electrenes to form quasi-bonds between adjacent 

flakes. With interlayer distances smaller than van der Waals bonds yet larger than ionic and 
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covalent bonds, Coloumbic heterostructures fall within the van der Waals gap, a largely 

unexplored region of materials. I then highlight the exciting new properties that can result from 

the assembly of Coulombic heterostructures, including superlubricity, defect free doping, 

formation of electron-donor adducts, and tuning of intercalation voltages for battery applications.  
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CHAPTER ONE – INTRODUCTION 

1.1 Engineered 3D materials with quantum confined properties 

Thin and thick films with tunable optoelectronic properties are essential for the design of 

many technologies, including photovoltaics, transistors, and light emitting diodes. As such, there 

have been investigations into designing three-dimensional materials from zero-dimensional and 

one-dimensional building blocks, that retain their highly tunable quantum-confined properties. 

Quantum dots1 have attracted broad interest because of their size-dependent electronic structure 

and controllable physical properties2-5. Colloidal quantum dots can be deposited from solution as 

films6-7 that retain their quantum-confined optical properties despite electronic coupling and 

effective charge transport between nanoparticles8-10. These materials have been described as 

‘confined-yet-coupled’ systems, in which the electrical transport properties and optical properties 

can be finely tuned with nanoparticle size and ligand length. Long ligands result in low 

mobilities and well-defined emission profiles, while no ligands yield high mobilities at the cost 

of the quantum confined optical properties and extreme spectral broadening. The analogous 

system, 1D conjugated polymers, also show tunable electronic and optical properties with 

structure11; these polymers can be processed with simple techniques like dip-coating or spin-

coating to prepare 3D solids with designed properties12. In this regard, the development of 3D, 

bulk-like materials that retain their quantum confined properties has enabled significant advances 

in numerous optoelectronic devices13. It remains to be seen, however, if quantum-confined 3D 

materials can be built from 2D materials. 
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1.2 2D Materials as building blocks 

  Two-dimensional materials (2DM) have emerged as an important class of nanomaterials 

with applications in energy conversion14 and information technology15-16. Individual 2D flakes 

can function as building blocks for engineered 3D materials, and often possess unique optical, 

electrical, and physical properties due to quantum confinement. As the first exfoliated 2DM, 

graphene has been shown to have a high carrier mobility of 100,000 cm2 V-1 s-1, yet has low 

optical absorption and is a quasi-metal with no band gap17. While the lack of band gap has 

limited some of the applications of graphene, 2D transition metal dichalcogenides (TMDs) such 

as molybdenum disulfide (MoS2) and tungsten diselenide (WSe2) offered new alternatives to 

designing semiconducting materials. MoS2 has a thickness dependent band gap that transitions 

from 1.2 to 1.8 eV as the materially is thinned, and is direct in the completely quantum confined 

case of a single layer18. The isoelectric equivalent of graphene, 2D hexagonal boron nitride 

(hBN), is an insulator with a band gap of 5.9 eV. 

 

 

Figure 1-1. Layered van der Waals solids for 2D Materials: (A) Graphite (B) Transition 

Metal Dichalcogendies (Teal: Mo, W, Zr, Ti; Yellow: S, Se, Te) (C) hexagonal Boron Nitride 

(Pink: Boron; Blue: Nitrogen) 
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Graphene, hBN, and the transition metal dichalcogenides (TMDs) span a large range of 

optoelectronic properties and can be thought of as the iconic pillars for designing 2DM 

architectures. Applications in spintronics, photovoltaics, and transistors, however, require 

materials with increasingly specific magnetic, optical, and electronic properties. Appropriately, 

the library of 2DMs is constantly expanding from both experimental observation and 

computational prediction to meet these needs. Elemental 2DMs beyond graphene now include 

silicene19-21, phosphorene22-23, antimonene24-25, arsenene25, and borophene26-27, which possess 

quantum-confined optical properties or topological Dirac states. Ferromagnetic layered 

materials, such as Cr2Ge2Te6
28-29 and Gd2C

30, and their exfoliation to monolayers would push the 

field of 2DM nanoelectronics into advanced magnetic and spintronic applications. One of the 

most interesting new additions to the 2DM family are the electrenes. Prepared from the 

exfoliation of layered electrides, the electrenes consist of [M2X]+ ionic slabs and an anionic 

electron gas occupying the interlayer space to maintain charge neutrality31-32. Electrenes can be 

prepared from pnictogenides (X=N, P M= Ca, Sr, Ba) and carbides (X=C, M=Y, Gd, Sc, Ho) and 

offer an opportunity for fundamental investigations of interlayer interactions in 2DM 

heterostructures. 

 In addition to expanding the breadth of physical and optoelectronic properties that exist 

for 2DMs, these materials must also be easily prepared with pristine quality to ensure that 

heterostructures can be designed with high precision and control. To this end, mechanical and 

liquid exfoliation33-37 have been used as top-down approaches to prepare 2DMs from layered 

materials. Scotch tape and Nitto tape can cleave the weak van der Waals forces of layered 

materials to produce up to 1mm2 flakes of 2DMs, and the resulting materials can be easily 

transferred and assembled with thermal stamps. Alternatively, liquid phase exfoliation in 
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appropriate solvents can produce large quantities of ultrathin flakes. An exceptional example of 

this is the intercalation of MoS2 with n-butyllithium, which can then be exfoliated in water for a 

large yield of monolayer flakes38-40. Chemical-vapor deposition is the leading technique for 

bottom-up syntheses of 2DMs and affords precise control over flake thickness, orientation, and 

composition41-44. Additionally, CVD can be used as a direct synthetic route to epitaxially grow 

2DM assemblies, and thus avoiding the tedious lift-off and transfer steps required for 

mechanically exfoliated samples. 

1.2.1 Weak interlayer interactions in 2DM architectures: van der Waals forces  

The planar morphology and library of 2DMs has enabled their use as structural 

components in highly designed nanoarchitectures, known as van der Waals heterostructures45. 

These materials can be thought of as the physisorption of 2DMs into an assembled structure; the 

weak interlayer van der Waals forces and large interlayer distances do not usually cause a 

profound change in the electronic structure or interlayer bonding of the material. In fact, most 

2DM assemblies retain their intrinsic electronic properties, or even have their properties 

enhanced. For example, the assembly of a hBN/graphene heterostructure has resulted in an 

unprecedented mobility of up to 500,000 cm2 V-1 s-1 at low temperatures, because of an increased 

dielectric screening for charge transport and preservation of the Dirac cone17. In van der Waals 

heterostructures of MoS2 and WS2, individual components retain their electronic structure 

because of weak interlayer coupling, allowing precise band engineering in atomically thin 

materials; these materials form nanometer thick Type II semiconductor junctions with spatially 

separated electrons and holes and a direct band gap46. A final example of the importance of weak 

interlayer interactions in 2DM assemblies is the field-effect tunneling transistor (FETT). In a 

typical FETT, graphene electrodes are separated by few-layer thick flakes of MoS2, WS2, or 
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hBN. Because of the weak interlayer interactions, the insulating 2DM behaves purely as a 

tunneling barrier with length equivalent to the thickness of the flake. FETTs have fast transfer 

kinetics due to tunneling, nanometer scale morphology appropriate for advanced technological 

applications, and an on/off ratio of 106 at room temperature47-48.  

While these assemblies and devices take advantage of large interlayer distances and weak 

interlayer coupling, there are opportunities for strong coupling as well. Perhaps the systems that 

have the greatest potential for interlayer coupling are heterostructures consisting of a single type 

of 2DM (e.g. stacked MoS2 monolayers). Previous studies on MoS2 heterostructures have shown 

that electronic coupling and interlayer distance between independent flakes can be controlled 

with rotational disorder and result in a reemergence of quantum-confined properties at larger 

separations49-54. Black phosphorus, a layered material of puckered sheets of phosphorus with 

interdigitated pz orbitals, exhibits a similar dependence on rotational disorder: a rotated bilayer 

flake of phosphorene has larger interlayer distances and a similar electronic structure to that of a 

monolayer phosphorene. Because of the potential for a 2DM to electronically couple with itself 

and lose its quantum-confined properties, it remains an unanswered question whether large-scale 

assemblies can be included in the ‘confined-yet-coupled’ class of materials. 

1.2.2 Strong interactions in 2DM architectures: bonding and charge transfer 

 In contrast to physisorption, the chemisorption of 2DMs can alter the electronic structure 

of individual components due to charge transfer or interlayer quasi-bonding. Hydrogen bonds are 

the second weakest intermolecular force, compared to van der Waals, and require the chemical 

modification of 2DMs to include hydroxyl functionalities. These functionalized sheets can then 

be crosslinked with molecules, such as water55 or borate56 to increase the mechanical strength of 

2DM assemblies at the cost of the intrinsic electronic structure. A similar trade-off between 
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stronger interlayer interactions and electronic structure can be observed for coordinative bonding 

(i.e. crosslinking with metal oxide molecules) or covalent bonding (i.e. direct interlayer bonding 

due to defects)57. 

An alternative approach to increasing the strength of interlayer interactions is by 

introducing an electrostatic force via charge transfer. One such example is the pairing of n-type 

MoO3 with graphene58-61. Band bending and charge transfer will dope graphene p-type and shift 

the fermi level down 0.25 eV. Despite this charge transfer, the strength of the interaction is still 

relatively weak, thereby maintaining the integrity of the Dirac cone and the electrical transport 

properties of graphene. In this regard, the electrenes are exciting prospective materials as 

components for 2DM heterostructures. With ultra-low workfunctions of ca. 2.8 eV, they are 

ideal candidates for massive charge transfer and strong electrostatic forces between layers. For a 

Ca2N/MoTe2 heterostructure, Sera Kim et al. found a transferred charge density of 1014 cm-2 and 

a structural lattice rearrangement from semiconducting 2H to metallic 1T’ phase62. However, this 

has been the only experimental study of an electrene/2DM heterostructure using thick bulk-like 

flakes and warrants fundamental investigations, both computational and experimental, on strong 

interlayer interactions in electrene/2DM heterostructures. It remains to be seen if the modularity 

of van der Waals heterostructures with highly designed architectures, can also be applied to 2DM 

assemblies exhibiting strong charge transfer and interlayer interactions. 

1.3 Research Overview 

 In this dissertation, I introduce phosphorene as a new 2DM that can be prepared from the 

liquid exfoliation of black phosphorus (Chapter Three). I identified monolayer phosphorene 

using transmission electron microscopy and electron diffraction simulation. We found that 

phosphorene has a thickness dependent band gap of 2.0 eV and 0.33 eV for 2D and bulklike 
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flakes, respectively. This range is unprecedented for a 2D material and even surpasses that of 

many quantum dots63, making it an exciting new building block for the design of 3D 

architectures. 

 I then performed fundamental investigations on the assembly of phosphorene, as well as 

other semiconducting 2DMs such as MoS2 and WSe2, into 3D films (Chapter Four). We found 

that 2DM materials retain their quantum confined properties using photoluminescence and 

Raman spectroscopy, despite electronic coupling between adjacent flakes. I determined that 

electrical transport proceeds via hopping and measured an activation energy of 0.250 to 1.2 eV, 

depending on the thickness of the 2DM building block. We conclude that 2DM films can be 

described as confined-yet-coupled systems, making them an exciting material to explore for 

applications requiring highly designed semiconductors. 

 Finally, I explore the applications of electrenes as a building block for designing a new 

class of materials, called Coulombic heterostructures, in which electrostatic forces dominate the 

interlayer gap (Chapter Five). Here I show computationally that there is a massive charge 

transfer between 2D electrides and 2DMs, resulting in quasi-bond formation. Coulombic 

heterostructures show drastically modified properties compared to their starting materials, 

including defect-free doping, low work functions, ultralow sliding energies, and tunable voltages 

for ion intercalation. 
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CHAPTER TWO – METHODS FOR PREPARATION, PROCESSING, AND 

CHARACTERIZATION OF 2D MATERIALS AND FILMS 

 

2.1 Introduction 

 Over the last five years, I have developed expertise in the exfoliation of layered materials, 

transmission electron microscopy, electrical measurements with van der Pauw geometry, and 

Density Functional Theory (DFT). In this chapter, I present experimental and computational 

details that do not appear elsewhere in my dissertation. This includes techniques for the 

mechanical and liquid exfoliation of layered materials (Section 2.2), the imaging of 2DMs with 

TEM to identify thin flakes from electron diffraction and simulation (Section 2.3), the 

measurement of conductivity and activation energy for charge transport in 2DM films (Section 

2.4) and finally, specific equations and calculations to study the stability and physical, optical, 

and electrical properties 2DMs and their heterostructures (Section 2.5). 

2.2 Preparation of 2D materials from bulk layered crystals 

2.2.1 Mechanical Exfoliation  

 Since the experimental observation of graphene in 20041, the scotch-tape exfoliation 

method has been shown to be a viable, albeit tedious synthetic route for producing 2D materials. 

In this approach, a piece of Scotch tape, Nitto tape, or alternative adhesive is adhered to the surface 

of the crystal. The adhesive is then peeled overcoming the weak van der Waals forces to pull apart 

adjacent layers. The sample can then be thinned further with multiple cleavage events, or can be 

deposited on a substrate by pressing the tape onto the surface and peeling away. Finally, tape 

residue is removed from the substrate with acetone and IPA rinses. While this technique can 
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produce monolayers of a 2DM, there are significant disadvantages. The overall yield is extremely 

low and requires optical microscopy to identify monolayers. Tape residue is difficult to remove 

from the sample and can further complicate the identification of monolayers. Lateral dimensions 

of ultrathin flakes can be extremely small or only limited to the edge of thicker flakes.  

Despite these challenges, I explored mechanical exfoliation as a technique to produce 

monolayers of black phosphorus. While other studies have shown that the observation of 

monolayers is exceedingly rare due to the material’s tendency to oxidize and degrade, I 

quantitatively assessed the potential of mechanical exfoliation to easily and reproducibly yield thin 

flakes. I prepared and analyzed samples under an inert atmosphere, using scotch tape for 

exfoliation and a Bruker Dimension FastScan atomic force microscope (AFM) to rapidly analyze 

sheet thickness over macroscopic areas. The thickness of over 3,000 flakes was assessed from 

random survey of larger areas.  This analysis revealed that the yield of flakes thinner than 10 layers 

is less than 0.06%; in addition, no flakes thinner than 6 layers were found.  Given the low odds for 

identifying and characterizing black phosphorus and other 2D materials prepared in this way, the 

preparation method that I have primarily used in my experimental work is liquid exfoliation. 

2.2.2 Liquid Exfoliation 

An alternative approach to the preparation of two-dimensional materials is liquid 

exfoliation, in which a layered crystal is placed in an appropriate solvent and subjected to 

ultrasonication2-3. In principle, a successful liquid exfoliation relies on the combination of two 

physical processes: cavitation of the solution induced by sonication applies a shearing and cleaving 

force to the layered material, while an optimal solvent is chosen to minimize the exfoliation energy 

and to prevent the aggregation and settling of the 2DM particulates. Typically, solvents are chosen 

by their ability to match the surface energy, Hansen solubility parameters, or density of the layered 
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material2, 4-7. To assess the efficacy of the chosen solvent and the sonication parameters, the 

concentration of 2D material suspensions are analyzed with mass-spectrometry and compared to 

the measured amount of starting layered material. Additionally, solvents are qualitatively assessed 

on their ability to retain the suspension of 2D materials – i.e. no change in absorbance, formation 

of aggregates, or chemical reactions for at least one week. 

To prepare two-dimensional materials in our lab, layered crystals were slightly crushed 

using a mortar and pestle in a nitrogen glove box.  For typical experiments, 10 mg of powder was 

weighed into a 20-mL scintillation vial. Twenty milliliters of solvent was added to give a 

concentration of 0.5 mg/mL. Vials were tightly capped and, when necessary, wrapped with 

parafilm to prevent air exposure before placing into a Branson 5800 bath sonicator. The bath 

sonicator was outfitted with a test tube rack to allow for controlled placement of vials.  Vials were 

systematically moved through several locations in the rack during the course of sonication to 

minimize vial-to-vial variations in material dispersion. The samples were subjected to eight to ten 

cycles of sonication, each lasting 99 minutes.  Bath water was changed after each cycle to maintain 

a temperature between 22 and 30 °C (during sonication, bath temperature increased dramatically).  

During the sonication process, the layered crystals dispersed into the solution and the suspensions 

acquired a colored appearance that is dependent on the material being exfoliated. After sonication, 

air-sensitive samples were returned to the glove box. 

To fractionate 2DM suspensions and isolate narrow thickness distributions, we employed 

a three-step centrifugation protocol. First, solutions were transferred to Nalgene Oak Ridge FEP 

10- or 50-mL centrifuge tubes.  The solutions were centrifuged in a Sorvall RC-5B superspeed 

refrigerated centrifuge (rotor radius 10.7 cm).  Second, the supernatant from the centrifuge tubes 

was collected and transferred to a clean centrifuge tube.  Third, the supernatant was centrifuged at 
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a speed higher than the first run.  The sediment was collected and redispersed in fresh solvent.  

Depending on choice of centrifugation speeds, these fractionated suspensions contained 2DMs 

with narrow and systematically varying thicknesses distributions (see Fig. 3-4 a,b). 

As a typical example, a distribution could be collected at RCF values between 17,200g and 

23,400g. The tube would first be spun at 17,200g for 30 minutes. The resulting supernatant would 

then be removed and re-centrifuged at 23,400g for 30 minutes. The sediment from the second 

centrifuge would then contain a distribution of flakes that could then be redispersed into any 

solvent (often we chose IPA) for further analysis; for simplicity, we label this new suspension as 

20,200g, the average RCF between the two sequential centrifugation steps. All solution transfers 

between centrifuge tubes were performed inside a glove box. High speed centrifugations 

(>12,000g) were performed at 4 °C to lengthen tube lifetime. Following the final centrifugation 

steps, 2DM suspension are then ready for deposition as films, optical characterization, or 

preparation as transmission electron microscopy samples. 

 

Table 2-1. Labeling of centrifugation fractions containing 2DM suspensions 

Sequential RCF (g) Label (1,000g) 

30 to 480 0.12 

480 to 1,900 1.1 

1,900 to 4,300 3.0 

7,700 to 12,000 9.7 

17,200 to 23,400 20.2 
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2.3 Advanced transmission electron microscopy techniques for 2D materials 

In electron microscopy, an electron wavefront is used to illuminate samples. Compared to 

optical microscopes, a standard electron microscope appears similar in construction, and consists 

of an electron emission source, followed by a series of apertures and magnetic lenses to refocus 

diffracted and transmitted electron beams and ultimately reproduce an image on a phosphor 

screen (Figure 2-1).  

 
Figure 2-1. Electron Microscope Optics and Design: (A) Theoretical design of microscope 

column with lens and apertures for the projection of an electron image and (B) a JEOL 100 CX 

TEM for low-resolution imaging. Taken at CHANL, UNC Chapel Hill. 

 

Despite these similarities, fundamental differences between the physics of electron and 

light optics enable TEM to achieve high spatial resolution, phase-contrast images, and coherent 

scattering of electrons. In the proceeding sections, I discuss the important TEM and TEM 

simulations techniques I developed or applied during my Ph.D. for the study of 2D materials, as 

well how they relate to the underlying physics of electron optics.  

2.3.1 Edge contrast analysis  

 In its simplest application, TEM generates real space images of transparent samples, in 

which electrons passing through the sample are refocused and measured as an intensity of 
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electrons that reach the detector. Differences in intensity due to the presence of a sample causes 

contrast (Eqn. 2.1) in the resulting image.  

𝐶 =
𝐼−𝐼0

𝐼
             (2.1) 

There are three primary types of contrast in TEM: mass-thickness contrast, diffraction contrast, 

and phase contrast. In mass-thickness contrast, Rutherford scattering of the electron beam from 

atomic nuclei will lower the intensity and is dependent on atomic number Z, sample density, and 

thickness.  

 Previously, it has been shown that mass-thickness contrast can be used to determine the 

thickness of amorphous, biological, and metallic samples due to the linear relationship between 

specimen thickness and measured contrast8-14. However, special care must be taken during TEM 

imaging to limit the other contributions to contrast. For example, diffraction contrast caused by 

the elastic scattering of electrons from defects, tilted or ‘bent’ samples, or Bragg diffraction from 

crystal planes, can be removed by appropriately placing the objective aperture in the center of the 

optical axis so that only the transmitted electron beam is projected. In addition, phase contrast 

due to the phase shift in diffracted beams is present in every sample, however, its visualization 

relies on high accelerating voltages (>200 keV) for better resolution, small spherical aberrations 

for a coherent phase-shift, and higher magnifications to observe the spatial frequency of phase 

contrast. While these factors are critical for HRTEM image formation, they have little bearing on 

low resolution techniques where contrast is primarily from mass-thickness.  

 I build upon the mass-thickness contrast technique used for ultrathin materials to 

characterize the thickness of 2D materials and identify monolayer samples. The thickness of a 

layered crystal is a stepwise function of the number of layers. Given the linear relationship 

between thickness and contrast, it is expected that the observed contrast in a TEM image of 
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exfoliated 2D materials should also be a stepwise function, and that the smallest possible contrast 

is that of monolayer flake. The contrast from any flake is then a multiple of the smallest possible 

contrast and can be used to assign the thickness of any flake observed. I now present a detailed 

method for conducting an edge contrast analysis of a 2DM suspension of phosphorene, as well as 

selection bias and potential sources of error. 

i. Sample Preparation – In a glove box, 2DM suspensions in IPA or NMP were dropcast (~10 

µL) onto a 300-mesh copper TEM grid coated with Lacey carbon (Ted Pella). After 

deposition, the solvent was evaporated for one hour (IPA) or at least 48 hours (NMP). During 

this period, TEM grids were held with self-closing tweezers and were not blotted against filter 

paper to ensure that a representative distribution of the material was deposited. For air 

sensitive samples, the TEM grids were placed in a grid box wrapped in aluminum foil, placed 

in a nitrogen-filled zip-loc bag, and brought to the TEM. Grids were rapidly transferred into 

the TEM with a minimal amount of light exposure. A JEOL 100CX II TEM was used for low 

resolution imaging.  The TEM was operated at 100 kV accelerating voltage and had a 

resolution of 2 Å (lattice) and 3 Å (point to point). 

ii. Alignment – The microscope was carefully aligned, including objective lens, condenser lens, 

gun position, eucentric height and sample tilt. The latter two alignments are of critical 

importance to ensure there is no change in defocus or variation in sample height when 

translating across the grid. When a TEM is improperly aligned, diffracted electrons are not 

refocused in the image to the point of origin, causing an artificial (diffraction) contrast in the 

image. 

iii. Imaging – A charge-coupled device (CCD) camera was used to acquire all TEM images. The 

scintillator crystal and camera were pristine and well maintained, and thus there were no 
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artifacts or variation in background seen in the resulting images. Each image was taken at 

identical imaging conditions including exposure time, magnification, and defocus value. All 

images were taken at Scherzer defocus with a complete refocusing of diffracted electrons, and 

only minor, if any, defocus adjustments were necessary between samples. No pictures were 

analyzed near the edge of the grid bars, due to the artificial uniform increase in brightness.  

iv. Contrast Analysis - Contrast changes across phosphorus flake edges were measured by 

drawing a line profile across and perpendicular to the edge of the flake (Fig. 3.a, line and 

inset) using Gatan Digital Micrograph.. To first establish the thickness-contrast relationship 

for our TEM, I measured contrast change for 500 flakes and found that the smallest intensity 

change was 25 ± 3 counts and all other intensity changes were multiples of 25 counts (Fig. 

3.c, inset). I therefore assigned an intensity change of 25, 50, 75, and 100 counts to 

monolayers, bilayers, trilayers, and four-layered 2D phosphorus flakes, respectively. I note 

that in some cases, the edge of the flake was over vacuum, and in other cases it was over a 

carbon film. The maximum difference between the two measurements was 9 counts, and the 

average difference was 4.4 ± 3.0 counts (N = 12).  These numbers are considerably smaller 

than the average counts per layer of 25 ± 3 counts. I conclude that there was, in general, a 

negligible difference between these two cases.  

v. Sample Selection – The analysis of edge contrast is central for the accurate determination of 

the optical properties of 2D phosphorus, however it also has the highest potential to introduce 

an analytical bias. We have identified the five most common occurrences for bias in the 

contrast analysis and here report their prevalence or prevention.  

a. Organic Residue: Solvents and environmental organic contaminants will vaporize into an 

amorphous carbon film if not properly removed from the TEM grid, contributing a non-
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uniform contrast to the flake and lacey carbon film. To account for this, we evaporated 

our solvent for extended periods of time (30 minutes to 48 hours) under vacuum. Samples 

with a non-uniform contrast due to organics were discarded from our analysis. This error 

is independent of flake thickness and we find that c.a. 10% of samples across all three 

suspensions were affected by organic residue. We note that thermal degassing could 

further eliminate organic residue. 

b. Polycrystallinity: Phosphorus flakes with a large degree of polycrystallinity will always 

exhibit some amount of diffraction contrast that is not uniform across the flake, no matter 

how well the microscope is aligned or focused. We removed these flakes with a low speed 

centrifugation (500 RPM), and any flakes imaged showing diffraction contrast were not 

included in our final analysis. These flakes were c.a. 10% of all three combined 

phosphorus suspensions. 

c. Multilayer flakes: The presence of flakes with more than one distinct thickness is 

uncontrollable, however this was only somewhat common in the thickest flake 

distributions (c.a. 15% of flakes have more than one thickness). These flakes are 

predominantly of one thickness, with >60% of flake area having the corresponding 

uniform contrast, and were thus assigned to this value for our optical analysis. In the 

medium and thinner distributions, nearly all flakes exhibited a complete uniform contrast. 

The overall representation of multilayer flakes for the combined three fractions was c.a. 

6%. 

d. Aggregation: During our TEM analysis, we have noticed a tendency for flakes to 

aggregate. We found that this occurrence is related to the volatility of the liquid exfoliation 

solvent as well as the deposition technique. To prevent this we used isopropanol as a high 
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vapor pressure solvent for TEM samples prepared specifically for edge contrast analysis. 

Because of the complexity of a 2D phosphorus aggregated structure, flakes can appear to 

be amorphous, polycrystalline, and have non-uniform contrast. We have chosen to not 

analyze any flakes that are a component of an aggregate. 

e. Lateral Size: An important criterion for the proper execution of the edge contrast thickness 

measurements is constant magnification, however this can complicate the analysis of 

small 2D phosphorus flakes (<15 nm linear dimension for our chosen magnification). We 

have sought to analyze all flakes with size larger than 15 nm, and the observation of flakes 

smaller than this size was rare, (c.a. <1%). After applying the following techniques to 

eliminate sample bias, we believe we have accurately accounted for a representative 

sample of 2D phosphorus flakes in each suspension. 

2.3.2 Electron diffraction and Fast-Fourier transforms (FFTs) to determine material 

thickness 

  

For a given accelerating voltage, an emitted electron beam has a corresponding 

wavelength, λ. As electrons pass through a crystalline sample, they are scattered at some angle 

off of the optic axis with a corresponding phase shift. When this phase shift, or the path length 

difference, is equal to a multiple of λ (also known as meeting the Bragg condition), there is a 

constructive interference of diffracted beams. By altering the imaging conditions of the TEM 

with objective apertures and lens strength, a single diffracted beam can be projected as a dark 

field image, or each diffracted beam can be focused to create a spot pattern containing 

information on crystal structure and lattice spacing.  

 Constructive and deconstructive interference will ultimately determine which diffracted 

beams appear in a diffraction pattern and their intensity. In general, a miller plane family that 
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passes through all of the atoms of a unit cell will have a strong intensity in the diffraction pattern. 

There are 219 distinct space groups for crystals, and since a diffraction pattern is a two-

dimensional projection of a 3D scattering event, both the symmetry and the orientation (zone 

axis) of a crystal is necessary to extract information on crystal structure and lattice constants. 

 2DMs present an interesting case for electron diffraction. Large changes in crystal 

symmetry can occur for monolayer, bilayer, and trilayers of 2DMs. We take advantage of these 

changes in symmetry to identify monolayer 2DMs using a careful analysis of diffraction patterns 

and FFT and a comparison to electron simulation. Here I describe the two critical techniques to 

characterize the thickness of 2DM using diffraction: 

1. Obtaining experimental diffraction patterns (DPs) and FFT: 

TEM grids with dropcast suspensions of 2DMs were prepared as described in 

section 2.2.1. To obtain diffraction patterns, a properly aligned JEOL 100CX II TEM was 

used. The TEM was operated at 100 kV accelerating voltage and first samples were 

scanned for optimal flakes for interpretable diffraction patterns. An ‘optimal’ flake meets 

the following criteria: (i) isolated, to prevent double diffraction or polycrystalline patterns. 

(ii) low contrast, as described in section 2.3.1, contrast can be used to screen the sample 

for thin flakes quickly and efficiently. (iii) lateral size and position, flakes should be over 

vacuum and larger than the smallest selected area aperture (0.4 microns) to ensure 

coherent diffraction with detectable intensities. (iv) tilt, flakes should be lying almost 

perfectly flat so that the optical axis is perpendicular to the atomic layers. (v) defocus, 

samples should be imaged at Scherzer defocus so that all diffracted electrons are realigned 

to their point of origin. 
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Once a suitable sample was found the smallest selected area aperture was inserted 

and positioned over the flake. The TEM was switched to SA diffraction mode and a 

diffraction pattern would then illuminate the phosphor screen. To capture the pattern, the 

camera was inserted and a 0.1 s exposure time and 83 cm camera length were used. 

Immediately after the image is taken, the camera was removed to prevent damage to the 

CCD. The image can then be analyzed using Gatan Digital Micrograph to confirm that 

flakes are crystalline and oriented perpendicular to the electron beam. 

Liquid exfoliation can result in flakes that have lateral dimensions too small to 

reliably observe a diffraction pattern. To characterize the thickness of these samples, a 

high-resolution JEOL 2010F-FasTEM at 200kV accelerating voltage was used to obtain 

FFTs. In addition to the previously outlined criteria for sample selection, flakes exhibiting 

strong phase-contrast are highly crystalline and ideal for FFT analysis. FFTs are easily 

obtained by capturing the back focal plane during standard HRTEM imaging. The 

resulting DPs (FFTs) from low resolution (high resolution) TEM can then be compared to 

electron microscopy simulations. 

2. Modeling Thickness Dependent FFT and DP using Java Electon Microscopy Simulation: 

I used Java Electron Microscopy Simulation (JEMS) software to predict variations 

in the DP and FFT of 2DMs as a function of thickness. Crystallographic information files 

(cif) were generated using Accelerys/BIOVIA Materials Studio for monolayer, bilayer, 

trilayer, etc, flakes. These files were then imported to JEMS and a zone axis perpendicular 

to the layered structure was chosen (typically [001]) for HRTEM imaging, DP, and FFT 

simulation.  
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Diffraction patterns were generated in JEMS with a straightforward application of 

structure factor for diffracting crystals, however, simulations for FFT are sensitive to 

HRTEM components and imaging conditions. The most important aspect of modeling 

FFTs is an accurate depiction of the contrast transfer function (Eqn. 2.2, 2.3).  

𝑇(𝑘⃑ ) = exp⁡[2𝜋𝑖𝜒(𝑘⃑ )]                (2.2) 

𝜒(𝑘⃑ ) = 0.25𝐶𝑠𝜆
3𝑘4 + 0.5𝛥𝑧𝜆𝑘2                 (2.3) 

The CTF determines the contrast observed for elements of an image with a given spatial 

frequency (k), and relies on the accelerating voltage (wavelength) of the electron beam, 

the spherical aberration Cs, and the defocus value z. Typically, Scherzer defocus (Eqn. 2.4) 

is chosen as a value of z to minimize the number of nodes in the CTF, thus simplifying 

the interpretation of the FFT and maximizing the range of frequencies observed in the 

image. 

∆𝑧 = (
4

3
𝐶𝑠𝜆)

1/2           (2.4) 

Specifically, I modeled the experimental imaging conditions of our JEOL 2010F-

FasTEM. The accelerating voltage of the electron beam was 200 kV, which corresponds 

to a wavelength of 0.0027 nm. This HRTEM is equipped with a high-resolution polepiece 

with a Cs of 1.00 mm, and samples were imaged near Scherzer defocus (61.0 nm). Using 

these values, I modeled the FFT of different thicknesses of 2DM. I quantified the 

intensities of the diffraction plane families in the HRTEM FFT simulations and DP using 

signal integration image analysis to establish a trend in spot intensities.  Finally, the 

observed experimental DP and FFTs can be compared to simulations to characterize the 

thickness of exfoliated flakes. An illustrative case for black phosphorus is presented in 

Chapter Three, where the ratio of the intensity for [101]:[200] plane families is zero for 
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all even layered flakes, severely diminished (<1.0) for odd layered flakes greater with 3 

or more layers, and strong (>>1.0) for a monolayer. 

2.4 Temperature- and pressure-dependent electrical measurements on 2DM films 

For metals and semiconductors, conductivity measurements are extremely important for 

the extrapolation of other electrical properties such as mobility, carrier concentration, and 

activation energy. Films of 2DMs present an interesting case for electrical measurements: 

individual flakes have high in-plane electrical transport, but interlayer transport is dominated by 

tunneling events due to the large van der Waals distance and low orbital overlap. Given the 

anisotropy of individual 2DM flakes, it is easy to infer a strong structure-property relationship 

for the electrical properties of reassembled 2DM films, including porosity, contaminants, and 

turbostratic disorder. To assess this relationship, I measured the conductivity of and activation 

energy for charge transport in 2DM films using uniaxial pressure and temperature-controlled van 

der Pauw resistivity measurements.   

2.4.1 Van der Pauw geometry for conductivity and activation energy 

In 1958, L.J. van der Pauw and coworkers developed an alternative approach to 

measuring the conductivity of samples with arbitrary shape15. Four contacts can be made around 

the perimeter of the sample, labeled A, B, C and D (Figure 2-2). A current is then sourced from 

contact A to B, and the potential measured from C to D. The resistance, for this orientation of 

measurement is given by the following equation: 

RAB.CD = VCD/IAB            (2.5) 
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Figure 2-2. Common van der Pauw resistivity measurement geometries: (A) Circular sample 

with four contact points at the perimeter. (B) Cloverleaf geometry for Hall measurements. (C) 

Amorphous sample geometry 

 

Given the four contacts points, there are four orientations for resistance measurements that can 

be taken and are as follows: RAB.CD, RBC.DA, RCD.AB, and RDA.BC. The average resistance for a 

current applied in a vertical orientation (Rv) and a horizontal orientation (Rh) can then be 

calculated. 

𝑅𝑣 =
𝑅𝐴𝐵.𝐶𝐷+𝑅𝐶𝐷.𝐴𝐵

2
            (2.6) 

𝑅ℎ =
𝑅𝐵𝐶.𝐷𝐴+𝑅𝐷𝐴.𝐵𝐶

2
            (2.7) 

These resistances can be then be used to solve for sheet resistance, Rs, using the following 

relationship: 

exp (−
𝑅𝑣𝜋

𝑅𝑠
) + exp (−

𝑅ℎ𝜋

𝑅𝑠
) = 1           (2.8) 

Finally, it is a simple calculation to convert sheet resistance to conductivity: 

𝜎 =
1

(𝑅𝑠⁡𝑑)
            (2.9) 

where d is the thickness of the sample in either centimeters or meters and σ is conductivity in 

S/cm or S/m.  

 I modeled the electrical transport in assembled films of 2DM as hopping transport. 

Hopping can be described as discrete tunneling events across the length of a material and has the 

following relationship with temperature: 
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𝜎 = 𝜎𝑚𝑖𝑛𝑒𝑥𝑝⁡(
−𝐸𝑎

𝑘𝑇
)             (2.10) 

where Ea is the activation energy for charge transport, k is Boltzman’s constant and T is 

temperature. Plotting ln σ vs. 1/T can then be used to extract Ea as the slope of the line, as seen in 

Eqn _: 

𝑙𝑛(𝜎) =
−𝐸𝑎

𝑘𝑇
+ 𝐴            (2.11) 

I found that 2DM films follow the ln σ ~ 1/T relationship closely (See section 4.4) with minor 

deviations from linearity. Given that electrons must tunnel across vdW gaps, contaminants, or 

pores, it is expected that there is a good fit to the hopping model for 2DM films. 

2.4.2 Preparation of vacuum filtered films  

To prepare VF films for electrical measurements, 2DM suspensions were first passed 

through a 0.1 micron pore filter, type VVLP, from Millipore. Depending on the diameter of the 

filtration frit, either 20 mL of 3 mL of suspension was required to make 1 cm or 0.25 cm 

diameter film, respectively. After all of the suspension passed through the filter, the film was 

then washed with electronic grade IPA (99.999% purity) and allowed to air dry. Nitrogen was 

flowed over the film during each step to prevent oxidation of the material. Finally, vacuum 

filtered films were annealed under vacuum at 100° C in the large antechamber of a Vigor 

glovebox further dry samples and improve the processability of the film. to form four contact 

pads using a plastic mask. Contact pad dimensions were 1mm by 5 mm with approximately 1 

mm2 on the surface of the films at equidistant points on the perimeter of the film. The contact 

also extended off of the film and onto the membrane, to allow for electrical connections to be 

made that would not be directly pressurized. After annealing, contacts were placed onto films 

using thermal evaporation or e-beam evaporation. 
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Figure 2-3. 2DM Films with electrical contacts: (A) Vacuum filtered film of MoS2 with four 

contact points made at the periphery of the film. Nickel wires are adhered to the contact points 

using silver epoxy. (B) Langmuir-Blodgett trough film of MoS2. Films were deposited onto a 

Teflon substrate and contacts are made with conductive copper tape. Wires can be adhered to the 

copper tape with silver epoxy or soldering. 

 

Typically, 5 nm of chrome followed by 50 nm of gold were sputtered onto the film . This ensures 

that only the film and a small portion of the contact pads will experience the force of the pellet 

press.  Four nickel wires were cut to a length of 5 cm and stripped at each end. A conductive 

silver epoxy (MG Chemicals #8331S-15G) was applied to one end of each wire and place at the 

end of the contact pad farthest from the film. The film was then heated to 80° C for one hour to 

finish the application of the epoxy (Fig. 2-3A). Vacuum films were then stored under inert 

conditions or their electrical properties were immediately measured. 

 

2.4.3 Preparation of LB trough films, post-deposition 

 An alternative approach to prepare 2DM films was deposition via LB trough. I will 

describe briefly the relevant details, but I refer the reader to the dissertation of my colleague, Dr. 

Tyler Farnsworth from the Scott Warren lab, for an in-depth discussion on the preparation of 

2DM films using the LB technique. 

 In general, suspensions of 2DM were deposited on the surface of the LB trough and 

compressed to form a homogenous film. A glass slide, oriented parallel to the surface of trough 

was then slowly pulled out of the trough. As the solvent evaporates, a homogenous film is 

deposited on the surface of the glass. The film is then annealed at 120 ° C under vacuum. This 
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process is considered one cycle of deposition. After annealing, the film can then be resubmerged 

for additional cycles and to prepare samples with a desired thickness. An additional challenge for 

this approach is that a flexible substrate is required to pressurize samples. To address this, we 

prewrapped glass slides with 0.5 in width PTFE tape (TaegaSeal). After the deposition cycles, 

the PTFE tape was easily unwound from the slide with the deposited 2DM film intact.  

 The 2DM films on PTFE were then carefully cut with scissors to be 3.0 mm by 3.0 mm 

and placed in the center of circular piece of insulating paper. To make electrical contacts to the 

film, 1.0 mm by 5.0 mm strips of copper foil backed with conductive adhesive were adhered to 

the corners of the film and extended to the edge of the paper. Finally, four nickel wires were 

attached to the contacts with silver epoxy or soldering, as described in the previous section 

(Figure 2-3B). 

2.4.4 Electrical measurements on 2DM films with pressure and temperature control 

 Prior to electrical measurements, the 2DM films were placed within a hydraulic press. A 

pellet die was inverted to provide a pedestal (1.0 cm diameter) for samples to be placed and 

pressurized, while still being able to make electrical contacts to the extended nickel wires (Figure 

2-4). The pressure of the sample could then be easily adjusted and recorded using the pressure 

gauge. To control the temperature of the sample, each component of the die was wrapped with a  

Figure 2-4. Uniaxial pressure and temperature controlled conductivity measurements: (A) 
Schematic for setting up a vdP measurement within a hydraulic press. (B) Picture within the 

aluminum-wrapped pellet press, showing sample placement, inverted pellet die, electrical leads, 

grounding, temperature probe, silicone heating elements. Not shown: thermocouple for SDC 

controller and N2 inlet hose. 
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silicone heating tape (BriskHeat, 0.5 inches by 12 inches) and controlled with an SDC digital 

benchtop temperature controller. The digital controller thermocouple was placed between the 

silicone heating element and the die to correctly control the temperature of the system. Finally, 

an additional thermocouple was placed in contact with the pedestal, either directly above or 

below the sample, to accurately probe the temperature of the sample.    

A Keithley 2636B Sourcemeter was used to make electrical measurements on 2DM 

films. The Sourcemeter was setup for four-point measurements with Channel A as the source 

(Sense Hi and Sense Lo ports) and Channel B acting as a voltmeter (Test Hi and Test Lo ports). 

Shielded Triax cables with adaptors to alligator leads were used to make connections to the 

nickel wires in a van der Pauw measurement geometry. The entire system was then double 

wrapped in aluminum foil to prevent the effects of stray electromagnetic fields during electrical 

measurements. Finally, a nitrogen line was passed through a desiccant and into the aluminum foil 

sample chamber to prevent undesired side reactions due to an applied bias. 

Once the previous preparations were completed, a typical temperature- and pressure-

dependent experiment was conducted in the following steps. (i) The SDC temperature controller 

was set to 90° C. (ii) Once the temperature of the sample has reached at least 70° C, the SDC 

controller is turned off. (iii) The sourcemeter is then turned on so that channel A is sourcing an 

appropriate voltage for the sample material and thickness, while channel B is forced to zero 

current. (iv) The current (channel A) and voltage (channel B) can then be taken at temperature 

intervals as the system is cools. (v) This process was repeated at different pressures using the 

hydraulic press. (vi) Finally, the film was removed and the thickness was measured using cross-
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sectional SEM. (vii) Using the collected data and thickness, the conductivity and activation 

energy for charge transport can be calculated with Eqns. 2.8, 2.9 and 2.11 from section 2.3.1. 

2.5 Application of DFT for 2D materials  

 Density functional theory has become a robust and quick computational tool to predict 

new materials and their optical, electrical, and physical properties. For exact solutions of the 

Schrödinger equation, there is the many-body problem of electron-electron interactions.  To 

simplify this issue, density functional theory uses the ground state electron density to solve for 

the total energy of the system. This does not come without its limitations, since the use of 

electron density causes spurious self-interactions so that an exchange-correlation term must be 

included in the total energy. An appropriate exchange-correlation functional should always be 

considered depending on the system to be calculated, such as metals, semiconductors, or highly 

correlated materials. 

 It is not within the scope of this dissertation to provide an in depth discussion of the 

history and background of density functional theory, however I highly recommend reading 

“Density functional theory of atoms and molecules” by Robert G. Parr and Weitao Yang16, “A 

Chemist’s Guide to Density Functional Theory” by Wolfram Koch and Max C. Holthausen17, 

and for a more solid state crystals perspective “Fundamentals of Semiconductor, Physical and 

Material Properties” by Peter Y. Yu and Manuel Cardona18. For future doctoral students who 

want to learn DFT independently, I would also suggest studying basic quantum mechanics. In 

this regard, the MIT Opencourseware lecture series by Prof. Allan Adams on Quantum Physics 

was a great resource for understanding the theory behind a DFT code, such as modeling 

potentials, fourier transforms, plane-wave cut off energies, etc. Finally, one of the most 

instructive methods I found to learn DFT was simply reading and replicating literature results. I 
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now describe the most relevant computational techniques and approaches that I used to study 2D 

materials and their heterostructures. 

2.5.1 General methods using CASTEP 

Density functional calculations were performed using the CASTEP19 code with plane-wave 

basis set20 approximations. Ultrasoft21 pseudopotentials were used to describe core electrons, and 

a 600 eV cut-off energy was typically used. A GGA PBE functional22 was used for the exchange-

correlation contribution to total energy and Grimme’s DFT-D23 correction was used to account for 

long-range dispersion forces (see section 2.5.2 for additional details). A Monkhorst-Pack24 grid 

corresponding to an inverse spacing of 0.02 1/Å between k-points was used. In order to calculate 

a 2DM of varying thickness, a periodic 12 Å vacuum slab was included in the unit cell to prevent 

self-interactions. 

Prior to performing any geometry optimization or property calculations, it is extremely 

important to check for energy convergence. Internal energy minimization is done with an SCF 

loop with convergence set to 5.0 x 10-7 eV/atom and a window of three, however, external testing 

for convergence should always be performed. There are two important tests: (i) the plane-wave cut 

off energy should be increased in multiples of 25 eV while recording the total energy, Etot. When 

the dEtot/dlnEcut is less than 0.01 eV/atom the calculation can be considered well converged. (ii) In 

a similar manner, the k-point mesh should be increased while monitoring Etot until dEtot/dk-point 

is less than 0.01 eV/atom. 

Structures were optimized using a BFGS algorithm25 with a convergence tolerance of 5.0 

x 10-7 eV/atom for energy, 0.01 eV/Å for max force, 0.02  GPa for max stress, and 5.0 x 10-4 Å for 

max displacement. With an appropriate plane-wave cut off energy and k-point mesh as determined 

above, this usually resulted in structures with lattice constants within 1.0% of experimentally 
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determined values. For layered materials, it also important to include a semiempirical parameter 

to account for van der Waals forces. A discussion of Grimme’s DFT-D correction is presented in 

section 2.5.2. 

Once a structure was geometry optimized, a subsequent properties calculation could be 

performed to obtain the band structure, electron density, density of states, partial density of states, 

and optical properties. For these property calculations, an increased k-point mesh is required for 

greater accuracy, and therefore I used a 0.0025 1/Å k-point spacing. Furthermore, the number of 

conduction bands (referred to as extra bands in the Materials Studio and CASTEP interface) will 

also effect the accuracy of the result. Generally, I specified the number of conduction bands as 

10n, where n is the number of atoms in the periodic cell. The exception for this relationship is 

optics calculations, which required at least 100n conduction bands. 

2.5.2 Grimme’s DFT-D correction for dispersion forces 

 It is well known that the LDA and GGA functionals of DFT will often inaccurately 

describe the long range intramolecular forces found in van der Waals (vdW) materials. To 

account for this, I used a semiempirical DFT-D with Grimme’s dispersion correction to solve for 

the relaxed geometry and minimum energy of our bulk homogenous and heterogeneous layered 

systems19, 23, 26. The total energy now takes the form of:⁡ 

𝐸𝑡𝑜𝑡 = 𝐸𝐷𝐹𝑇 + 𝑠𝑖 ∑ ∑ 𝑓(𝑆𝑅𝑅𝑖𝑗
0 , 𝑅𝑖𝑗)𝐶6,𝑖𝑗𝑅𝑖𝑗

−6𝑁
𝑗>1

𝑁
𝑖=1           (2.12) 

Where Edft is the typical energy calculated and is the sum of the kinetic (Ekin), electrostatic (Eel), 

and exchange-correlation (Exc) components. The latter term of Eqn (1) accounts for long range 

forces between every pair of atoms, in which internuclear distance is Rij and C6,ijR
-6

ij is the van 

der Waals coefficient describing the dispersion interaction. This interaction is modulated by a 

damping function, f(SRR0
ij, Rij), with a cutoff at R0

ij, the heteronuclear bond distance. Finally, the 
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scaling factors si and SR are dependent on the dispersion scheme chosen: For Grimme’s 

dispersion correction, si is equal to 0.75 and SR is unity. 

The geometry optimization of layered materials with van der Waals forces is drastically 

improved when Grimme’s DFT-D correction is included. In general, the provided atomic vdW 

constants from CASTEP are sufficient to optimize structures with lattice constants typically 

within 2.0% of experimentally determined values, with greatest improvement in accuracy for 

interlayer distances. One exception is the optimization of graphite, in which I adjusted our vdW 

constant to 16.34 eV Å6 to better describe the interaction of sp2 hybridized carbon in graphite27-28, 

resulting in an increase in interlayer distance, d, from 3.25 Å to 3.32 Å. This is in much closer 

agreement with experimentally determined values of 3.36 Å29-30 and this vdW constant was used 

for all calculations involving multilayer or single layer graphite. 

2.5.3 Binding energy, gravitational deformation and phonon modes for 2DM stability 

 From a thermodynamic perspective, 2DMs are a metastable phase of their parent layered 

material. In this regard, it can be difficult to predict whether a layered material can be exfoliated 

to the two-dimensional level. I here describe three critical analyses for the stability of a 2DM, 

including (i) binding energy calculations for interlayer interactions, (ii) the gravitational 

deformation of a 2DM as a freestanding material, and (iii) the application of phonon calculations 

as measure of stress on the 2DM. 

(i) Binding energy:  

The weak van der Waals forces in graphite result in an interlayer binding energy, EBE, of 

35 meV/atom31. Because EBE is approximately equal to exfoliation energy, Eex, its magnitude 

is often used as a metric to whether a layered material can be exfoliated. Advanced 

computational approaches using random phase approximation32 have predicted the binding 
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energy for vdW layered materials to be 10-20 meV/Å2. While there can be errors in the EBE 

when calculated with a GGA PBE functional and Grimme’s DFT-D corrections, it is 

qualitatively correct in determining structures and predicting trends. Therefore, I used 

binding energy calculations to determine the binding energy of new layered materials (black 

phosphorus, layered electrides) and in 2DM heterostructures (Chapter 5).  

To calculate EBE, we varied the interlayer distance between individual layers and then 

calculated the total energy. An ‘infinite’ structure was built with an interlayer distance of 12 

Å, such that there were no interactions between sheets. We then calculated EBE as: 

𝐸𝐵𝐸 =
(𝐸𝑖𝑙𝑑−𝐸∞)

𝑛𝑖𝑛𝑡𝑒𝑟
            (2.13) 

where E∞ is the energy of the infinite structure, Eild is the energy of the optimized structure, 

and ninter is the number of atoms at the interface of two layers. Alternatively, EBE can be 

calculated per unit area, and typically is reported as either meV/Å2 or meV/atom. 

(ii) Gravitational deformation of 2DM: 

An important criterion for the stability of a 2DM is the ability to withstand its own 

weight. The processing of 2DM for electronic applications and optical measurement requires 

numerous lift-off and transfer steps, as well as the suspension of these materials as a 

membrane. The 2D Young’s modulus of a 2DM can be calculated from an applied strain:  

𝑌𝑀2𝐷 =
𝑑2𝐸𝑠

𝑑𝜖2 ⁡ ∗ 𝐴−1                 (2.14) 

where Es is the difference in energy between the optimized structure and the strained unit 

cell, Ɛ is the strain in a single lattice direction, and A is the area of the unit cell. Using the 

YM2D, the deformation of a 2DM as a membrane can be calculated with Eqn 2.15. 

ℎ

𝑙
= (

𝜌𝑔𝑙

𝑌𝑀2𝐷
)1/3                     (2.15) 
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where l is a lateral dimension of the suspended region, ρ is the density of the material, g is 

the gravitational force, and h is the deformation of the material in the z direction. It is 

expected that for a given l, the ratio h/l should be at least <0.001, implying the material can 

withstand its gravitational weight. 

(iii) Phonon dispersions  

A final technique to predict the stability of a 2DM is to calculate the phonon dispersions. 

Phonons are quantized vibrational modes of the atomic nuclei and can be either acoustic or 

optical. Since phonons are a physical process, they always have positive energies associated 

with their vibrational wavelength. The observation of negative phonons implies a material is 

unstable, and that a more stable phase can be found corresponding to the atomic 

displacements of the negative phonon. 

I calculated the phonon dispersion of layered materials and 2DM using the finite 

displacement phonon property calculations with CASTEP. First, structures were geometry 

optimized to a higher degree of convergence than described in section 2.4.1. Particularly, 

energy, max stress, and max GPa tolerance were increased to 1 x 10-10 eV/atom, 0.001 

eV/Å, and 0.001 GPa, respectively. A cutoff radius was chosen so that the supercell was at 

least four times the volume of the unit cell, in order to accurately model longer wavelength 

phonon modes. Phonon dispersion spectra were plotted along a Brillouin zone path 

encompassing the irreducible wedge, to account for phonon modes at all high symmetry 

points. The resulting phonon dispersions were then checked for negative phonon modes. 

 

 



40 

 

2.5.4 Self-interaction error and hybrid exchange functionals for accurate band gap 

determination of 2DMs 

 

One of the most exciting features of 2DMs is the ability to control their optoelectronic 

properties with thickness. For example, black phosphorus has a band gap of 0.3 eV and 2.0 eV 

for bulklike and monolayer flakes, respectively. The accurate determination of band gap, as a 

function of thickness, is then very important for predicting the properties of a 2DM, however, it 

is well known that DFT will often undervalue the band gap due to the spurious self-interaction 

error33. This can be easily seen when solving for the coulomb forces of a one-electron density: 

𝑉𝑒𝑙[𝜌] =
1

2
∫∫

𝜌(𝑟1)𝜌(𝑟2)

𝑟12
𝑑𝑟1𝑑𝑟2 ≠ 0                               (2.16) 

where ρ(ri) and ρ(rj) are two fragments of the electron density, and rij is the distance between 

them. Occupied states near the fermi level increase in energy, resulting in smaller apparent band 

gaps. The self-interaction error is also known to affect the activation energy for reactions34 and 

charge transfer35.  

 To account for the self-interaction error, an exact approach to the exchange energy, the 

Hartree-Fock method36-38, can be calculated to cancel the coulomb interactions between an 

electron with itself. Despite this advantage, solving the HF energy can be computationally 

expensive and inaccurate for metallic systems, where electronic states tend to be highly 

delocalized. Therefore, hybrid functionals, such as HSE0639 and PBE040, were empirically 

designed to include a 1:3 mixing of the Hartree Fock exchange energy with the PBE exchange-

correlation energy. While LDA and GGA-PBE functionals are qualitatively correct, these 

functionals showed remarkably improved values for band gap, charge transfer, and optical 

properties.  

 When necessary, I used hybrid functionals to determine the band gap of 2D 

semiconductors or insulators. These calculations require norm-conserving pseudopotentials41, 
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and a higher plane-wave cut off energy was increased to 900 eV for proper convergence. 

Typically a gamma-point energy calculation is sufficient, however, in my experience, a k-point 

mesh with a total of ~20 k-points can be solved within the three day time-limit of the Dogwood 

cluster at UNC. Finally, the electron minimization scheme must be set to All Bands/EDFT and is 

implemented by CASTEP from Marzari, et al42. 

2.5.5 Bader charge transfer in 2DM systems 

 Mulliken population analysis43-44 can be used to assess the bonding and charge transfer in 

crystal systems. However, there can be large discrepancies between Mulliken charges calculated 

in CASTEP and experimental values. For example, in the ionic compound NaCl, actual atomic 

charges are close to ±0.8 e, while those reported from CASTEP are ±0.53 e. Henkelman and 

colleagues have developed a code to perform Bader charge analysis45-48, which partitions the 

electron density using zero-flux boundaries and integrates the resulting Bader volumes. Indeed, 

Bader analysis shows remarkably improved results compared to Mulliken population analysis 

and I used this code to determine the charge transfer between electride and 2DM heterostructures 

(Chapter 5). 

 To perform a Bader analysis, first a standard CASTEP energy task calculation was 

performed, with the additional line “write_formatted_density : true” to the .param file to generate 

a .den_fmt file. Because the code is written for VASP and Gaussian output files, this .den_fmt 

file was rewritten to a .cube file using den2vasp. The output .castep from the energy calculation 

and corresponding .cube can then be analyzed with the Bader analysis code which was provided 

by the Henkelman group. The code was unpacked and compiled using GFortran for Windows. 

After the code has run, it is important to check the total integrated electron count and confirm 

that is with 0.0001 e of the initial CASTEP calculation. If there is an electron deficiency, the 
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plane-wave cutoff energy should be increased for a smaller tiling of the electron density and 

improved Bader volume partitioning and integration.  
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CHAPTER THREE – PHOSPHORENE: SYNTHESIS, CHARACTERIZATION, AND 

QUANTITATIVE OPTICAL SPECTROSCOPY1 
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3.1 Introduction 

Solution-processable nanomaterials with tunable optoelectronic properties are being 

considered as potential building blocks for numerous technologies, such as photovoltaics,1 

transistors,2 and light-emitting diodes.3  Among these nanomaterials, quantum dots have attracted 

broad interest because of their size-dependent electronic structure and controllable physical 

properties; for example, band gaps can be increased by as much as 2 eV as particle size 

decreases.4–7  With the advent of two-dimensional (2D) semiconductors,8 new opportunities have 

emerged for designing materials and devices, although the size-dependent variation of electronic 

properties like band gaps are, in general, smaller: transition metal dichalcogenides have band 

gaps that can only be tuned by 0.7 eV9,10 while, for example, PbSe quantum dots can be tuned 

                                                 
1
Reprinted (adapted) with permission from Woomer, A. H. et al.  Phosphorene: Synthesis, Scale-Up, and Quantitative 

Optical Spectroscopy, ACS Nano, 2015, 9, 8869-8884. Copyright (2015) American Chemical Society. 
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from 0.27 to 1.5 eV.11–13  Toward increasing the library of solution-processable materials, here 

we show that black phosphorus can be liquid exfoliated to yield a family of 2D flakes with 

tunable optical properties that rival those of quantum dots. 

Black phosphorus,14 a layered 3D crystal of elemental phosphorus (Figure 1a), and its 2D 

derivative, termed phosphorene15,16 (Figure 1b), have recently attracted renewed17 attention.  In 

the last few months, there have been exciting demonstrations of the material’s application to 

transistors,16,18,19 photovoltaics,20,21 photodetectors,22,23 and batteries.24,25  As a 2D material with 

an intriguing corrugated or accordion-like structure, phosphorene has captured significant 

theoretical interest with numerous predictions of the material’s anisotropic16,26 and thickness-

dependent optoelectronic properties,27,28 mechanical properties,29 and chemical reactivity.30–32  

Most predictions have gone untested, however, because there is still no reliable method to make 

or purify monolayer or few-layer phosphorus.  When monolayers have been observed, they are 

typically situated at the edges of thicker sheets and are typically too small to characterize.  

Underlying these practical challenges are the inherent problems associated with phosphorus: the 

phosphorus-phosphorus bonds are significantly weaker than carbon-carbon bonds and several 

studies have noted the material’s tendency to oxidize14,33 or form other allotropes.34,35  In 

addition, interlayer interactions may be stronger in black phosphorus than in other 2D 

materials.36,37  These strong interlayer interactions would inhibit exfoliation and, consequently, 

black phosphorus may be harder to exfoliate and more likely to fragment than other 2D 

materials.  In fact, this is consistent with reports of mechanical exfoliation in which sheets of 

fewer than six layers have seldom been observed.16,18,19,38,39 

Our own attempts to mechanically exfoliate black phosphorus confirmed the results of 

other groups.  We prepared and analyzed samples under an inert atmosphere, using scotch tape 
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for exfoliation and a Bruker Dimension FastScan atomic force microscope (AFM) to rapidly 

analyze sheet thickness over macroscopic areas (see Supporting Information for additional 

details).  We randomly surveyed large areas and assessed the structure of over 3,000 flakes.  Our 

survey revealed that the yield of sheets thinner than 10 layers is less than 0.06%; in addition, no 

sheets thinner than 6 layers were found.  Given the low odds for identifying and characterizing 

2D materials prepared in this way, we began exploring liquid exfoliation40,41 as an alternative 

route for material preparation.  Here we provide evidence that liquid exfoliation, when carefully 

executed under an inert atmosphere, produces macroscopic (milligram-to-gram scale) quantities 

of monolayer and few-layer phosphorene.42  We note that this is a considerable improvement 

over state-of-the-art methods of liquid exfoliation,43–45 which have so-far produced flakes with 

thicknesses that are 10 to 20 times thicker than those described here.  We characterize the 

material’s structure, stability, and thickness-dependent optical properties and compare these 

properties to theoretical predictions.  In addition, we perform the first quantitative optical 

absorption measurements on 2D phosphorus, allowing us to determine the thickness-dependent 

optical transitions and band gaps. 

3.2 Liquid exfoliation of black phosphorus 

Black phosphorus crystals (Figure 3-1a) were acquired from Smart Elements between 

December 2012 and March 2014 or grown in our laboratory by SnI2 vapor transport.46 (Smart 

Elements modified its method of manufacture in the summer of 2014 and the microstructures of 

materials acquired after this date may differ.)  Black phosphorus was ground in a mortar and 

pestle and sonicated in anhydrous, deoxygenated organic liquids using low-power bath 

sonication under an inert atmosphere.  In our initial experiments, black phosphorus was 

sonicated in electronic grade isopropanol for sixteen hours. During sonication, the phosphorus 
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was suspended in solution and its color changed from black to reddish-brown to yellow (Figure 

3-1c), indicating a profound change in the electronic structure of the material. We quantified this 

change in appearance by ultraviolet-visible-near IR (UV-vis-near IR) absorption spectroscopy 

(see discussion below for further details).  Over several weeks, there was limited reaggregation 

and no further change in color, suggesting that these suspensions were comprised of small 

phosphorus particulates. To examine the morphology of the particulates, suspensions were drop-

cast onto a silicon wafer for analysis by scanning electron microscopy (SEM, Figure 3-1d). 

These images confirmed the presence of thin phosphorus flakes with lateral dimensions between 

50 nm and 50 μm. From these results, we concluded that a more extensive study was required to 

identify conditions that maximized the yield of thin phosphorus flakes. 

 

Figure 3-1. Liquid exfoliation of black phosphorus:  (A) Photograph of black phosphorus 

grown by chemical vapor transport.  (B) Illustration of a phosphorene monolayer showing the 

conventional crystallographic axes.  The zig-zag direction is ‘a’, the armchair direction is ‘c’, 

and the ‘b’ direction is normal to the flake.  (C) Photograph of a liquid-exfoliated suspension of 

2D phosphorus in isopropanol. (D) SEM image of liquid-exfoliated 2D phosphorus. 

 

We surveyed42 eighteen solvents for their ability to exfoliate black phosphorus (see 

Supporting Information for full experimental details). Black phosphorus (10 mg) was added to 

20 mL of each solvent and sonicated for thirteen hours under anhydrous and air-free conditions. 

The suspensions were centrifuged at 3,000g for 30 minutes to remove unexfoliated black 

phosphorus. The supernatant was further purified via dialysis to remove small (< 2.5 nm) 

phosphorus fragments. These suspensions were characterized with inductively coupled plasma-
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mass spectroscopy (ICP-MS) and UV-vis transmission spectroscopy to measure a dispersed 

concentration. We found that the best solvent was benzonitrile, which achieved a mean 

concentration of 0.11 ± 0.02 mg/mL. Plots of phosphorus concentration vs. the Hansen solubility 

parameters of each solvent (Figure 3-2a-d) allow us to estimate that the Hildebrand parameter for 

2D phosphorus is 22 ± 3 MPa1/2. Although there is significant solvent-to-solvent variability—a  

 

Figure 3-2. Survey of organic liquids for liquid exfoliation of black phosphorus: showing 2D 

phosphorus concentrations vs. Hansen (A-C) and Hildebrand (D) solubility parameters for 18 

solvents. The Hansen plots depict the energy due to dispersion forces (A), hydrogen bonding (B), 

and dipolar intermolecular forces (C).  Numbers 1 through 7 rank the best liquids: (1) 

benzonitrile, (2) 1,3-dimethyl-2-imidazolidinone, (3) 1-vinyl-2-pyrrolidinone, (4) N-

methylformamide, (5) N-methyl-2-pyrrolidone, (6) N,N-dimethylformamide, (7) 2-propanol. 

Each data point is an average of three trials; the error bars correspond to the standard deviation. 

 

 

feature common to graphene, boron nitride, and transition metal dichalcogenides41—we find that 

the optimal solvents for 2D phosphorus are similar to those for other 2D materials.  An essential 

difference, however, is that 2D phosphorus must be handled and sonicated under an inert 

atmosphere, as we demonstrate below. 
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3.3 Characterization of 2D phosphorus 

In order to examine the structure of the suspended material, we used transmission 

electron microscopy (TEM) to quantify shape, size, and thickness as well as high resolution 

TEM (HR-TEM) to assess crystallinity. We imaged and measured thousands of phosphorus 

flakes; Figure 3-3a-c shows TEM images of several representative samples. As before, a broad 

distribution of flake sizes was found. Single pieces typically had uniform contrast, suggesting 

that they had a planar morphology. All of the pieces examined in HR-TEM exhibited lattice 

fringes, showing that the crystallinity of phosphorus flakes was preserved (Figure 3-3d). We 

analyzed HR-TEM images by performing fast Fourier transforms (FFT), allowing us to observe 

the expected {200} and {002} plane families of black phosphorus. In addition, some flakes 

exhibited strong 101 intensities (Figure 3-3e), which are forbidden sets of diffracting planes in 

bulk black phosphorus. To understand the origin of the 101 spots, we used multi-slice 

calculations (JEMS47) to simulate HR-TEM images of 2D phosphorus sheets with varying 

thicknesses from four common microscopes (see Supporting Information for additional details). 

Fast Fourier transforms were applied to the HR-TEM images to determine the intensities of spots 

corresponding to plane families. In agreement with a previous analysis of electron diffraction 

patterns,28 we found that a large 101:200 intensity ratio in FFTs is a unique characteristic of 

monolayers (Figure 3-3f) when imaged at or near Scherzer defocus, thus confirming their 

presence in our suspensions. We attribute the diffuse background of the FFT (Figure 3-3e) to the 

likely presence of absorbed organics, which has been observed previously for other 2D materials 

that were not degassed at elevated temperatures prior to imaging.48,49 
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Figure 3-3. TEM characterization of liquid-exfoliated 2D phosphorus: (A-C) TEM images 

of 2D phosphorus. (C) TEM image of a monolayer of 2D phosphorus. The inset in (A) shows the 

contrast change (ca. 75 counts) from a line profile drawn across a flake that is three layers thick. 

The inset in (C) provides a histogram of contrast changes from one hundred flakes.  The changes 

in intensity (25, 50, etc.) correspond to monolayers, bilayers, etc. (D) HR-TEM image of 

phosphorene, a monolayer. (E) FFT of the HR-TEM image in (D). (F) Intensity ratios of 101 and 

200 spots in FFT HR-TEM images and their relation to layer thickness, as calculated from multi-

slice simulations in JEMS.47 Insets show that constructive interference from {101} plane families 

(dashed lines) occur in monolayers but have low or no intensity in multilayer flakes. 

 

To quantify the thickness of all flakes in our suspensions, we used our real-space TEM 

images—all acquired under identical imaging conditions including exposure time, aperture 

selection, lens currents, magnification and defocus value—to measure the change in intensity 

across sheet edges for hundreds of flakes (Fig 3-3a, line and inset). Flake edges were suspended 

over either vacuum or carbon film (see Section 2.3.1 for additional details). The smallest 

intensity change was 25 ± 3 counts and all other intensity changes were multiples of 25 counts 
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(Figure 3-3c, inset). We therefore assigned an intensity change of 25, 50, 75, and 100 counts to 

monolayers, bilayers, trilayers, and four-layered 2D phosphorus flakes, respectively. Further 

confirming this assignment, we found that only those flakes with a contrast change of ca. 25 

counts had the intense 101 spots that are a hallmark of monolayers.  Although this method is 

simple and fast, we do note that the linear relationship breaks down for flakes that are thicker 

than ca. 40 layers.  

With the goal of isolating 2D flakes with well-defined thicknesses and optical properties, 

we used centrifugation to fractionate the phosphorus suspensions. We centrifuged at a rotational 

centrifugal force (RCF) as low as 120g and then centrifuged the supernatant at a slightly greater 

RCF, reaching values of up to 48,000g. The sediment from the second centrifugation was 

collected and re-dispersed in pure solvent. This new suspension is labeled by the average 

centrifugal force between the two RCFs; for example, a suspension labeled 20,200g has been 

centrifuged at 17,200g and 23,400g (see Section 2.2.2 for full experimental details). Using TEM, 

we analyzed the thicknesses (Figure 3-4a) lateral size (Figure 3-4b) and of the suspended 2D 

phosphorus flakes. We found that this centrifugation approach could systematically isolate flakes 

with varying size and thickness distributions.  When centrifuging at high speeds, for example, we 

collected macroscopic quantities of flakes with size distributions centered near one-layer and 

two-layer thicknesses (Figure 3-4a) in which monolayers comprised up to 45% of the sample.  

Phosphorene—a material that has been sought after but rarely observed—is now easily 

accessible. 
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Figure 3-4. Centrifugation rate to control thickness and lateral size: (A) thickness and (B) 

flake lateral size. 

 

Stability of phosphorene and 2D phosphorus 

As first recognized by Bridgman in 1914,(ref. 14) black phosphorus oxidizes and converts 

to phosphoric acid under humid atmospheric conditions.  More recent studies have also shown 

that mechanically-exfoliated phosphorus degrades in air.19,28,32  We used x-ray photoelectron 
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spectroscopy (XPS) and measurements of apparent pH to assess the oxidation.  We performed 

XPS both on bulk black phosphorus to obtain a reference spectrum (Figure 3-5a) and on 2D 

phosphorus to test whether oxidation accompanies liquid exfoliation (Figure 3-5b).  In addition 

to performing all exfoliation and centrifugation under an inert atmosphere, we constructed a 

transfer chamber that excluded oxygen and water during sample transfer to and from the XPS 

instrument. Pristine black phosphorus had 2p1/2 and 2p3/2 peaks that are characteristic of 

unoxidized elemental phosphorus.50 We exposed the same sample to air and re-acquired XPS 

spectra at later time intervals.  A broad peak at 134 eV emerged, which can be attributed to 

several types of phosphorus-oxygen bonds.51 Lacking an oxidation mechanism, we cannot yet 

identify the type or types of P-O species that may be present in our samples. We performed 

similar experiments on thin 2D phosphorus (< 6 layers).  The pristine sample exhibited no signs 

of oxidation (Figure 3-5b, black).  Upon exposure to oxygen gas that contained some water (not 

dried) and 460 nm light, a broad peak appeared at 133 eV, characteristic of oxidized phosphorus.  

In this modified material, ca. 5% of the phosphorus was oxidized, as estimated by peak 

integration software.  Collectively, our analyses demonstrate that liquid exfoliation successfully 

yields high-quality, unoxidized 2D phosphorus. 
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Figure 3-5. Oxidation studies of Black Phosphorus: (A) XPS of freshly cleaved bulk black 

phosphorus after exposure to ambient air and room light for 0 (black), 1 (blue), and 24 (green) 

hours. (B) XPS analysis of few-layer 2D phosphorus showing that the material prepared by 

liquid exfoliation was unoxidized (black).  The few-layer sheets were controllably oxidized by 

exposure to light (λ = 460 nm) and oxygen with some water (blue).  (C) Exfoliation of black 

phosphorus in a sealed vial with N2 (black) or air (blue) in the head space of the vial shows that 

the presence of air causes 28% of the phosphorus to become oxidized.   Binding energies also 

increase, although the origin of this effect—whether sample charging, doping, or both—is not 

yet clear.  (D) When few-layer 2D phosphorus (< 6 layers) is suspended in isopropanol and 

exposed to light and air (λ = 460 nm), the apparent pH (recorded by a pH meter) decreases 

because of acid production. 

 

In order to evaluate whether handling under an inert atmosphere is important, we 

sonicated black phosphorus in a sealed vial, with either nitrogen or air in the vial’s headspace.  

Analysis of the air-exposed material by XPS (Figure 3-5c) shows substantial oxidation, with 

28% of the phosphorus no longer in the unoxidized form.  In addition, we monitored the pH of a 

solution of few-layer phosphorus that was suspended in isopropanol and exposed to light and air 

(Figure 3-5d).  We found that the solution rapidly acidifies, consistent with Bridgman’s 

prediction14 that phosphoric acid is produced upon exposure to air.  When higher phosphorus 

concentrations are used, the apparent change in pH is larger.  On the basis of these and prior 
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findings,43 we conclude that although liquid exfoliation in the presence of air may produce some 

crystalline, thin material, its surfaces and interior52 are oxidized, acid is present, and its overall 

quality is low. 

3.4 Exfoliation of black phosphorus at the 10-gram scale 

We explored shear mixing42,53 as a method for the scaled-up production of 2D 

phosphorus. We used a Silverson L5M-A shear mixer with either a 0.75-inch or 1.385-inch rotor 

with square holes for our work at the 1-gram and 10-gram scales, respectively.  All experiments 

were performed under oxygen-free and water-free conditions by bubbling nitrogen gas into the 

mixing container.  In addition, we used a water bath to keep the solutions at room temperature 

during mixing.  We used several different grades of NMP, as it was disclosed to us by the 

Coleman group that only certain types of NMP may work for shear mixing of graphene.54  

Ultimately, we selected NMP from Sigma Aldrich (99.5% purity, anhydrous) for our scaled-up 

exfoliation.  Black phosphorus was ground in a mortar and pestle prior to its use in shear mixing.  

We used two different grades of black phosphorus, both of which we produced in our laboratory.  

The first, “high quality” black phosphorus, was highly crystalline with millimeter-sized crystals 

and was difficult to grind; the second, “low quality” black phosphorus, was highly 

polycrystalline, had trace amounts of red phosphorus, and was easy to grind.  In our experiments, 

we found that only the low-quality material could be successfully exfoliated by shear mixing 

alone, regardless of the type of NMP or the conditions of shear mixing.  This observation is 

consistent with a mechanism in which the separation of layers is nucleated at grain boundaries or 

other defects in the material.  In order to exfoliate the higher-quality starting material, we had to 

rely on a combination of shear mixing and bath sonication.  



60 

 

For our scaled-up synthesis, we dispersed 6 grams of pulverized, high-quality black 

phosphorus into 100 mL of NMP and bath sonicated the suspension for 2 hours.  Next, we added 

700 mL of NMP and shear mixed the sample at 5,000 rpm for 4 hours.  The dispersion was 

sonicated again for 3 hours and then shear mixed again for 1 hour at 5,000 rpm.  The resulting 

suspension is shown in Figure 6a.  The material was then centrifuged at 20,200g to yield a highly 

concentrated suspension of very thin, fractionated material (Figure 3-6a, small vial).  In this 

suspension, nearly 25% of the sample was monolayers (Figure 3-6b) and the lateral size (Figure 

3-6c) was similar to the material produced using bath sonication at a smaller scale (Figure 3-4).  

This demonstration reveals that the production of high quality 2D phosphorus—including 

phosphorene—can be readily accomplished using simple and scalable approaches. 

 

Figure 3-6. Scaled-up production of 2D phosphorus:  (A) Photograph of solutions that were 

exfoliated using a combination of shear mixing and sonication.  In our scale-up, we used six 

grams of black phosphorus and 800 mL of NMP (left).  We centrifuged 40 mL of this mixture at 

20,200g to isolate a highly concentrated suspension containing thin pieces (right).  The size 

distribution of 2D phosphorus in this fraction is shown in (B) and (C). 
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3.5 Optical absorption in 2D phosphorus: background 

The optoelectronic properties of black phosphorus and 2D phosphorus—high mobility, 

anisotropy and the extreme variation in band structure with flake thickness—have provoked 

intense interest and debate.  In 1981, a calculation first proposed the idea of a monolayer of black 

phosphorus55 (i.e., phosphorene) and calculated a band gap of 1.8 eV, which is significantly 

larger than the bulk value of 0.33 ± 0.02 eV (see below for discussion).  This remarkable 

prediction was dormant until several months ago, when the possibility of making phosphorene 

began to emerge.  Despite this interest, the synthesis of monolayers has remained a challenge 

and, consequently, the majority of recent studies have been theoretical.  These studies have 

essentially confirmed the 1981 prediction—that the band gap is tunable—although they have 

also introduced considerable uncertainty as to the actual size of the gap: values for monolayers 

typically range from 1.0 to 2.2 eV (see Table 3-1).  Nevertheless, theory consistently predicts 

that the band gap is direct for all thicknesses of 2D phosphorus, which has driven further interest 

because most other 2D semiconductors have indirect band gaps.   

These predictions are compelling and need to be systematically examined but, so far, 

only a few experiments have been reported.  Photoluminescence measurements have shown that 

these predictions are qualitatively correct, but with a varying exciton binding energy of 0.01 to 

0.9 eV in phosphorene, this technique will underestimate the band gap of black phosphorus by a 

similar amount, which depends on the static dielectric constant of the surrounding medium.56–58  

In addition, surface defects, contamination, and oxidation of samples may introduce further 

experimental uncertainty.  In fact, results so far are quite varied: in one study, a trilayer 

photoluminesced at 1.60 eV, while, in another, the measured value was 0.97 eV (see optical 

gaps, Table 1). Electrical measurements have also been performed and the reported mobility 
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gaps were smaller than those found by photoluminescence (see mobility and optical gaps, Table 

1), a result that is surprising because the mobility gap should be larger than the optical gap in a 

semiconductor with few interband states.59,60 However, the study did provide a detailed analysis 

of many flake 

 

Table 3-1. Reported optical, mobility, and band gaps of 2D phosphorus:   

Thickness (layers) 1 2 3 4 Bulk Source 

Photoluminescence 

(optical gap, eV)  

1.75 1.29 0.97 0.84  Yang, J.61 

1.45     Liu, H.16 

1.31     Wang, X.62 

 1.29 0.98 0.88  Zhang, S.63 

  1.60   Castellanos-Gomez, A.28 

Electrical 

(mobility gap, eV) 
0.98 0.71 0.61 0.56 0.30 Das, S.64 

Computation 

(band gap, eV) 

2.15 1.70 1.48 1.36 1.08 Castellanos-Gomez, A.28 

2.0 1.30 1.06  0.30 Tran, V.37 

1.94 1.7 1.3 0.8 0.43 Liang, L.65 

1.60 1.01 0.68 0.46 0.10 Rudenko, A.66 

1.52 1.01 0.79 0.67 0.36 Qiao, J.67 

1.01 0.66 0.52 0.47 0.31 Liu, H.16 

 1.02 0.79 0.68  Zhang, S.63 

Absorbance 

(band gap, eV)  1.88 1.43 1.19 0.33 This work, see Table 3-2. 
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thicknesses, and revealed that bulk properties begin to transition towards quantum-confined 

properties at flake sizes as large as 30 layers. 

In this section, we report our experiments on the optical absorbance of black phosphorus 

and fractionated suspensions of 2D phosphorus.  We also report our analyses of these spectra, 

from which we estimate the absorption edge and band gap in black phosphorus and 2D 

phosphorus.  Some of our analysis uses Elliot’s theory of light absorption68 by delocalized, 

Wannier-type excitons,69 and we implement Elliot’s theory in the form of Tauc plots.70  Tauc 

plots determine the band-to-band transition energy as well as the nature of the transition—

whether it is phonon-mediated (indirect) or not (direct), and whether it is dipole-mediated 

(allowed) or not (forbidden).  A proper Tauc plot yields a linear relationship between (𝛼h𝜈)𝑛 and 

hν, where α is the absorption coefficient, hν is the photon energy, and n describes the nature of 

the transition. Although Tauc plots have been criticized because of their simplistic assumptions 

about band structure and their poor treatment of excitonic effects,56 they have been used to 

analyze the absorption edge of many semiconductors, including black phosphorus.71  In a 

reported Tauc analysis of black phosphorus, a room-temperature band gap of 0.31 eV was 

found.71  This agrees with previously reported electrical measurements,17,72–76 which we have 

averaged to calculate a room-temperature band gap of 0.33 ± 0.02 eV.  Although this agreement 

is promising, there are important differences between our 2D samples and bulk black phosphorus 

that may prevent the application of Tauc’s method to our materials.  Next, we consider these 

differences and the corresponding limitations of Elliot’s theory. 

We have identified five possible reasons why a Tauc analysis could fail to apply to our 

2D phosphorus suspensions. 
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(1) Light scattering: A Tauc analysis requires an accurate measurement of the absorption 

coefficient, α, versus wavelength. We measured light that is absorbed by our suspensions 

of 2D phosphorus using a transmission geometry, but in a traditional transmission 

geometry, most scattered light is not captured by the detector.  To account for forward-

scattered light, we placed samples near the opening aperture of an integrating sphere.  This 

measurement showed that the amount of forward-scattered light was relatively small. In 

addition, because there is less back-scattered light than forward-scattered light,77 we 

estimated that our measurements that capture both the transmitted and forward-scattered 

but neglect back-scattered light have less than a 3% error (see Supporting Information for 

complete details). Consequently, we have reported an absorption coefficient rather than an 

extinction coefficient. 

(2) Exciton binding energy: Elliot’s theory is only applicable to Wannier excitons, which have 

an exciton binding energy (EBE) of less than 100 meV. Bulk black phosphorus has an EBE 

of 8 meV and the excitonic features in absorbance spectra are only apparent at low 

temperature.17  The predicted EBE of phosphorene (a monolayer) depends on the static 

dielectric constant of the surrounding medium, and can be as large as 900 meV in a 

vacuum.28,37  We performed most optical absorbance experiments in NMP, which has a 

high dielectric constant (32.17) and yields a small EBE (15 meV, see Supporting 

Information).  The small EBEs, combined with the measurement of our absorbance spectra 

at room temperature and low light intensities, allows Elliot’s theory to be applied because 

excitons will not obscure the absorption edge as they do in MoS2 and other transition metal 

chalcogenides. 
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(3) Urbach tail: In materials with significant structural disorder, a pronounced absorption 

extends below the absorption edge.78 This absorption, called an Urbach tail, could be 

present in 2D phosphorus because of the loss of periodicity and presence of defects at the 

edge of sheets. Urbach tails give a non-linear contribution to Tauc plots.  To avoid 

misinterpreting our spectra, we only extracted an estimate of the band gap when a linear fit 

of the Tauc plot was obtained at energies above the Urbach tail. 

(4) Anisotropic optical properties:  The nature of black phosphorus’ band gap depends on 

direction: it is direct and allowed in the c direction but direct and forbidden in the a 

direction (see Figure 1b).17  In principle, this would prevent a Tauc plot from 

distinguishing either transition.  Fortunately, the forbidden transition is relatively weak and 

its contribution to light absorption is negligible;17 thus, it does not obscure the Tauc 

analysis of the direct, allowed band gap. 

(5) Variation in band gap: Tauc analyses are typically applied to materials with a single band 

gap.  If multiple gaps are present and they span a narrow range of energies, it is not 

possible to distinguish each gap.  The superposition of multiple absorption edges of similar 

strength leads to non-linearity in the Tauc plot, preventing one from determining the nature 

of the absorption edge or from extracting an accurate band gap energy.  Of the five 

limitations, we found that this consideration is the most important.  Our suspensions 

contain flakes of several thicknesses and therefore several band gaps.  Because the 

absorption coefficients from flakes of different thicknesses are similar and because their 

band gaps fall across a range of energies, we found that it is not always possible to use a 

Tauc analysis (see below).  In those instances, we have developed and applied a different 

method for estimating the absorption edge. 
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3.6 Optical absorption in 2D phosphorus: measurement and Tauc analysis 

In this section, we report our measurement and Tauc analyses of the optical absorbance 

of 2D phosphorus suspensions. In order to interpret these measurements, we first established 

reference spectra of bulk black phosphorus. We performed UV-vis-nIR (175 nm to 3,300 nm) 

and FT-IR measurements on a polycrystalline sample (KBr pellet, Figure 3-7a, black) and used a 

CRAIC microspectrophotometer on single flakes of mechanically cleaved bulk crystals (Figure 

3-7a, gray). All spectra were acquired under an inert atmosphere. Fractionated suspensions of 2D 

phosphorus (Figure 3-4) were analyzed using an integrating sphere to capture both transmitted 

and scattered light.  

The polycrystalline black phosphorus within the KBr pellet had a high optical density, which 

allowed us to quantify light absorption near the band gap threshold. We observed an onset of 

absorption at ca. 0.4 eV (Figure 3-7a, black), characteristic of bulk black phosphorus. The 

analysis of cleaved phosphorus flakes (20 to 40 nm thick) with low optical density revealed an 

additional absorption edge at ca. 1.95 eV (Figure 3-7a, gray). We attribute this absorption event 

to a higher energy transition. We will see that these two absorption thresholds—the low-energy 

band gap transition and the high-energy transition (see band diagram in Figure 3-8b)—are also 

present in suspensions of 2D phosphorus. 

The fractionated suspensions of 2D phosphorus varied significantly in their appearance: 

in transmitted light, dilute suspensions of thick pieces appeared black or brown while those 

containing primarily thin pieces appeared red or yellow (Figure 3-7b, inset).  These observations 

were consistent with the corresponding optical absorbance spectra of the suspensions (Figure 3-

7b) in which we observed a spectral blue-shift as the flake thickness decreased. There are two 

notable features in these spectra: a sharply rising absorption within the visible region and a 
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slowly rising absorption that extends into the near-IR. In the following analysis, we will attribute 

these spectral features to the same high- and low-energy transitions observed in the bulk 

material. 

We sought to quantify these absorption features by using a Tauc analysis. The high-

energy transition achieved an excellent fit to a Tauc model when n = 2, indicating that this 

transition is direct and allowed (Figure 3-7c).  We assigned the high-energy transition energies to 

values of 1.95 eV in bulk black phosphorus and 3.15 eV in a suspension containing primarily 

monolayers, the thinnest fraction analyzed.  The fact that the Tauc models fit our data may 

suggest that the five experimental challenges outlined above—light scattering, high exciton 

binding energy, Urbach tail, anisotropic optical properties, and variation in band gap—have a 

negligible effect on our Tauc analyses of the high-energy transition.  

When we applied the direct Tauc model to the low-energy transition, we measured a value 

of 0.40 eV for bulk black phosphorus (Figure3- 7d, bulk) which is slightly larger than previous 

estimates of its band gap. The method of sample preparation—grinding bulk black phosphorus 

with KBr to make a pellet—may have exfoliated some thin sheets, yielding a slightly larger band 

gap.  We found that the band gap is direct and allowed, which is consistent with earlier findings.  

Because theory consistently predicts that the band gap is direct for all thicknesses of 2D 

phosphorus, we attempted to apply direct Tauc models (both allowed and forbidden) to the low-

energy, band gap transition of 2D phosphorus.  For all Tauc models that we explored, we never 

found a linear region of the Tauc plot, which prevented us from determining the band gap using 

this method (Figure 3-7d shows the direct, allowed Tauc plot). We attribute the non-linearity of 

the Tauc plot to several causes.  First, the low-energy transition has a lower absorption 

coefficient than the high-energy transition.  The weak absorbance is more likely to be obscured 
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by other optical processes, such as light absorption from Urbach tails or light scattering.  Second, 

the polydispersity of our samples gives a broader distribution of absorption edges for the low- 

 

 

Figure 3-7. UV-vis-nIR spectroscopy of black phosphorus and few-layer flakes: (A) Optical 

absorbance of bulk phosphorus measured at two different optical densities (black = high; gray = 

low) to reveal two distinct optical transitions (ca. 0.4 eV and 1.95 eV). (B) Absorbance of 2D 

phosphorus suspensions that were prepared by fractionation at RCFs near 3.0, 5.9, 9.7, 14.5, and 

20.2 thousand g’s (red to blue). (C) Representative direct Tauc plots used to determine the band-

to-band transition. (D) Representative direct Tauc plots of the low-energy optical transition.  The 

fit to Tauc models is poor, consistent with the wider range of optical absorption edges that are 

present in these suspensions. 
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energy absorption than the high-energy absorption.  This is because the high-energy transition is 

less sensitive to flake thickness than the low energy transition, as will become apparent in the 

following analysis.  Because of these experimental challenges in applying a Tauc analysis to the 

absorption edge of 2D phosphorus, we introduce a new analytical method that can supplant the 

Tauc method when analyzing families of bulk and quantum-confined semiconductors. 

3.7 A method for determining absorption edges in quantum-confined semiconductors 

In our suspensions of 2D phosphorus, sample polydispersity has prevented a 

straightforward application of Elliot’s theory.  Indeed, this is an extremely common problem and 

the liberal application of the Tauc method often causes large errors in the measurement of band 

gaps.56  To circumvent these challenges, we now introduce an alternate method that can be 

applied to families of bulk and quantum-confined semiconductors such as black and 2D 

phosphorus.  We validated our method using simulated absorption spectra of monodisperse and 

polydisperse suspensions of 2D phosphorus.  Our tests demonstrate that the method is robust: it 

can determine absorption edges of semiconductors in polydisperse samples and has several 

advantages over the Tauc method, such as providing an estimate of uncertainty in the absorption 

edge energy (usually less than a few percent).  Crucially, the measurement of an absorption edge 

(also called the optical gap) also allows us to determine the band gap because the optical and 

band gaps differ in energy by the exciton binding energy, which is <15 meV in our experiments 

and therefore negligible. 

Our analytical method, which we call the “alpha method”, utilizes the similarities that 

often exist between the electronic structures of quantum-confined semiconductors and the 

corresponding bulk semiconductor.  As an example, numerous studies of black phosphorus and 

2D phosphorus show that the band gaps of bulk and 2D phosphorus are always direct with both 
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allowed and forbidden contributions, that their lowest energy transition is always located at the 

Z-point (in a 3D Brillouin zone), and that the conduction and valence bands are always 

comprised primarily of pz orbitals.17,37,55  In the case of the black phosphorus family, these 

similarities result in joint densities of states near the absorption edge that are virtually unchanged 

among members of the family, except for an effective scissoring of the band gap energy.  In 

general, the absorption coefficient increases with increasing quantum confinement,79 but we 

hypothesized that the change in the absorption coefficient at the absorption edge (αAE) with 

confinement would be small and could therefore be treated as being unchanged from the bulk to 

the monolayer.  While this is an oversimplification, we will show that this introduces only a 

small error in the determination of optical/band gap energies. 

 
 

 Figure 3-8.  “Alpha method” for band gap determination: (A) The absorption coefficient at 

the absorption edge (αAE) is measured for the bulk material.  We use this αAE to estimate the band 

gap energy for the quantum-confined 2D flakes.  If the 2D flakes are not monodisperse in 

thickness, the band gap that we have determined is an effective band gap.  (B) To convert an 

effective band gap into a real band gap, we (1) plot the effective band gap vs. effective thickness 

for a series of polydisperse samples.  Next (2), we fit the data to a power law, see equation [3.1] 

in the text.  Lastly (3), we use the power law fit to extract the band gap for 2D flakes with real 

thicknesses. 

 

The step-wise analytical method that follows from this hypothesis is illustrated in Figure 

3-8a.  Using black phosphorus as an example, we exploit the fact that the band gap of the bulk 
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material has been measured many times and has a well-defined value (0.33 ± 0.02 eV).  First, we 

measure the absorption spectrum of the bulk material to determine the value of αAE.  Second, we 

measure the absorption spectra of a series of samples of 2D phosphorus.  Finally, we assign the 

band gap of each sample as the energy at which the absorption coefficient equals αAE (see Figure 

3-8a).  Note that this process is equating the absorption edge (optical gap) and the fundamental 

absorption edge (band gap), which is an accurate approximation in our experiments but is not 

necessarily true in all cases. 

To validate the alpha method, we used four calculated (G0W0) absorption spectra—the 

spectra that come from bulk, trilayer, bilayer, and monolayer phosphorus.37  For each spectrum, 

we used the reported band gaps, acquired by measuring the energy difference between the 

conduction and valence bands.  We then applied the alpha method to the same data to obtain a 

second estimate.  Across this family of materials, we found that the maximum difference 

between the methods was 1.85%—an amount that is essentially negligible for most purposes. 

Although the central assumption—that αAE is the same in all members of the family—is not true, 

the error due to this assumption is small.  This is because α rises steeply near the band gap 

(dα/dE is large as the energy E approaches the band gap energy Eg).  Consequently, even if large 

differences in αAE exist among the members of a semiconductor family, these produce small 

differences in the estimated band gap energy. 

With this set of results for monodisperse samples in hand, we then tested whether the 

alpha method could be applied to polydisperse samples.  We constructed a series of 24 different 

artificial mixtures of 2-, 3-, 4-, and 5-layer pieces by taking linear combinations of the calculated 

absorption spectra of the individual flakes.  For these mixtures, Tauc plots were often unusable: 

the plots either contained several linear regions or did not contain any linear region at all.  On the 
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other hand, when we applied the alpha method to each suspension, we always obtained an 

estimate of an “effective band gap”. We found that the effective band gap increased 

monotonically as the sample distributions shifted from containing a majority of thicker flakes (4- 

or 5-layers) to a majority of thinner flakes (2- or 3-layers) and that, as expected, the effective 

band gap always fell between the band gaps of the thinnest (2-layer) and thickest (5-layer) flakes.  

This example shows that the effective band gap does not necessarily correspond to the band gap 

of any real material but rather represents the contributions from various-sized flakes in a given 

mixture.  Nevertheless, if this effective band gap is properly correlated with an “effective 

thickness” and these band gap-thickness correlations are performed on multiple samples, then it 

would be possible, at least in principle, to interpolate between these data points to obtain the 

band gap of 2D materials with real thicknesses (e.g., a bilayer or a trilayer) as illustrated in 

Figure 3-8b. 

The challenge with this approach is that it is not obvious whether the interpolated values 

are correct. We addressed this challenge by applying a robust mathematical approach to 

determine an effective thickness for each simulated mixture that, when paired with the effective 

band gap (alpha method), would lead to correct values of the band gap for real flake thicknesses.  

We compared our effective thicknesses and effective band gaps to those predicted by a power-

law fit of the true thickness and true band gaps for the individual flakes in our simulated 

mixtures.  A power-law fit was selected because, as suggested by numerous calculations, it 

appears to correctly describe the variation in band gap with flake thickness.16,28,37,67,80  The power 

law model yields a band gap for the Nth layer as: 

𝐸𝑔𝑁
=⁡

𝐸𝑔1−𝐸𝑔∞

𝑁𝑥
+ 𝐸𝑔∞

            (3.1) 
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where 𝐸𝑔1
 is the band gap of phosphorene (a monolayer), 𝐸𝑔∞

 is the band gap of bulk black 

phosphorus and x is a parameter describing the nature of quantum confinement in the system.  

Values of x are usually between 0 and 2, where the variation is due in large part to the extent of 

Coulomb interactions79,81 and therefore depends on the material geometry (quantum dot vs. 

nanowire vs. 2D flake).  In the present case, the power law fit is useful because it provides an 

excellent fit to the calculated G0W0 spectra and because it allows us to make direct comparisons 

of the real band gaps to the effective band gaps at non-real (i.e., non-integer) thicknesses. 

In these calculations, we considered the same series of mixtures as above.  The skewness 

of these 24 distributions was systematically varied to capture the full range of likely skews that 

may be observed experimentally, which, as seen in Figure 4, typically have a log-normal shape.  

For each artificial mixture, we employed the alpha method to determine an effective band gap 

and we tested five different statistical approaches to extract effective thicknesses.  The 

approaches that we tested were a number-averaged mean (analogous to 𝑀𝑛
̅̅ ̅̅  in polymer physics), 

a weight-averaged mean (analogous to 𝑀𝑤
̅̅ ̅̅̅ in polymer physics), and the mean, median and mode 

that were derived from a log-normal fit to each distribution. We note that the weight-averaged 

mean is not equivalent to a weight fraction, which is defined as the weight of material per total 

weight of solvent and material (see Supporting Information, Section 11, for a complete 

description of these statistical measures). 

From these 24 mixtures comprising realistic skews, we found that the best two averages 

were the log-normal mean and the number-averaged mean.  When paired with the effective 

thickness as calculated by the log-normal mean, the calculated band gap (power law) was 0.3 ± 

1.5% above the effective band gap (alpha method).  When paired with the effective thickness 

from the number-averaged mean, the calculated band gap was 0.2 ± 2.6% below the effective 
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band gap.  The next two closest measures of thickness were the log-normal median (2.3 ± 1.6% 

above the effective band gap) and the weight-averaged mean (3.6 ± 3.5% below the effective 

band gap).  In general, we found that the extent to which these statistical measures over- or 

underestimated the true bandgap varied systematically with the skewness of the distribution.  For 

distributions with low skewness, the band gap was systematically overestimated by about 1.5%, 

while distributions with high skewness, such as those obtained in our experiments (Figure 4), the 

band gap was systematically underestimated by about 1%, although there were a small number 

of outliers with errors up to 6%.  A table and graphs that summarize these calculations are 

provided in section 11 of the Supporting Information. 

The central conclusion from these simulations is that the alpha method, when combined 

with an appropriate flake thickness, yields band gaps that are reliable.  As noted above, the 

maximum difference between the reported band gap and the alpha band gap was 1.85%.  In 

addition, the maximum error in using either the number-averaged mean or the log-normal mean 

was 6%.  We emphasize that these are maximum errors and the typical errors will be less.  

However, these estimates of error only describe those errors due to data analysis and do not 

include systematic or non-systematic errors that are inherent to the experimental measurements. 

3.8 Thickness-dependent absorption edges of black and 2D phosphorus 

In this section, we compile the results of our experimental determination of the 

absorption edge of 2D phosphorus.  As we described above, the absorption edge probed by our 

experiments (the optical gap) is indistinguishable from the band gap because the exciton binding 

energy is extremely small (8 to 15 meV) and exciton fission is rapid.  When discussing the 

energy associated with a particular transition, we will use “absorption edge”, “optical gap” and 

“band gap” interchangeably. 
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From the absorption spectrum of bulk black phosphorus, we measured αAE to be 0.24 

μm-1, which is equivalent to a light penetration depth of 4 μm. (We note that the absorption 

coefficient determined by us is similar to the one reported previously,73 αAE = 0.17 μm-1.)  We 

then used this absorption coefficient to determine the effective band gap of each 2D phosphorus 

suspension. The thickness distribution of each phosphorus suspension was analyzed by TEM and 

this distribution was converted into effective thicknesses using the four most accurate statistical 

averages (log-normal mean, number-averaged mean, log-normal median and weight-averaged 

mean).  For each of these averages, a power law (Equation 3.1) was fit to the thickness-band gap 

data set.  The same process was repeated for the high-energy transition, with the only difference 

being that the band-to-band transition energy was taken from a Tauc analysis rather than the 

alpha method (see justification, above). 

Figure 3-9 summarizes our most important findings: the experimental quantification of 

the band-to-band transitions of 2D phosphorus.  Figure 3-9a displays the band gaps (orange 

curves, “low energy”) and high-energy transitions (blue curves, “high energy”).  The low energy 

and high energy transitions show the most probable values (dark orange, dark blue) and a 

maximum likely range of values (light orange, light blue). The four curves that define the most 

probable and maximum likely boundaries come from the power-law fits to the four types of 

effective thicknesses, with the most probable boundaries defined by the log-normal and number-

averaged means and with the maximum likely boundaries defined by the log-normal median and 

weight-averaged mean.  The average exponent x of the power law (Equation 3.1) calculated from 

our data is 0.81.  Earlier theoretical predictions suggest that the value may between 0.7 and 1.0, 

with an average value of 0.80 ± 0.11 reported across six studies.16,28,37,66,82,83 
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Figure 3-9.  Experimentally determined band gap (low energy) and high-energy transitions 

of 2D and bulk black phosphorus:  (A) The band gap (orange, “low energy”) and high-energy 

band-to-band (blue, “high energy”) transitions are plotted with respect to flake thickness.  The 

dark blue and dark orange regions define the most probable energy values and the light orange 

and light blue define the maximum likely range.  (B) Band structure of bulk black phosphorus at 

the Z point of the first Brillouin zone. The orange arrow represents the band gap transition (VB 

 CB) while the blue arrow represents the high energy transition (VB-1  CB).  The plot also 

shows the parity of bands near the Z point (+, -) and the nature of orbitals that primarily 

contribute to each band (py, pz).  The valence bands come from angle-resolved photoelectron 

spectroscopy measurements18,85 and the conduction bands come from calculations.18,84  The 

horizontal dashed line shows the Fermi level. 

 

Our measurements provide direct experimental evidence that the band gap and the high-

energy transitions undergo extreme changes as flakes approach monolayer thickness.  The band 

gap can be tuned from 0.33 ± 0.02 eV in bulk to 1.88 ± 0.24 eV in bilayers.  The higher energy 

transition can be tuned from 1.95 ± 0.06 eV in bulk to 3.23 ± 0.39 eV in bilayers.  These ranges 

surpass all known 2D materials and are as large as the most tunable quantum dots.  The most 

important band gaps and high-energy transitions are reported in Figure 3-9a and Tables 3-1 and 

3-2.  Our estimates of error (e.g., ± 0.24 eV for the band gap of bilayers) are the same as the 

maximum ranges in Figure 3-9a (light blue and light orange regions).  These estimates of error 

do not include the 1.85% maximum error between the alpha method and reported gaps or 

experimental error.  We have not extrapolated our power law to a monolayer thickness because 
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of the errors associated with such an extrapolation: the smallest effective thickness of our 

samples was 1.71 layers and it has also been suggested that a phosphorene monolayer does not 

lie on the power-law curve.37 

Table 3-2.  Electronic band-to-band transitions in 2D phosphorus. 

Layers Band gap (eV) High-energy (eV) 

2 1.88 ± 0.24 3.23 ± 0.39 

3 1.43 ± 0.28 2.68 ± 0.32 

4 1.19 ± 0.28 2.44 ± 0.27 

5 1.04 ± 0.27 2.31 ± 0.23 

6 0.94 ± 0.26 2.23 ± 0.20 

7 0.87 ± 0.26 2.18 ± 0.17 

8 0.81 ± 0.25 2.14 ± 0.16 

9 0.77 ± 0.24 2.11 ± 0.14 

10 0.73 ± 0.23 2.09 ± 0.13 

15 0.62 ± 0.20 2.03 ± 0.09 

20 0.56 ± 0.18 2.01 ± 0.07 

∞ 0.33 ± 0.02 1.95 ± 0.06 

 

In order to place these measurements in context, we compare our band gaps to prior 

optical gap measurements (see Table 3-1).  We focus, in particular, on the optical gaps of Yang61 

and Zhang63 because these studies surveyed the largest range of flake thicknesses and because 

these studies are the only two that are in agreement.  When the optical gap and band gap are 

measured in the same dielectric environment, the band gap is expected to be larger than the 

optical gap by an amount equal to the exciton binding energy.  This relationship only holds true 

for measurements that are performed in media with the same dielectric constant, since the 
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exciton binding energy, optical gap, and band gap all depend on the medium’s dielectric 

constant.  This sensitivity to the medium’s dielectric constant disappears as flakes become 

thicker and in the limit of thick flakes, the optical gaps and band gaps converge because the 

exciton binding energy is 8 meV in bulk black phosphorus.17  To see whether the electrical gap 

and optical gap do converge, we focus on four- and five-layer thicknesses, which are the thickest 

flakes that have been studied in the photoluminescence (optical gap) experiments.  The four-

layer optical gap was reported as 0.86 eV and the five-layer optical gap was 0.80 eV.  We 

measured a four-layer band gap as 1.19 ± 0.28 eV and a five-layer band gap as 1.04 ± 0.27 eV.  

It is apparent that the difference between the band gap in our experiments and the optical gap in 

the photoluminescence experiments is decreasing (0.33 eV for four-layer, 0.24 eV for five-layer), 

as expected.  Although the extent to which we can make comparisons is limited by the available 

data, it appears that there is reasonable agreement between our measurements and some previous 

photoluminescence measurements. 

Next, we turn our attention to the high-energy band-to-band transition.  Although this 

transition has been neglected in earlier studies, we suggest two reasons that understanding this 

transition will be important.  First, the changes in the color of 2D phosphorus with decreasing 

thickness (Figure 3-7b, inset) are due, in large part, to changes in the high-energy band-to-band 

transition rather than the band gap.  As a result, the ability to modulate the material’s color 

requires an understanding of the high energy transition.  Second, the high-energy transition has a 

substantially larger absorption coefficient (3.3 μm-1 at 3 eV) and a smaller light penetration depth 

(300 nm at 3 eV) than the band gap transition.  This feature will be important in designing 2D 

phosphorus for applications that require high light absorption. From our Tauc analyses of the 

high-energy transition, we found that the bulk material has a transition energy of 1.95 eV, 
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increasing up to 3.23 ± 0.39 eV in bilayers (Figure 9b, blue).  From these measurements, it is 

also apparent that the high-energy transition is less sensitive to flake thickness as compared to 

the low-energy band gap transition: from bulk to bilayers, the band gap changes by 1.55 eV 

while the high-energy transition changes by 1.28 eV.  This difference in sensitivity may be why 

Tauc plots appear to work well for the high-energy transition while they do not work for the low-

energy transition.  

Finally, we describe four key observations that allow us to determine the nature of the 

high-energy transition.  First, the Tauc plots show that there is a linear relationship between 

(αhν)2 and the photon energy (Figure 3-7c), which is characteristic of a direct, allowed transition.  

Second, the high-energy transition is sensitive to material thickness, varying from 1.95 eV in 

bulk to 3.23 eV in bilayers.  These changes follow a power law and therefore appear to be driven 

by quantum confinement.79,81 As such, it is plausible that the high-energy transition occurs at or 

near the Z-point of the Brillouin zone, since Z is perpendicular to the plane of flakes.  In 

examining the band structure near the Z-point (Figure 3-9b), it is clear that there are two likely 

candidates for a direct optical transition at or near the Z-point: a transition between the valence 

band (VB) and the second lowest unoccupied band (CB+1) or between the second highest 

occupied band (VB-1) and the conduction band (CB).  Third, the energy of the transition for the 

bulk material (1.95 eV) can be compared to previous measurements of the band structure of bulk 

black phosphorus.15,84 From these comparisons, it is clear that only the VB-1  CB transition 

provides the right energy.  Fourth, the absorption coefficient of the high-energy optical transition 

is considerably larger (about ten times larger) than that of the low-energy optical transition.  This 

observation is consistent with an assignment of the optical transition to VB-1  CB: this 

transition is direct, allowed in the c-direction, and leads to a change in parity (+  -).17 These 
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selection rules favor strong optical absorption.  Figure 3-9b summarizes this assignment and also 

identifies the low-energy transition. 

3.9 Conclusions 

In this work, we have described our method42 for preparing and isolating large quantities 

of monolayers, bilayers, and few-layer flakes and we identified benzonitrile as the best solvent of 

those we surveyed.  Although shear mixing provides insufficient force for exfoliating high-

quality samples of black phosphorus, it is possible to combine shear mixing and sonication to 

exfoliate black phosphorus at the 10-gram scale.  Using XPS, TEM, and multi-slice TEM 

simulations, we observed that monolayers, bilayers, and few-layer flakes of 2D phosphorus are 

crystalline and unoxidized.  Our work also demonstrates a rapid and simple TEM-based method 

for measuring the thickness of 2D phosphorus. 

Using a method that we introduced here for quantifying the optical absorbance spectra, 

we showed that it is possible to measure the optical gap of polydisperse 2D phosphorus samples 

and to extract an accurate estimate of the material’s band gap.  Our results may go some ways 

towards resolving the long-standing question of how the band gap of black phosphorus changes 

with thickness.  We expect that the methodology presented here will be broadly applicable as it 

provides a robust approach for optical or band gap measurement in mixtures of complex 

semiconductors and can extract useful information even when the Tauc analysis fails. 

Of central importance for future applications of 2D phosphorus, we have performed the 

first accurate measurements of the thickness-dependent band gap.  Although there are a large 

number of theoretical predictions, these predictions have not yet been tested, until now, by 

careful experiments.  We found that the band gap can be tuned from 0.33 ± 0.02 eV in bulk black 

phosphorus to 1.88 ± 0.24 eV in bilayer phosphorus.  It is important to note that the band gap 
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will likely depend on the surrounding medium but, in any case, the range of optical transitions 

for black and 2D phosphorus is relatively large compared to that of other quantum-confined 

nanomaterials such as MoS2 (1.2 to 1.9 eV),9,85 CdSe quantum dots (2.0 to 3.0 eV)86 or PbSe 

quantum dots (0.27 to 1.5 eV).11–13,86  This suggests that the electronic coupling between layers is 

stronger than in most other van der Waals layered solids but a complete description of this 

unusual property is still needed.  Looking toward future applications of this material, we suggest 

that the astounding range of band gaps that can be achieved by 2D phosphorus, with tunable 

absorption thresholds from the infrared to the visible, will provide a new material platform for 

the design and development of solar cells, photodetectors, photocatalysts, transistors, and 

batteries. 
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4.1 Introduction 

Quantum confinement has resulted in some of the most exciting properties within 

chemistry, materials science, and physics. The size-dependent electronic structure of quantum 

confined materials have made them candidates for a wide variety of applications, from electronic 

displays1-2 to photovoltaics3-4 to medical imaging5-6 to sensors7-8.  Many applications, especially 

those in optics and electronics, require that quantum-confined building blocks retain their 

properties, even when in an aggregated, electronically conductive state.  This requirement has led 

to numerous efforts in, for example, quantum dot solids, to identify methods of reducing the 

distance between dots while maintaining their quantum confined properties9-13.  With the 

relatively recent emergence of 2D quantum-confined semiconductors, a similar challenge has 

now emerged: is it possible to control the separation between adjacent 2D flakes to produce 

highly conductive 3D solids that retain the quantum-confined optoelectronic properties of their 

2D building blocks? 
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 The emergence of quantum confinement in 2D semiconductors has been heralded as a 

significant advance towards enabling fascinating new materials.  One of the outstanding 

examples of such quantum confined semiconductors is 2D MoS2, which transitions to a direct 

band gap material with strong photoluminescence only at monolayer thickness14-15.  Another 

exciting advance has been the development of quantum confined 2D phosphorus, which has a 

band gap that can be tuned from 0.3 eV (bulk) to 2.1 eV (monolayer)6.  Numerous studies have 

examined the optoelectronic properties of 2D materials when they are restacked into solids.  

Such studies consistently show that the quantum confined properties are lost when two 2D solids 

are stacked on top of each other, regardless of the orientation between the two flakes16. 

Here we introduce a strategy to maintain quantum confinement in highly conductive 3D 

solids comprised of 2D materials.  Our strategy relies on the entrapment of a monolayer of small 

molecules between adjacent layers, which lead to a small (ca. 4 Å) increase in interlayer spacing 

between adjacent flakes.  This distance is large enough to maintain full quantum confinement—

as judged by, for example, the photoluminescence of our 3D films of MoS2—but is small enough 

to achieve among the highest electrical conductivities yet reported for 3D assemblies of 2D 

materials.   Compared to quantum dots, which are challenged by trap state passivation, our 3D 

films have low trap state densities due to the intrinsic lack of surface states on all but the edges 

of 2D flakes.  Furthermore, our results indicate that the conductivity of solids are at least the 

same order of magnitude, if not greater, than those of quantum dots. By using 2D materials as 

building blocks, we show that we can engineer 3D architectures that remain quantum-confined 

even in “bulk” form, allowing the integration of 2D materials into a wider range of technologies 

than were previously accessible and the fabrication of materials with a wide range of desirable 

colors and properties. 
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4.2 Qualitative optical evidence of quantum confinement in 2DM films  

2D flakes of various TMDs and black phosphorus were prepared by liquid exfoliation by 

sonication in N-methyl 2-pyrrolidone (NMP).  These were centrifuged to isolate 2D materials 

with well-defined thickness distributions.  Samples containing monolayers of MoS2 were 

prepared by n-butyl lithium-assisted chemical exfoliation, and transformed back into the 2H 

phase via refluxing in 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone (DMPU) under an 

inert atmosphere.  Samples of 2D flakes were transferred into n-butanol for deposition in a 

Langmuir-Blodgett (LB) trough.  Films of varying thicknesses were deposited onto glass, silicon, 

or polymer substrates through repeated LB film formation and deposition.  Thicker films were 

prepared by vacuum filtration of suspensions of 2D flakes in isopropanol onto a 0.1 µm PVDF 

membrane. 

 The liquid suspensions of 2D flakes in solvents exhibited variable colors depending on 

their thickness owing to varying degrees of quantum confinement.  Most samples transitioned 

from a grey/black color in thick flakes towards yellow or red in monolayers.  When these flakes 

were deposited as thick films, either via LB deposition or vacuum filtration, we observed that the 

color of the films matched that of the starting 2D suspension (Figure 1A).  When we measured 

the electrical conductivity of one such film of thin 2D phosphorus, we were surprised to observe 

that the the electrical conductivity, ca. 10-4 S/cm, exceeded that of many high quality films of 2D 

materials17.  This suggested that, in spite of the quantum confinement, the flakes within these 

materials were in good electrical contact. 
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Figure 4-1.  Suspensions and films of 2DM exhibiting quantum confined optical properties 

and electronic coupling: (A) 2D materials of MoS2, WSe2, and black phosphorus dispersed in 

solvent.  Each film was prepared from the dispersion directly above.  (B) Electrical conductivity 

of films of 2D black phosphorus at atmospheric pressure and under uniaxial pressure.  After 

uniaxial pressure is released, the films retain quantum confinement and have an electrical 

conductivity of 10-5 to 10-4 S/cm. 

 

4.3 Structural investigations of 2DM films  

To understand the origin of this surprising combination of quantum confinement and 

electrical conductivity, we examined the structure of the vacuum-filtered and Langmuir-Blodgett 

films.  Scanning electron microscopy of the vacuum filtered films (Figure 4-2A) revealed 

densely packed layers of 2D materials with a preferential co-facial alignment of adjacent 2D 

flakes.  The Langmuir-Blodgett films were thinner, slightly rough, but individual flakes were 

difficult to distinguish (Figure 4-2B).  The lack of well defined features suggested a relatively 



93 

 

dense packing of the 2D flakes.  The co-facial alignment of adjacent flakes, as seen in (Figure 4-

2A) for MoS2, was observed in all vacuum filtered films, and could partially explain the high 

electrical conductivity observed in these films. 

 To provide deeper insight into the structure of these films, we performed several x-ray 

diffraction techniques.  To confirm whether most flakes shared a similar oriention, we mapped 

the orientation of the (002) plane in a film made from few-layer MoS2 using the pole figure 

technique (Figure 4-2C).  The (002) plane is parallel to the plane of each 2D flake.  A randomly 

oriented film would show equal intensities at all angles; instead, we observed strong intensities 

within 15 degrees of the film’s normal.  This indicated that most flakes were oriented with their 

normal nearly parallel to the film’s normal, similar to the SEM image in Figure 2A.  Next, to 

measure the spacing between flakes, we prepared a LB multilayer film made of monolayer 

MoS2.  Near room temperature, we observed strong diffraction at 8.9° 2-theta, corresponding to 

an interlayer distance of 7.0 Å (Figure 4-2 D,E).  Upon heating above 240 °C, the peak at 8.9° 

disappeared and a new peak at 14.1° appeared, corresponding to an interlayer distance of 3.3 Å 

(the bulk interlayer distance is 3.2 Å).  Upon returning to room temperature, the peak at 14.1° 

remained.  This behavior suggested the presence of a molecule trapped between adjacent layers 

that evaporated upon heating.  To assess if a molecule was present, we performed secondary ion 

mass spectroscopy (SIMS) on the same film.  Indeed, we observed a large signal from the 

cyanide ion, which is a decomposition product from the DMPU solvent used to prepare the MoS2 

film.  The boiling point of DMPU, 240 °C, agreed with the temperature at which the interlayer 

spacing decreased.  These structural investigations indicate, therefore, that the 2D flakes are 

largely stacked parallel to each other (i.e., in a co-facial orientation) with a small, planar 

molecule holding apart adjacent layers.  
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Figure 4-2. Structural analysis of MoS2 films: (A)  SEM images of a vacuum-filtered film of 

few-layer MoS2.  (B) Top and side-view SEM images of a LB film of monolayer MoS2.  (C) 

Pole figure analysis of the (002) plane of a film of few-layer MoS2.  (D, E) 2-theta analysis of 

monolayer MoS2 as a function of temperature; scale bar shows intensity of diffracted x-rays. 

4.4 Van der Pauw Conductivity Measurements and Activation Energy of 2DM Films 

To further understand the electronic coupling between individual flakes that have been 

reassembled into a film, we measured their electrical properties using uniaxially pressure- and 

temperature-dependent van der Pauw resistivity measurements (Figure 4-3). We use MoS2 films 

as a model system because we can control the average number of layers per flake by choice of 

preparation technique: intercalation of n-butyllithium (nBuLi) yields primarily monolayer MoS2 

flakes while normal liquid exfoliated suspensions can be centrifuged to get polydisperse fractions 

of thin (3–10 layers) and thick (10 layers to bulk-like) flakes.  

We first measured the conductivity of the films of monolayer MoS2 (Figure 3A). We 

found that conductivity of films prior to pressurization (Figure 4-3A., black) is 3.2  10-8 S/cm at 

30° C. When the pressure was increased to 0.1 GPa (Figure 4-3A., red), there was a dramatic 

increase in the conductivity to 6.1  10-6 S/cm at 30° C. It has been shown that for 

polycrystalline 2H-MoS2, there is a 0.448 log (σ)/GPa dependence up to 10.0 GPa with 
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hydrostatic pressure18.  For 0.1 GPa applied pressure, this corresponds to a 10% increase in 

conductivity. Given the 1000-fold increase in conductivity with applied pressure, we therefore 

conclude that the increase in conductivity with compression is due to an improvement in the 

percolative network for electrical transport. Increasing the pressure further to 0.2 GPa (Figure 

3A., blue) only slightly improved the conductivity of the film, to 9.8  10-6 S/cm at 30° C. 

For all pressures, there is a log σ ~ 1/T dependence. This dependence has also been 

observed in analogous systems, such as nanoparticle arrays, in which charge transport proceeds 

via hopping events across the array19. We measured an activation energy (Ea) for charge 

transport of 1.2 eV, which is larger than the reported in-plane Ea of 0.417 eV for 2H-MoS2 at 

room temperature20. We therefore expect the measured activation energy to be the energy 

required for an electron to hop from one 2D flake to the next, thereby making one flake 

positively charged and the other negatively charged.  This is called a charging energy, and is the 

work required to charge a capacitor to the elementary charge of an electron (Eqn. 4.1): 

  

𝐸𝑎 =⁡∫
𝑞

𝐶
𝑑𝑞

𝑒
=⁡

𝑒2

2𝐶
            (4.1) 

where q is charge and C is the capacitance. For spherical nanoparticle systems, it has been shown 

that Ea is proportional to s/r , where s and r are nanoparticle separation and radius, respectively8.  

We expect a similar dependence of Ea on flake thickness and separation. To investigate 

this dependence, we measured the electrical properties of vacuum filtered films with thick (10 

layers to bulk-like) and thin (3 to 10 layers) MoS2 flakes (Figure 4-3B,C). Consistent with our 

findings above, there was at least an order of magnitude increase in conductivity upon 

compression of the vacuum filtered films. Additionally, we find that Ea ~ 1/t, where t is the 

thickness of MoS2 flakes and that pressurizing the film has a minimal effect on Ea.  These 
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experiments demonstrate that compression does increase the proportion of flake area that is 

situated at the point of closest contact (an interlayer distance of 7.0 Å), where the rate of electron 

transfer is the highest. 

 

Figure 4-3. Electrical properties of MoS2 films with varying flake thickness. (A) 
Conductivity of MoS2 films prepared from nBuLi exfoliation and Langmuir-Blodgett trough 

deposition. Tables of conductivity and activation energy values for vacuum filtered (VF) films of 

‘thick’ (~10–40 layers) MoS2 flakes (B) and thin (~3–10 layers) MoS2 flakes (C). 

 

4.5 Raman and Photoluminescence evidence of Quantum confinement 

 With these conductivity measurements in hand, we next explored the quantum 

confinement of Langmuir-Blodgett films of various 2D materials via UV-vis-nIR, fluorescence, 

and Raman spectroscopies. We found that the dispersions of both bulk-like and few-layer (2D) 

MoS2 flakes exhibited similar spectral shapes to the as-deposited films, and that the 2D films 

retained the same absorption edge as the 2D dispersions rather than reverting to the bulk-like 

film absorption edge. This suggests the retention of the quantum confined properties of the 2D 

building blocks (Figure 4-4A). The exciton absorption peaks of MoS2 provide useful indicators 

of the degree of quantum confinement in these films21-23, and the blue-shifted exciton A peak of 

the 2D MoS2 film as compared to the bulk-like flakes (Figure 4-4A, inset) confirms the retention 

of quantum confinement.  
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 We further probed the dependence of quantum confinement on flake-to-flake interlayer 

distance by performing photoluminescence measurements on films of nBuLi-exfoliated 

monolayer MoS2 under an applied pressure. The monolayer photoluminescence (PL) peak of 

MoS2 is known to quench and slightly red-shift when two flakes are brought into direct contact24-

26, indicative of the increase in interlayer electronic coupling as the flake thickness increases. By 

measuring the PL peak of monolayer MoS2 under pressure, we can obtain a quantitative measure 

of the quantum confinement of our 2D material films and compare it directly to the conductivity 

studies under unilateral pressure.  

 An MoS2 film was created via Langmuir-Blodgett assembly on a silicone substrate with 

five sequential depositions and the pressure was applied using a diamond anvil cell. The pressure 

was measured in-situ by monitoring the Ruby R1 fluorescence peak and comparing to known 

calibration curves27. At 0 GPa pressure (Figure 4-4B), we observe a PL peak at ~664 nm, 

consistent with previous reports of monolayer and bilayer photoluminescence27-30. With applied 

pressure, the PL peak is quenched and blue-shifted with respect to the peak at 0 GPa but returns 

to its original position upon pressure release. This pressure-induced blue-shift and quenching has 

been previously observed for monolayer and bilayer flakes of MoS2
31, suggesting that our 

assemblies of monolayer flakes are acting independently despite the applied pressure and are, in 

fact, not coupled. This agrees well with the pressure–conductivity and activation energy 

measurements that suggest that the increase in conductivity is due to the improved percolation 

network with compression rather than a decrease in flake-to-flake distance. 

 The A1g and E1
2g Raman modes of MoS2 provide further evidence that the flakes remain 

confined under compression (Figure 4-4C). The peak frequency difference (cm-1) of the A1g and 

E1
2g phonon modes is known to widen with increased flake thickness as a result of interlayer 
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coupling32-34, with frequency differences of 19-20 cm-1 for the monolayer and ~25 cm-1 in bulk. 

The peak frequency differences for our sample (Figure 4-4D) at 0 GPa agree well with the 

reported values for monolayer and bilayer flakes of MoS2. Under applied pressure, the peak 

frequency difference for our MoS2 film increases slightly, but returns to the 0 GPa value after 

pressure release. The peak frequency differences at 0 and 2.70 GPa are both within the range of 

observed peak frequency differences for monolayer and bilayer flakes, and suggests that the 

flakes are not strongly coupled.  

 The slight widening of the peak frequency differences of the A1g and E1
2g modes with 

pressure could also be attributed to a pressure-induced effect on an individual crystal31, 34-36 rather 

than interlayer flake-to-flake coupling. We can test this theory by examining the direction of 

peak shift for the phonon modes. For individual crystals of MoS2, the A1g mode stiffens (blue-

shifts) and the E1
2g softens (red-shifts) during the transition from monolayer to bulk. Under 

pressure, however, both of the Raman modes are known to stiffen and the peak frequency 

difference would widen. The data in Figure 4-4C clearly shows a stiffening of both the A1g and 

E1
2g modes for our MoS2 films, allowing us to attribute the observed peak frequency widening to 

a pressure-induced effect of an individual flake. The collective results from the absorbance, 

photoluminescence, and Raman data unequivocally confirm that the MoS2 flakes remain 

quantum confined when assembled as a thick film, despite being electronically coupled.   
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Figure 4-4. Quantum confinement of 2D material films. (A) Absorbance spectra of bulk-like 

and 2D MoS2 dispersions and corresponding films. Inset: blue-shift of exciton A with decrease in 

flake thickness. (B–C) Photoluminescence (B) and Raman shifts (C) of monolayer MoS2 films as 

a function of unilateral pressure. (D) Peak frequency difference as a function of pressure for the 

Raman spectra in (C). (E), (F) Absorbance spectra of bulk-like and 2D Black Phosphorus (E) 

and WSe2 (F) dispersions and corresponding films. Inset (F): blue-shift of exciton with decrease 

in flake thickness demonstrates retention of quantum confinement. 

 

 Based on this new understanding of the quantum confinement of MoS2 flakes deposited 

as films, we wondered whether we could extend our findings to films of other 2D materials. To 

test this, we deposited films of bulk and 2D black phosphorus (Figure 4E) and tungsten 

diselenide (Figure 4F) and measured the absorbance spectra of the dispersions and films. In each 

case, the dispersions and films of the 2D flakes are both blue-shifted as compared to the bulk-

like flakes, indicating the retention of the quantum confined properties of the 2D building blocks.   

Our successful demonstration that films of 2D materials can be designed to retain their 

quantum confined properties while remaining electronically coupled provides a new strategy for 
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the design of 3D materials whose properties can be tuned based on the underlying building 

blocks. This would allow the creation of 3D materials with arbitrary combinations of absorption, 

conductivity, metallic, and insulating characteristics and will advance development, not only for 

semiconductors but other 2D materials and their mixtures. 
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5.1 Introduction 

Nearly every material property, from color to conductivity to chemical reactivity, is 

influenced by the distance between atoms.  As atoms approach, orbitals overlap, bonds form, and 

wavefunctions delocalize.  Even in materials where interatomic distances are difficult to change, 

many theoretical approaches—Pauling’s bond orders and resonance1, Mulliken’s overlap 

populations2, or Hückel and Hoffmann’s linear combination of atomic orbitals3-4—guide 

understanding and motivate the search for improved control.  One such material system for 

which control of interatomic distances has been elusive are stacks of 2D materials, often called 

van der Waals heterostructures5.  These heterostructures have attracted intense study because 2D 

materials can be assembled in virtually any sequence, encoding functions into the stack one 2D 

layer at a time.  Adjacent layers are usually separated by 3 to 4 Å—a distance 1 to 2 Å longer 

than covalent or ionic bonds—and therefore the dispersion force, a type of van der Waals force, 

is the primary interaction between layers.  As such, 2D heterostructures with reduced interlayer 

distances, strong interlayer interactions, and radically different properties, have been rarely 

explored. 

mailto:*sw@unc.edu
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Here we explore a strategy to reduce the distance between 2D materials by creating 

heterostructures with strong Coulombic attractions between layers.  When two neutrally charged 

2D materials are stacked, electrons transfer between layers to equilibrate the Fermi level.  This 

results in one layer with net positive charge and one layer with net negative charge, which, in 

principle, could provide an electrostatic attractive force that could reduce the interlayer distance.  

In 2D materials explored so far, however, it has not been possible to reduce the interlayer 

distance.  For example, in heterostructures that seem well-suited for charge transfer, such as 

those made from n-type MoS2 and p-type WSe2, the amount of charge transfer is, in fact, less 

than 0.01 electron per atom of MoS2
6. This amount of charge transfer is insufficient to achieve a 

measurable reduction in interlayer distance7.  Recently, however, we introduced a new class of 

2D materials, called electrenes8-9, that may be poised to address this challenge.  Electrenes are 

electron-rich 2D materials that are derived from electrides, a type of ionic solid in which the 

lattice sites that would ordinarily hold an anion instead holds just a bare electron10-20. In layered 

electrides, the electrons lie in planes, and the process of exfoliation exposes these electrons on 

the surface (Figure 1b).  It has recently been shown experimentally21 and computationally22-23 

that these surface-exposed electrons can be donated to adjacent 2D materials.  For example, in 

the case of a 30-nm thick electride flake next to MoTe2, 0.11 electrons per atom were transferred 

to MoTe2
21.  The potential use of electrenes as an electron donor to form bonds between 2D 

materials is, however, entirely unexplored. 

To provide insight into the proposed electrene-2D heterostructures, we consider an 

analogous process:  the electron transfer reaction that occurs when metallic sodium reacts with 

chlorine gas to yield insulating table salt. Although this example is familiar, it demonstrates the 

ways in which structure and properties can be radically transformed by electron transfer.  Thus, 
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by using an electrene to donate electrons to other 2D materials, Coulombic forces will attract 

each layer together, yielding a heterostructure that may have radically different properties.  To 

distinguish this class of layered solids from van der Waals (vdW) heterostructures, we introduce 

the name Coulombic heterostructures. 

5.2 Interlayer Distance and Charge Transfer in Coulombic Heterostructures 

We calculate from first principles (see Section 2.5.1 for full details) the structure of 

common layered materials, the layered electrides, and Coulombic heterostructures. We show a 

qualitative representation of our result for a graphene/electrene heterostructure in Figure 5-1. As 

expected for van der Waals forces, the interlayer distance of bilayer graphene is 3.4 Å (Figure 5-

1a). The layered electrides have formula unit M2N (M: Ca, Sr, Ba) or M2C (M: Y, Gd) and have 

a much larger interlayer distances (average: 3.8 Å) that are occupied by an anionic 2D electron 

gas (Figure 1b). When assembled as a heterostructure, we find a decrease in interlayer distance 

to 2.7 Å and the loss of the electron gas at the interface of the heterostructure. This distance is ca. 

1.0 Å less than a typical van der Waals interaction, yet 1.0 Å larger than covalent and ionic bond 

distances. Given the charge transferred from electride to 2DM and the atypical interlayer (as well 

as interatomic) distances, this raises questions about the nature of interlayer bonding in these 

materials.  
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Figure 5-1.  Achieving high degrees of charge transfer by combining 2D electrenes with 

other 2D materials: (A) Bilayer graphene with interlayer distance ca. 3.4 Å (B) Bilayer 

electrides with structure M2N (M: Ca, Sr, or Ba) or M2C (M: Y, Gd). (C) A 2DM/Electrene 

heterostrcture with interlayer distance of 2.7 Å and donation of the electron gas into the 2DM. 

 

One instructive method to classify bonding is to plot the covalent, ionic, metallic, and van 

der Waals character of a compound with a bonding tetrahedron (Figure 5-2A).  Here, we focus 

on the covalent-ionic-van der Waals triangle (Figure 5-2B), as these parameters can be readily 

quantified in electrene heterostructures.  In our plot, we quantify the covalent-to-ionic (left-to-

right) direction based on the degree of charge transfer between donor and acceptor atoms in the 

material, as calculated by a Bader integration of electron density.  For example, the C-C bond of 
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diamond has no net electron transfer between atoms, so the compound lies on the left side of the 

plot, while in NaCl, 0.83 e- are transferred from Na to Cl, so it appears on the right side.  The 

extent of van der Waals character is calculated by dividing the observed bond distance by the van 

der Waals distance.  For example, the B-N bond length in borane-ammonia (H3B-NH3) is 47% of 

the van der Waals radii of B + N, while the distance between C atoms is adjacent layers of 

graphite is exactly 100% of the van der Waals distance.   

 

 

Figure 5-2.  Bonding and charge transfer in Molecular compounds, van der Waals 

materials, and Coulombic heterostructures: (A) A traditional representation of bonding types 

including vdW, ionic, covalent, and metallic. (B) Bonding interactions between van der Waals, 

covalent, and ionic compounds as described by bond length (% of vdWs distance) and charge 

transfer per acceptor atom. (C) Examination of the prevalence of bond length is a subset of 

crystals from the Materials Project.  Peaks represent covalent or ionic interactions (purple) or 

vdW interactions (yellow). 
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In the above example of a electrene-graphene (e-C) heterostructure, the interlayer distance of 2.7 

Å corresponded to a bond length of 68%.  A Bader analysis determined that, on average, 0.12 e- 

was transferred per acceptor atom (in this case, graphene is the acceptor).  To explore whether 

other Coulombic heterostructures were similarly unusual, we examined three other compositions: 

Sr2N and hBN (e-BN), Ca2N and black phosphorus (e-BP) and Ca2N and ZrS2 (e-ZrS2). In 

general, we find that Coulombic heterostructures have 0.1 e- to 0.5 e- transferred per acceptor 

atom with distances approximately 65 to 70% of the sum of their vdW radii.  To show that these 

bond lengths are distinctive, we quantified bond distances in a subset of compounds from the 

Materials Project24 and plotted nearest-neighbor bond distances and van der Waals distances 

(Figure 5-2C).  The analysis shows that covalent and ionic bonds fall largely between 40 and 

65%, while van der Waals interactions are usually >85%.  The region between 65 and 85% has 

been called the van der Waals gap—a range of interatomic distances where bonding is rarely 

observed.  The observation of bond distances between 65 and 70% therefore indicates that 

Coulombic heterostructures have a distinctive type of bonding that has been largely unexplored.  

In general, we find that these bond distances are about 1 Å longer than ordinary covalent or ionic 

bonds and about 1 Å shorter than van der Waals interactions. 

5.3 Binding Energy and Orbital Projections in Coulombic Heterostrucutres 

To visualize the charge transfer in a Coulombic Heterostructures, we use orbital 

projections and electron density deformation. In Figure 5-3A and 5-3B, we plot the orbital 

projection of the electronic states within thermal energy (kT) of the Fermi level. The conduction 

bands of graphene are composed of pz orbitals, while that of Sr2N is a 2D electron gas with some 

orbital mixing with Sr d and N p states. When the two materials are assembled as a 
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heterostructure (Figure 3C) there is loss of the electronic states for the 2D electron gas at the 

interface and an increase in electron density for the C pz orbitals. The band structure of e-C 

shows that the Dirac cone of graphene remains largely unperturbed, with a large upward shift of 

the Fermi level of 1.4 eV (see supporting information). While these orbital projections give a 

qualitative depiction of the charge transfer, they cannot be directly compared due to the changes 

in the Fermi level. Because the optimized structure is relatively unchanged compared to the 

individual components, we instead calculate the electron density deformation, nedd, of e-C as: 

𝑛𝑒𝑑𝑑 = 𝑛𝑒−𝐶 − (𝑛𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒 + 𝑛𝑆𝑟2𝑁)            (5.1) 

where ne-C is the total electron density for the heterostructure, ngraphene is the electron density of 

graphene in the e-C supercell without Sr2N and nSr2N is the electron density of Sr2N in the e-C 

supercell without graphene. We find that the assembly of an e-C heterostructure has no effect on 

the 2D electron gas on the surface of Sr2N, a loss of electron density at the interface, and a gain 

in electron density into pz shaped regions on the graphene sheet. 
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Figure 5-3: Orbital projections, electron density, and interlayer interaction energies in 

Coulombic heterostructures:  Orbital projection of the electronic states within thermal energy 

of the Fermi level for (A) graphene, (B) Sr2N, and (C) the e-C heterostructure. (D) Electron 

density deformation in the e-C, showing a loss of electron density (red) in the interlayer region 

and a gain of electron density (blue) to graphene pz orbitals. (E) Interlayer binding energies for 

Coulombic heterostructures and bilayer graphene (green). (F) Three structural orientations for e-

ZrS2. (G) Interlayer binding energies for the e-ZrS2 structures in (F). 

 

Given the charge transfer and small interlayer distance, we expect an increased interlayer 

interaction for Coulombic heterostructures. We calculate an interlayer binding energy, EBE, with 

Equation 5.2 for various Coulombic heterostructures and bilayer graphene: 

𝐸𝐵𝐸 =
(𝐸𝑖𝑙𝑑−𝐸∞)

𝑛𝑖𝑛𝑡𝑒𝑟
           (5.2) 

where Eild is the total energy of the heterostructure at a given interlayer distance and E∞ is the 

total energy of the heterostructure with a 12.0 Å separation, and ninter is the number of atoms at 
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the interface. Treating the 2D material as the adsorbed species, the interaction energy per 

interfacial atom of 2DM is similar to weak chemisorption, ca. 40.0 kj/mol (Figure 5-3E). We 

note the interaction energy for two orientations of e-BN is significantly lower compared to other 

Coulombic heterostructures. Given the position of the hBN conduction band relative to the Fermi 

level of electrenes, we expect that this is due to an activation energy for charge transfer. While 

the other heterostructures have a strong chemisorptive interaction that dominates the potential 

energy curve, e-BN(a) and e-BN(b) (Figure 5-3E, red and black) have a competing metastable 

phase at ca. 4.0 Å. Interestingly, this metastable phase is equivalent to the sum of van der Waals 

radii of hBN and the distance the electron gas extends out from an electron monolayer, and we 

therefore conclude that this phase is the physisorption of hBN to an electrene. For comparison, 

we plot the interlayer interaction of bilayer graphene (Figure 3E, green). With no favorable 

interactions at distances smaller than the van der Waals distance of 3.4 Å, the potential energy 

curve is entirely physisorptive in character. 

The e-ZrS2 heterostructures are an interesting example of the influence of crystal 

symmetry and lattice matching. We examined three orientations for this heterostructure (Figure 

3F) in which the lattices are eclipsed (e-ZrS2(a)) or staggered with the sulfur atom occupying the 

octahedral site in which the electron gas has the highest electron density (e-ZrS2(b) and e-

ZrS2(c)). In the energy evolution of e-ZrS2(a) with distance (Figure 3G, red) we can see the 

influence of Pauli exclusion: Ca and S atoms are directly aligned such that the repulsion of the 

atomic nuclei results in a larger interlayer distance of 2.75 Å and a charge transfer to ZrS2 of 0.37 

e- per formula unit of electrene. When there is a better lattice matching between ZrS2 and the 

electrene, as seen in e-ZrS2(b) and e-ZrS2(c), these heterostructures exhibit increased charge 

transfer and smaller distances of ca 0.50 e- per formula unit of electrene and 2.0 Å, respectively. 
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With the largest charge transfer and smallest interlayer distances of the Coulombic 

heterostructures, we observe the strongest interlayer binding energies for these systems (Figure 

5-3G). From these calculations of EBE, we conclude that Coulombic heterostructures can be 

quantitatively distinguished from the van der Waals heterostructures and materials larger 

interaction energies and smaller interlayer distances. 

5.4 Quasi-bonding interactions in Coulombic Heterostructures 

 We further investigate the quasi-bonding in Coulombic heterostructures using electron 

density difference vs atomic orbitals (Figure 5-4). Electron density difference (EDD) can be used 

to depict the perturbation (or lack thereof) of atomic orbitals as a result of bonding interactions, 

however, they often depend on a careful analysis coupled with chemical intuition to draw 

quantitative conclusions on the system. Here we use electron density difference to qualitatively 

investigate the perturbation of atomic orbitals within the interlayer space of Coulombic 

heterostructures and compare them to simple covalent, ionic, and van der Waals systems. 

We start by investigating the EDD of the vertices of the vdW, covalent, and ionic 

bonding triangle (Figure 5-4A). For a MoS2 and WS2 vdW heterostructure, we find no positive 

or negative shifts of electron density across the interface (Figure 5-4B), as is expected for weak 

van der Waals with a negligible degree of charge transfer. At the covalent vertex of the binding 

triangle, a H2 molecule has a positive shift in electron density towards the internuclear space of 

hydrogen atoms (Figure 5-4F). Given the simplicity of this particular system, the EDD takes on 

the shape of the highest occupied molecular orbital. Similarly, the EDD of NaCl is easily 

interpreted: because of the charge transfer from Na to Cl, positive (negative) shifts in electron 

density with spherical shape surround each Cl (Na) atom (Figure 5-4H).  
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Figure 5-4.  Electron Density Difference of Different Bonding for Coulombic 

Heterostructures and vdW, Ionic, and Covalent compounds: (A) The vdW, Ionic, and 

Covalent bonding triangle from Figure 5-2B. Letters within triangle place the following figure 

components on the bonding triangle with regard to bonding type: (B) MoS2-WS2 heterostructure 

(C) e-BN (D) e-P (E) e-C (F) H2 (G) NH3-BH3 (H) NaCl. 

 

The EDD of e-C (Figure 5-4E) shows little to no change in electron density across the 

interlayer space, in a manner like the MoS2/WS2 vdW heterostructure. Given this result, as well 

as the charge transfer, interlayer distance, interaction energy, and band structure of e-C, we 

conclude the interaction between graphene and electrenes is analogous to defect-free doping: the 

charge transfer of the electron gas will dope graphene n-type and is accompanied by strong 

electrostatic interactions between the negatively charged graphene and positively charge metal 

ions on the surface of the electrene. Interestingly, the EDD of e-BP (Figure 5-4D) and e-BN(b) 

(Figure 5-4C) do show a positive shift in electron density vs atomic orbitals into the interlayer 
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space, implying a profound change in the chemical nature and electronic structure of these 

materials.  

Of the Coulombic heterostructures, e-BN is perhaps the most interesting from the 

perspective of quasi-bonding interactions. With over a 2.0 eV difference between the Fermi level 

of Sr2N and the conduction band of hBN, it was unexpected that there would be charge transfer 

of the electron gas to the 2DM. Furthermore, as mentioned previously in section 5-3, e-BN is the 

only heterostructure that shows a competitive physisorption phase, in which no charge is 

transferred. To understand why this favorable quasi-bonding occurs for e-BN, we turn to an 

analogous molecular system: the donor-acceptor adduct NH3-BH3 (Figure 5-5). In this system,  

 

Figure 5-5.  Donor-acceptor analogy to rationalize charge transfer in hBN case: (A) 
Molecular orbital diagram of NH3-BH3 (B) Molecular orbital diagram of Sr2N (blue), hBN (red), 

and e-BN (black) suggesting the creation of a quasi-bonding state (C) Supercell of e-BN(b), 

showing the displacement of boron atoms into the interlayer space. Arrows depict the charge 

transfer of the electron gas and formation of a donor-acceptor adduct. (D) Density of states 

(DOS) of Sr2N (blue) and hBN (red) relative to one another and (E) The DOS and of e-BN 

(black) and partial DOS for displaced B atoms (red) and all B atoms (blue) 

 

two electrons from the highest occupied molecular orbital of NH3, the lone electron pair on 

nitrogen, are donated to the lowest unoccupied molecular orbital of BH3, the B p orbital, and 

form a new bonding orbital (Figure 5-5A). The BH3 molecule will change from trigonal planar to 
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tetrahedral to accommodate the increased electron density around boron from the new bonding 

state. 

 We hypothesize that the quasi-bonding in e-BN proceeds via a similar mechanism 

(Figure 5-5B). The conduction band of hBN is composed of B pz oribtals such that when it is 

adjacent to an appropriate donor material, a new donor-acceptor state can be formed. We observe 

structural similarities between e-BN and NH3-BH3; there is a periodic displacement of boron 

atoms towards the electrene such that they assume a tetrahedral bonding configuration (Figure 5-

5C). Furthermore, we find evidence for the formation of a new donor-acceptor state in the 

electronic structure of e-BN. First, we calculate the electronic structure of Sr2N and hBN in the 

same supercell with a 12 Å vacuum space. We find that the band structure of this system is the 

superposition of a monolayer Sr2N and hBN (see supporting information). The Fermi level 

resides within the electron gas band of Sr2N and there is a ca. 2.0 eV difference between the 

conduction band states of hBN and the electron gas band of Sr2N (Figure 5-5D). When 

assembled as e-BN, we find the formation of a new electronic state at -0.5 eV relative to the 

Fermi level (Figure 5-5E). From the partial density of states of e-BN, we find that this state is 

comprised of the previously unfilled boron orbitals, 66% of which is originating from the 

displaced boron atoms (Figure 5-5E red). We conclude that the charge transfer from electrene to 

hBN is favorable upon the formation of a donor-acceptor state with the unfilled pz orbitals of 

boron. This type of interaction between layered materials has never been seen before for stacked 

2DM or van der Waals heterostructures and is a feature exclusive to Coulombic heterostructures. 
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5.5 Unexpected properties of Coulombic Heterostructures 

 We now highlight some of the most interesting properties and applications that result 

from Coulombic heterostructures. The already low work function of electrenes can be further 

decreased by the donation of electron density to the 2D material. Because of the accumulation of 

negative charge, an electric field towards the 2DM is established across the interlayer distance 

that will decrease the work function of the electride (Figure 5-6A). Compared to the work 

function of an electrene (Figure 5-6B, dashed blue line), we find that work function can be tuned 

from 2.6 to 3.5 eV depending on the Coloumbic heterostructure.  

 We also calculate the potential energy surface for sliding 2DMs and electrenes (Figure 5-

6 C-E). It has been previously predicted that the sliding energy of misfit layered compounds is 

virtually zero because of the charged slabs. Here we find that sliding the energy for Coulombic 

heterostructures can span three orders of magnitude, from hundreds to just a few meV per 

supercell. The activation energy for sliding depends on two factors (i) how commensurate the 

lattice matching is and (ii) the distribution of charge across the surface of the material. For 

example, e-ZrS2 has the largest activation energy of 725 meV/supercell for sliding because of the 

conformity of the ZrS2 and electride lattice (Figure 5-6C). Lateral translations of the 2DM 

require a perpendicular displacement to avoid coloumbic repulsion of atomic nuclei. e-BN 

presents an intermediate case for sliding energies, with a value of 55 meV/supercell. While the 

hBN is planar, charge is distributed unevenly across the material and is localized on boron atoms 

to form quasi-bonds (see section 5.4). Finally, we find extremely small activation energies for 

sliding in e-C, with a maximum value of 6.8 meV/supercell, because of the planar, distributed 

charged across carbon atoms. Since the quasi-bonding interaction in e-C is primarily 

electrostatic, it is an ideal candidate for applications requiring superlubricity. 
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Figure 5-6. Work function tailoring, superlubricity and Li ion intercalation of Coulombic 

Heterostructures:  (A)  Depiction of electron transfer and the resulting electric field in a 

Coulombic heterostructure bilayer that leads to the lowering of the work function on both 

graphene and electrene surfaces.  (B) Work functions of four Coulombic heterostructures for the 

electrene (dark blue, lower work function) and adjacent 2D material (higher work function).  For 

reference, the work function of an electrene monolayer is shown as a dashed line.  Sliding 

energies of e-ZrS2 (C), e-BN (D), and e-C (E).  (F) Structure of a lithium-intercalated electrene-

ZrS2 heterostructure.  

 

 

Finally, we investigate the application of Coulombic heterostructures as an electrode in lithium 

ion batteries. ZrS2 is known to be extremely favorable for the intercalation of Li, with a voltage 

of 1.9 V vs Li+/Li. We calculate the energy for the intercalation, Eint, of Li into e-ZrS2 with the 

following Equation 5.3: 
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𝐸𝑖𝑛𝑡 = 𝐸(𝐿𝑖. 𝑒𝑍𝑟𝑆2) − [𝐸(𝑒. 𝑍𝑟𝑆2) + 𝐸(𝐿𝑖)] 

where E(Li-e-ZrS2) is the total energy of a periodic e-ZrS2 heterostructure with one equivalent 

Li atom per formula unit, E(e.ZrS2) is the total energy of a periodic e-ZrS2 heterostructure, and 

E(Li) is the total energy of bcc-Lithium metal. We find that the energy for intercalation is just 

slightly unfavorable, at a value of +0.08 eV and a corresponding voltage of -0.08 V vs Li+/Li 

(Figure 5-6F). This case is an extreme example of tailoring the intercalation voltages of a layered 

material by almost 2.0 V upon assembly as a Coulombic heterostructures. One can imagine that 

alternate stacking sequences, selection of 2DM and electrene, or structural modification of the 

starting materials would afford greater control over intercalation energy for highly designed 

properties. 

5.6 Conclusions 

 To conclude, we have described a remarkable class of 2D materials in which the 

interatomic distances can be shifted into a little-explored region.  We observe clear evidence for 

quasi-bond formation between layers: a shift in electron density from electrene to the adjacent 

2D material that leads to varying degrees of covalency or ionicity between layers.  In this sense, 

Coulombic heterostructures are the 2D analogue of the donor-acceptor motif that has found great 

use throughout chemistry, materials science, and physics.  The discovery of 2D acceptor-donor 

materials with quasi-bond formation while, in some cases, also achieving superlubricity, is a 

remarkable combination of properties.  Moreover, these heterostructures have a set of 

extraordinary properties and may show potential use as electron emitters or in battery electrodes.  

Given the multitude of possible building blocks that could be used in Coulombic 

heterostructures, many more unusual properties are likely to be discovered. 
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APPENDIX: SUPPORTING INFORMATION FOR CHAPTER FIVE 

Figure A1-1. Coulombic heterostructures studied by DFT 

 

 

 

 

Table A1-1: Summary of optimized heterostructure lattice constants and interlayer 

distance. 

STRUCTURE 
SUPERCELL OF 

2DM 

SUPERCELL 
OF 

ELECTRIDE 

LATTICE 
CONSTANTS 

(Å) ILD (Å) 

SR2N/GRAPHENE (E-C) 3x3 2x2 a=b=7.448264 2.754 
CA2N/BLACK PHOSPHORUS (E-

BP) 
2x2 n/a 

a=6.382972 
b=9.604992 

2.624 

SR2N/BORON NITRIDE (E-BN) 3x3 2x2 a=b=7.56458 2.861 
CA2N/ZRS2 - A (E-ZRS2A) 1x1 1x1 a=b=3.611331 2.750 
CA2N/ZRS2 -B (E-ZRS2B) 1x1 1x1 a=b=3.594225 2.044 
CA2N/ZRS2 -C (E-ZRS2C) 1x1 1x1 a=b=3.601243 2.105 
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Table A1-2: Bader analysis results for Coulombic Heterostructures 

Structure qt (e) qt/electride 
formula unit (e) 

Interaction 
energy (kj/mol) 

e-C 1.51 0.38 36.96 
e-BP 2.13 0.43 135.27 
e-BN 1.17 0.29 6.73 

e-ZRS2A 0.37 0.37 130.39 
e-ZRS2B 0.53 0.53 190.68 
e-ZRS2C 0.51 0.51 209.27 

Figure A1-2. Band Structure, DOS, and Orbital projections around Fermi Level for CH: 
(A) e-BN (B) e-P (C) e-ZrS2 (D) e-C 
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Figure A1-3. Bond length analysis for all crystalline solids: (A) Raw data from the integration 

of bond lengths for a subset of crystals. (B) Smoothed data with Gaussian fit for covalent and 

ionic bonds (red), artificial “bonds” between second nearest neighbors (green), and van der waals 

distances (blue). Inset: diagram depicting bond length distances and their assignment. (C) 

Removal of second nearest neighbors 

 


