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ABSTRACT OF THE DISSERTATION

Quantum Transport Properties of Atomically Thin Black Phosphorus
by

Nathaniel Alan Gillgren

Doctor of Philosophy, Graduate Program in Physics
University of California, Riverside, June 2017
Dr. Chun Ning (Jeanie) Lau, Chairperson

Since the discovery of graphene, two-dimensional (2D) van der Waals materials
research has flourished, with new crystals and novel phenomena discovered at a rapid
pace. In 2014, black phosphorus (BP) was rediscovered as a member of 2D materials,
displaying high quality electronic transport with in-plane anisotropy, though the first
generation of layered devices suffered from poor stability and relatively low mobility. In
this thesis, we overcome these challenges by employing van der Waals assembly
techniques to create BP devices sandwiched between thin hexagonal boron nitride layers.
These devices are air-stable, for more than two weeks, and boast mobility up to 500
cm?V's™ at room temperature and 4,000 cm?V*s™ at low temperature. Using two-point
and four-point geometries with global and local gates, we observe Shubnikov de Haas
oscillations that yield effective mass of holes ~0.25 m¢ to 0.31 m¢' where me is the mass of
the electron. From weak localization measurements, we obtain phase relaxation length of
~30 nm to 100 nm. Moreover, we determine mobility bottleneck and transport

mechanism from temperature dependence measurements: when the device is highly hole
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doped, the mobility u exhibits power law dependence on temperature T, pt ~ T*%
suggesting that it is limited by charged impurity scattering; close to the band edge,
conduction is dominated by variable range hopping, with estimated localization length ~
1.7 nm — 30 nm. The studies presented here contributed to our understanding of
electronic properties of atomically thin BP, and will help to guide future efforts in

fabrication, exploring, and engineering devices based on 2D semiconductors.
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Chapter 1

Introduction

1.1 Introduction

Since the discovery of graphene in 2004*, two-dimensional (2D) materials have
emerged as one of the most active frontiers of condensed matter research. The layered
structure of 2D materials allow easy isolation by the so-called “scotch tape method” of
mechanical exfoliation, thus affording researchers easy access to the interesting physical
properties of 2D materials without the need for highly specialized growth chambers. The
research of 2D materials research began with graphene®? and has since branched out to
include other materials, including but not limited to hexagonal boron nitride® (BN),
transition metal dichalcogenides*® (TMD) and black phosphorus (BP).

1.2 Graphene and Transition Metal Dichalcogenides

Graphene possesses some of the most unique physics in the 2D materials research
community and is still under intense study to date. One of the first discoveries in
graphene was the anomalous “half-integer” quantum Hall Effect in monolayer graphene
that manifests in quantum hall plateau sequence (in units of e>/h) of (N+1/2), instead of
N in traditional semiconductors (here N is an integer).%® In addition, monolayer and few-
layer graphene host unusual energy-momentum dispersions. For instance, in single, bi-
and ABC-stacked tri-layer graphene, the energy scales as p", where N is the number of
layers.”® In the single layer case, the massless dispersion relationship is similar to that of
photons with a reduced “speed of light”, ¢ ~ 1x10° m/s. This massless, relativistic
dispersion has many intriguing consequences, such as the Klein paradox (perfect

1



tunneling of relativistic particles across high and wide potential barriers).>'° Moreover,
the presence of an electronic state at zero energy in graphene provides a great platform
for investigating electronic interactions, e.g. a spontaneous gap opening near the

11-14

neutrality point in bilayer graphene and rhombohedral trilayer graphene™ ™, and a

quantum Hall state at filling factor 0 that has no counterpart in GaAs-based
semiconductors.”>*’

In contrast to graphene’s small or non-existent bad gaps, TMD’s possess large
band gaps that lead to interesting optoelectronic and electronic physics. When TMD’s are
exfoliated down to the single layer, they transition from an indirect band gap
semiconductor to a direct gap semiconductor, which significantly increases light emission
and photoluminescence quantum yield.*®*® In addition, the large binding energies
between electron hole pairs that arise from the reduced screening from the confinement in
two dimensions lead to interesting excitonic physics. Furthermore, the valley
configuration of an exciton where the electron and hole are in the same valley but have
opposing spins directly correspond to the circular polarization of the emitted/absorbed
photon.? In addition to these exciting optoelectronic phenomena, recent experiments
demonstrated Ising superconductivity in layered MoS,, where electron spins are pinned to
out-of-plane directions and strongly enhance the in-plane upper critical field that exceeds
the paramagnetic limit.? 2
Despite the rich physics afforded by graphene and TMD, there is a significant gap

in the device properties between graphene and TMD, as illustrated in figure 1.2. The size

of band gap is relatively small or non-existent in graphene, while it ranges from 1 — 2 eV



in TMDs. This leaves an unexplored territory for devices with band gaps between 0.1 —1
eV. There is also a gap in mobility between graphene (10* to 10°cm?v*s™) and TMD
(~100 cm®V"'s™ in most devices, though progress has been made in fabricating high
quality devices**). These gaps are now bridged by the emergence of yet another 2D
material — atomically thin black phosphorus.

1.3 Bulk Black phosphorus

Bulk Black phosphorus was first synthesized by Bridgeman in 1914 by
conversion of white phosphorus at 200 °C and 1.2 GPa®. It is the only stable allotrope of
phosphorus. Unlike white phosphorus’ body-centered cubic structure, BP has a layered-
orthorhombic lattice. Early electrical measurements on bulk BP demonstrated p-type
doping at low temperatures, phonon limited mobilities up to 3000 cm?V's, and a band
gap of 0.33eV.%°

Due to its puckered structure, BP exhibits strong anisotropic properties. Electrical
measurements on high quality samples with mobilities up to 60,000 cm?V™'s' showed that
the mobility differs by a factor of 3 between the two in-plane (x and y) directions and
differs by almost one order of magnitude between the in-plane and out-of-plane
directions.?” Typical undoped devices demonstrated p-type conduction while n-type
conduction was achieved by Te impurities.?’ Far-infrared measurements reported large
anisotropies of the effective mass in both p- and n-doped samples with the largest
difference occurring between the armchair (0.648 me) and zig-zag (0.0761 m,)

directions.?® Additional anisotropies were observed along the in-plane axis via



synchrotron radiation measurements with observations of excitons between the 2p and 2s
modes.?

BP is highly sensitive to pressure, demonstrating both electrical and
crystallographic transitions. Neutron powder diffraction experiments demonstrated
anisotropic compression with the shortening of van der Waals bonds between layers and
a shearing motion within the layers.*® Reversible crystollographic transitions from
orthorhombic to rhombohedral and finally to simple cubic were observed around 5GPa,
and 10GPa respectively.*! The resistivity exhibits a strong dependence on pressure that
varies from 2 x 10 Qcm at atmospheric pressure to 1 x 10 Q*cm at 15GPa.*? Sharp
drops in the resistivity at 5 GPa and 10 GPa correlate strongly with the crystallographic
transitions and temperature measurements between these transitions revealed a
semiconductor to semi-metal to metal electronic transition.** Additionally, with
increasing pressure, the band gap is reduced and eventually closed at 4-5 GPa, consistent
with the electronic transition between semiconductor to semimetal.* It is interesting to
note that the gap does not close in a linear fashion: at around 2 GPa, a kink occurs along
the gap vs pressure diagram which indicates an electronic transition not associated with a
crystallographic transition.*

Pressure experiments also revealed the presence of superconductivity in the
simple-cubic phase, typically above the transition pressure of 10 GPa.*® The observed
critical temperatures T, are pressure dependent with values ranging from 6 K at 10 GPa to
12K at 30 GPa.**** Furthermore, T is strongly dependent on the temperature-pressure

path. When BP is cooled in the rhombohedral and simple cubic phase from 300K to 4K,



T.is weakly pressure dependent. However, when BP is cooled from the orthorhombic
phase, T. displays a strong pressure dependence, strongly suggesting that the
semiconducting phase plays an important role.®* This is further corroborated by x-ray
diffraction profiles which show the presence of the orthorhombic phase as high 8 GPa
when the sample is cooled down in the semiconducting phase before the application of
large pressures.®

1.4 Layered Black Phosphorus

The properties of bulk BP clearly demonstrate attractive qualities such as strong
anisotropic properties, rich pressure-dependent electrical and crystallographic phases, and
anomalous superconducting states. These early experiments, coupled with the rapid rise
of graphene and TMDs, motivated several groups to explore this fascinating material in
its layered form. The first wave of studies reported the isolation and electrical
characterization of thin BP devices that had mobilities ranging from 200 — 1000 cm?V's’
! drain current modulation ranging from 10° — 10, and ambipolar transport®>’. Device
mobility was found to be thickness dependent with the highest mobility of 1000 cm?Vv's™*
observed at 10nm-thick samples®. By using a circular array of contacts, the in-plane and
angle-dependent conductivity was observed with an anisotropic ratio of around 1.5°°. A
similar ratio of 1.66 was observed in a dual 90 degree dual hall bar device®. These
results are in stark contrast to the anisotropy ratio of the in-plane effective mass ratio of
8.5 observed in bulk crystals .

Theoretical and experimental studies into the optical response of layered BP also

revealed a number of interesting properties. Optical measurements discovered long



thermal decay lengths up to 1 um and broadband photo-response to excitation
wavelengths from 400 — 940 nm along with a fast 1ms rise time®***!. An excitionic
structure is deduced from anisotropic dispersive modes, and theoretical calculations
suggest a strong excitonic structure with an in-plane electric field that would enable the
investigation of the stark effect in high ionizing fields.***® Lastly, theoretical calculations
predicted a layer dependent band-gap, with the single layer predicted to have a gap of
2eVv. 4

Despite the rapid progress of the electrical and optical characterization of layered
BP, it still suffers from low mobility compared to that of the bulk. Another problem is its

rapid degradation**’

in ambient conditions. Although BP is the most stable form of
phosphorus, when exfoliated into thin layers, it becomes highly reactive and degrades
electronically and physically in air within days. Using atomic force microscopy (AFM)
and electrical measurements, Island et al observed layer by layer etching of BP flakes in
ambient conditions and identified physisorbed oxygen and nitrogen, and water absorption
as the main culprits for device breakdown*®. Favron et al used Raman and TEM studies
and reported on the thickness dependent photoassisted oxidation reaction with oxygen
dissolved in water*”. Such instability posed a significant challenge in fabrication of
stable, high quality devices.

In the following chapters, | will describe our research on fabrication and transport
measurements of high mobility, air stable BP devices. Chapter 2 will briefly discuss

several phenomena that are prototypical of quantum transport in low dimensions:

Shubnikov de Hass oscillations, weak localization and variable range hopping. I will



describe in detail the various fabrication processes and techniques I used to make devices
in Chapter 3, including the encapsulation and passivation of BP using BN. In chapter 4, 5
and 6, | report the results of our research, which includes one of the first observations of
quantum oscillations in BP, a record high mobility of 4000 cm?V™'s™, density dependent
effective mass and phase relaxation lengths, and gate tunable average hopping
lengths*®“°. Finally, in chapter 7, I will discuss the current status and future prospect of

BP research.
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Fig. 1.1. (a) Crystal structure of black phosphorus layers. From the top view one can see
the striking resemblance to the honeycomb lattice of graphene. This is immediately
lost in the side view which shows the puckered nature of BP layers. Re-used with
permission from ref 48)
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Fig. 1.2. (a) The mobility/on-off ratio of graphene, BP and TMD’s. Areas indicated for
graphene (black squares and grey shaded circle), layered BP (purple dots and light purple
shaded circle) and TMDs (green dots and light green shaded circle). The dots correspond
to data from specific references (numbers refer to the citation index from the review
which this graph was adapted from). (b) Band gap ranges for graphene, BP and TMD’s.
Re-used with permission from 50.
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Chapter 2

Background

2.1 Introduction

In this chapter, I will discuss the various transport phenomena in 2D electronic
systems, including the mechanisms of Shubnikov de Haas oscillations (SdHO), weak
localization and variable range hopping. | will provide a theoretical background on these
topics and highlight the relevant models and equations.

2.2 Shubnikov de Haas oscillations

Classically, when charge carriers propagate with a velocity perpendicular to a
magnetic field they undergo cyclotron motion, with frequency given by w. = eB/m, where
e is the electron charge, B the magnetic field, and m the mass of the electron. Quantum
mechanically, the particle’s motion in a sufficiently strong vector potential leads to the
quantum harmonic oscillator solution with discrete energy eigenstates, called Landau
levels. These Landau levels (Fig. 2.1a) have energies E, = Ziw¢(n + %2), where n is a
positive integer. The magnetic field directly controls the size of the energy separation
through w, as well as the degeneracy of each state through the relation D = (25+1)
@/d,, where S is the spin of the system, @ = BA is the flux through the device, and &, =
h/e is the flux quanta. In electronic systems S = %2 and the above relation reduces to D =
2 @/d,. If the magnetic field strength is comparable to the Zeeman energy pgB, where pg
is the Bohr magneton, then the spin degeneracy is lifted and the occupation level

becomes D = @/d,,.
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As the Landau levels are separated by an energy gap, zw., when the Fermi energy
is between successive levels, the longitudinal resistance R goes to zero (Fig. 2.1a), while
the Hall resistance Ry is quantized in units of e?/h. This is the celebrated quantum Hall
effect. In real systems, disorder due to impurity scattering and thermal broadening affect
the system (Fig 2.2a). To observe the quantum hall effect the momentum relaxation time
must be smaller than the cyclotron period, and this leads to the relation p > B™ (see
chapter 3 for derivation). Thus the effects of Landau levels are expected to be observable
around 1T if the mobility is 10,000 cm?V™* S, In SdHO, R never goes to zero and Ry is
typically not quantized, which is due to incomplete confinement in the third dimension
that provides additional scattering states, so that the density of states between Landau
levels is not truly zero. Nevertheless these states are still observable in the oscillatory
behavior of the conductivity.

These oscillations can be experimentally tuned by two different parameters.
Traditionally one modulates B, which in turn increases the Landau level spacing 7w and
degeneracy of each LL. Thus as B increases, successive Landau levels “rise” in energy
and move pass the Fermi level that stays constant. Alternatively, oscillations can also be
tuned by changing carrier density in two dimensional systems. In this case, as the density
is increased the Fermi level “rises” between Landau levels where B remains constant and
the spacing is constant.

SdHO are quantitatively described by the Lifshitz-Kosevich formula. *?

AR, 2

[
Ryx sinh A

e~ cos {m + n} (D
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2n%kgT

Here A = , w.=eB/m" is the cyclotron frequency, m" the cyclotron mass of charge

We

ZHZkBTD

carriers, kg the Boltzmann’s constant, Er the Fermi level and 1, = . Tpis the

c

Dingle temperature, given by kpTp, = % where 7 is the transport lifetime. SAHO have

been used extensively to map the Fermi surface of transport carriers and determine carrier
concentrations.

2.3 Weak Localization

Weak localization occurs in confined samples at cryogenic temperatures. It is a
negative quantum correction to the classical conductivity, arising from the enhanced
backscattering from time reversed paths of phase coherent carrier wave amplitudes. The
following treatment is borrowed from Datta.’

In a phase coherent region of a conductor the probability R(m = n) that an
incident electron in mode m will be reflected into mode n is obtained by squaring the sum
of the amplitude for all possible paths connecting m to n. R(m—=n) = |A;(m=>n) +
Ax(m=n) +...|* Here the individual path is a particular sequence of scattering events
from m to n as shown in figure 2.

A(m-=2n) = t(m-=2my)r(mg 2my)t(mz 2n)expli(kmlm + Kmilmi + KmoLlm2 + Kaln)]

where L, is the length between each scattering event with wavevector ky,. Usually the
phases are random so that the square of the sum equals to the sum of the squares.
However, the phases are not random in the case when the initial and final states are the
same, m = n. In this case there exists a time reversal path Ar for each A which leads to

R(m-=>m) = |A + Ag|% If the region is phase coherent and there is no magnetic field then
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Ar = A and the sum becomes 4A%. But if the region is not phase coherent then the sum
becomes 2A%. Therefore coherent backscattering doubles the reflection probability when
m = n and the conductivity of the sample is reduced from that expected from the classical
value.

In 2D, this treatment leads to a correction to the classical conductance with the
following equation oq = oci — 26°/hr In(z,/tm) Where 1, is the phase relaxation time, that
has characteristic temperature dependence ~T*, where « is 1, and 7, is the momentum
relaxation time."* It should be noted that for electron-electron interactions corrections to
the conductivity also scale with ~ In(1/Tzy,), and therefore temperature measurements
alone are not sufficient to distinguish between the two phenomena. This ambiguity is
easily resolved with the application of a magnetic field. By applying a perpendicular
magnetic field, the time reversal symmetry of coherent back scattering carriers is broken
and the conductance will increase.

Hikami, Larkin, and Nagoaka provided a quantitative equation to this problem
leading to the following equation for the relative change in conductance in a magnetic

field.*

Ao = o(B B=0)= e’ [l (B"’> w(1+B"’>] 2
c=0(B)—0o(B=0)= |\ >t g (2)
Here o is the device conductivity, h is Planck’s constant, e is the electron charge, WV is the

digamma function, B, = %% is the magnetic field required to destroy phase coherence,
@

L,=/D1,, and D is the diffusion coefficient.
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2.4 Variable Range Hopping

Variable range hopping (VRH) occurs in strongly disordered systems at low
temperatures where measured activation energies are much smaller than expected for
Schottky barrier emission. Instead of diffusive or ballistic transport where carriers are
free to move in a gas-like fasion, carriers in variable rang hopping are confined to
localized states where they have a finite probability to “hop” between these states.
Depending on the strength of electronic interactions, transport may occur in Mott or
Efros-Shkolovskii (EF) regimes.

When electronic interactions are negligible, transport occurs in the Mott VRH
regime. The following treatment is borrowed from Hapert.°The probability P of a carrier
to tunnel from a localized state i with energy E; to an empty state j with energy E; can be
described by exp(-2aR;; — (E; — Ei)/ksT). Here kg is boltzman constant, T the temperature
of the system, and R;; the distance between state i and j. The parameter otis the
localization parameter of these states and conceptually is the relative size for a hydrogen-
like localized wave function. The range S = 2aR;j + (E; — Ei)/ksT is defined as the higher
dimensional range which is the “distance” in both spatial and energy coordinates. The
probability P then becomes exp(-S). The conductivity is determined by the probability of

sequential hops, and as these multiply the average is the geometric mean giving

n—-oo

n
1
o~ exp [lim EZ In Pi] & exp(—Spn) 3)
i

Here Sy, is the average nearest neighbor hopping range.
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Shn can be determined in the following way. At a given temperature T the carrier
will hop from one site to another within a radius r(T). Statistically the average distance
from the original site is L = % r(T). The energy difference between the original site and
this average hopping site will be W~ 1/D(e)r(T)* ~ 1/D(e)L?, where D(e) is the density of
localized states. Thus the average range S = 2aL + A/D()L%gT where A is a constant;
minimizing S with respect to L yields the average hopping range S ~ (4/aD(e)ksT)¥*,

1/4

which can be written as S ~ (To/T)"%. The conductivity is then written as®

o~ exp| - (;)“ 4)

The above treatment is valid for three dimensional materials with small electric
fields and constant density of states. In general, for d dimensions, the conductivity can be
written as o ~ exp (T"), Where v = (d+1)*. This treatment can be extended to cases where
the electric field is non-negligible: in the 2D case, o ~ exp (E"), where E is the applied
electric field, and v is defined as above.’

In the above treatment electronic interactions were ignored, but if the strength of
these interactions is non-negligible, then effects of the Couloumb gap on the density of
states must be considered. This leads to similar behavior, o ~ exp (T"), but with v =% for
both 3D and 2D systems. This similarly extends to the electric field behavior ¢ ~ exp (E"),
where, again, v = %.

2.5 Conclusion

In this chapter we have provided the relevant models and equations which will be

applied to the results of our measurements in BP devices. In chapter 4, we use SdHO to
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extrapolate the density dependence of the effective mass of BP and compare it to tight
binding calculations. In chapter 5, we use weak localization measurements to obation the
phase relaxation length as a function of gate voltage and its temperature dependence.
Finally, in chapter 6, we discuss the localization size of disordered states in local gated

BP devices.
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Figure 2.1. Energy eigenstates of charge carriers moving perpendicular to a magnetic
field. 1a) depicts the ideal case with no disorder broadening with energy states separated
by . When the Fermi energy Ef is between successive energy levels the longitudinal
resistance will go to zero as there are no accessible transport paths and it will rise to some
finite value when Er overlaps an allowed energy state. However in real samples disorder
broadening 1b) creates additional energy states between eigenstates, thus preventing R

from vanishing.
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Figure 2.2. A particular sequence of scattering events of a carrier wave from m - n. Each
event can be modeled by transmission or reflection amplitude t(m -m,).
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Chapter 3

Fabrication

3.1 Introduction

The fabrication of high quality devices is crucial to the observation of quantum
phenomena described in this thesis. One of the most widely used metrics for device
quality is mobility, which is a macroscopic measurement directly tied to the microscopic
parameter — momentum relaxation time z,, defined by the relation u = e 7 /m’, where e
is the electron charge, and m” is the effective mass. The higher the mobility, the larger the
relaxation time, and thus fewer scattering centers. While “high” mobility is a relative
concept and depends on the material under investigation, in this thesis high mobility
samples will typically refer to those in which quantum phenomena can be observed in our
laboratory. For instance, in order to observe SAHO, a carrier must be able to complete at
least one period of cyclotron motion in a magnetic field B before it is scattered as the
cyclotron period 7. is given by m’/eB, the requirement of z. < 7, leads to p >~ B™, as the
condition for observing SAHO. In other words, to observe SAHO at or below 1 T, the
device should have mobility exceeding 10,000 cm?Vs™.

As discussed in chapter 1, the first generation of BP devices suffered from limited
mobility and poor stability. Achieving high mobility necessitates minimization of both
intrinsic and extrinsic scatterers, such as defects, impurities, phonons, corrugation, etc.
Defects and impurities in the lattice are largely determined during crystal synthesis. Most
bulk BP crystals used for research presented in this thesis are synthesized by low pressure
catalytic chemical vapor transport with AuSn and Snl, powder*?, and provided to us by
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Smart Elements or Dr. Zhiqiang Mao’s group at Tulane University. More recently, we
also experimented with BP crystals grown by a high-pressure high-temperature technique
from Dr. Takahashi Taniguchi’s group at National institute for Materials Science, which
consistently yielded devices with higher mobility, suggesting fewer defects/impurities in
the bulk crystal.

This chapter focuses primarily on the fabrication and minimization of extrinsic
defects. All our devices are fabricated on silicon substrates with 300 nm of silicon oxide.
In general, this substrate is atomically coarse on the atomic scale and prone to trapped
charges, and is often the limiting factor in device quality. For instance, by simply
removing the substrate by hydrofluoric acid, graphene devices with ultra-high mobility
exceeding 450,000 cm®V's™ have been demonstrated.”° However, these suspended
devices are very fragile and prone to electrical and mechanical instabilities. An
alternative route to mobility engineering is to use a different substrate. Hexagonal boron
nitride (hBN) emerged as a high quality layered substrate, as it is atomically flat, free of
dangling-bonds and compatible with most device geometries.**

The following sections will provide detailed descriptions of the fabrication
process and techniques | used to create high quality devices. Section 3.2 describes the
mechanical exfoliation of layered samples from bulk crystals, section 3.3 discusses the
construction of hetero-structures consisting of BP encapsulated between BN, and section

3.4 describes the fabrication of electrical contacts via plasma etching.
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3.2 Mechanical Exfoliation

To prepare samples of either BN or BP, we employed the so called “scotch tape”
method. Bulk crystals were cut into suitable sized pieces with a razor blade and placed in
the center of tape parallel to the long edge and roughly a third of the distance from the
short edge (Fig. 3.1a). The tape was then folded over and layers of the bulk crystal were
peeled away. The tape is first folded over at roughly a 45 degree angle and peeled away
(Fig. 3.1.b - 3.1.c), then folded at the same angle taking extra care not to overlap the
peeled crystal flakes. In order to preserve the quality and optimize the size of thin layers,
the peeling of the tape was repeated in such a way as to minimize overlap from
successive peelings of the crystal layers. This creates a line as shown in Fig. 3.1.d of
exfoliated crystals. The angle of exfoliation is changed by 90 degrees (Fig. 3.1.e) and the
peeling is repeated until a third of the tape is filled (Fig. 3.1.f). Finally the rest of the tape
is covered with the crystal demonstrated in figure. 3.1.9.

Once the tape is prepared, the samples are then deposited onto SiO; or
Polydimethylsiloxane (PDMS). An optical microscope is used to identify suitable flakes
for fabrication and measurement. The deposition technique is very similar between SiO,
and PDMS. In general, the tape is placed onto the substrate and then peeled away leaving
thin layered flakes. For SiO, the peeling rate is slow to moderate, while for PDMS the
peeling rate is done in a quick jerk-like motion, much like waxing legs. | found that
slower peeling rates on PDMS resulted in fewer flakes or none at all. Various pieces of

BP and BN are shown in figure 3.2 on both SiO, and PDMS.
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3.3 Transfer Stages

To fabricate encapsulated heterostructures, two atomic layers randomly placed on
two different substrates must be aligned and brought into contact under an optical
microscope, and transfer one of the layers by releasing from its substrate. The first
generation of transfer microscope was assembled from an inspection microscope and a an
XY stage attached to a focusing rack.** This provided control of both X, Y, and Z
direction of two surfaces while monitoring through the microscope lens. The major
drawbacks of this stage were the lack of rotational and tilt control that result in poor
alignment and low yield. The second generation of transfer stages lead by Petr Stepanov
directly followed the parts list from Castellanos-Gomez et al.*® This stage possesses X, Y,
Z, rotation and tilt control while increasing the monitoring zoom by a factor of 2.

3.4 Stamps

PDMS stamps are the back bone of the entire assembly process. They provide a
substrate to both manipulate layered crystals and are transparent enough to see through
optically. The stamps are made from a glass slide and a 1cm x 1cm PDMS square placed
in the middle. 1 used both commercial and home-made PDMS squares to varying degrees
of success. The former is typically thinner, thus more optically transparent allowing
easier alignment and transfer. The disadvantage is that the tilt angle between planes of the
stamp and sample must be precisely aligned. I mainly used Home-made stamps, but
found success with both.

Home-made PDMS squares were made by mixing a standard 10:1 ratio of PDMS

and curing agent that is then placed in vacuum for 10 minutes to remove air pockets. The
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PDMS was then poured into molds followed by 1-10 minute exposure at 150 Celsius to
speed up the curing process. The mold was cut into suitable sized square pieces and
gently placed onto clean glass slides ensuring that the two surfaces were in optimal
contact. The competed stamps are used in the top-down and bottom-up assembly
techniques described in sections 3.5 and 3.6.

The PDMS stamps must undergo an additional step to prepare for the top-down
stacking method (see section 3.6 below) — spinning and baking a sacrificial polymer layer
onto the stamp. For all top-down transfers in this thesis | used polypropylene carbonate
(PPC). To prepare the PPC for spin/baking it is dissolved in anisole at a 10:1 ratio by
weight and heated to 80 — 120 degrees Celsius in a fume hood. Extra care is made not to
bring the solution above the boiling point of anisole, which is 150 degrees Celsius. This
sacrificial layer is spin/baked onto the PDMS stamps at a rate of 8-10,000 rpm and then
heated on a hot plate at 180 degrees C for 30s — 60s to evaporate the anisole. If the
anisole is not removed from the PPC after spin/baking BP and BN will not adhere to the
sacrificial layer and the transferring will fail.

3.5 “Bottom-up” Assembly of Heterostructures

As the name implies the bottom-up method consists of stacking the
heterostructure from the bottom to the top. First BP and BN flakes are exfoliated onto
PDMS stamps, and an additional BN flake is exfoliated onto SiO, (Fig. 3.3.a). The BP
and BN on PDMS stamps are then deposited onto the BN on SiO,. The flakes are
transferred by first bringing the flake on PDMS into direct contact with the BN on SiO,

(Fig. 3.3.b). Once in contact the stamp is slowly peeled away (Fig. 3.3.c). Due to the van
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der Waals’ interactions between the flakes, they remain in contact while the PDMS is
removed. This is process is repeated (Fig. 3.3.d) until the BN-BP-BN hetero-structure is
formed (Fig. 3.3.e). This method is quick and efficient — the assembly takes between 30 —
90 minutes and the process is solvent free. Its biggest drawback is polymer residue left by
the PDMS on the atomic layers.

3.6 “Top-down” Assembly of Heterostructures

The top-down method consists of stacking the hetero-structure from the top to the
bottom. Here BN and BP are prepared on SiO, substrates (Fig. 3.4.a). The PPC/PDMS
stamp is then brought into contact with the top BN flake (Fig. 3.4.b). Once in contact, the
temperature of the stage is brought to 35-50 degrees Celsius which is above the glass
transition temperature of PPC. This step increases adhesion between BN and PPC. Once
at elevated temperatures, the PPC/PDMS stamp is quickly lifted, peeling both the stamp
and BN from the SiO; (Fig. 3.4.c). Next, the BN/PPC/PDMS is aligned and brought into
contact with the BP flake (Fig. 3.4.d). The previous steps of heating and peeling are
repeated until the BN/BP/BN structure is assembled on the PPC/PDMS stamp (Fig.
3.4.e). In the last step, the stack is released onto a SiO; chip by heating the stage above 90
°C (Fig. 3.4.f). Above 90 ‘C, PPC releases itself from PDMS, leaving the BN/BP/BN
stack on the surface along with the PPC layer. The chip is immersed in chloroform for 10
minutes to dissolve the PPC layer, rinsed with IPA and then dried with nitrogen gas.

3.7 Contact Fabrication

Once the heterostructures are complete, contacts are fabricated using electron (e-)

beam lithography, plasma etching and e-beam evaporation. While the top layer of BN
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protects BP from degradation, it unfortunately also prevents the direct fabrication of
electrical contacts. To achieve contact, we used ICP etching to expose the BP. Due to
thickness variation between samples, two types of contact geometries emerged: edge
contact, when the stack is completely etched and the edge is exposed for contact, and
surface contact when the top layer of BN is etched so that a partially etched surface of BP
is exposed for contact. Both methods work, but we find that surface contact has a higher
success rate. See figure 5 for a detailed sketch of the two methods.

To prepare heterostructure samples for e-beam lithography two layers of
Poly(methyl methacrylate) (PMMA) are spin/baked over the chips. The chips are spun at
4000 rpm for 60s followed by a 1-10 minute bake at 180 degree Celsius. Silver paint
dissolved in IPA is placed on the chip after PMMA near the heterostructure which
provides a physical feature for focusing the e-beam and creates a geographical marker for
exposing the subsequent alignment marks. This alignment mark matrix, consisting of an
array of squares at 60-um intervals, is exposed using e-beam lithography, developed with
3:1 IPA:MIBK solution and metallized by evaporating 10/100nm Cr/Au, followed by
liftoff in acetone. The alignment marks are also labeled at 300um intervals by coordinate
pairs (i.e. (0,0), (0,1), (2,0), etc...) with (2,2) denoting the center of the matrix. To ensure
the matrix is near the hetero-structure, a small blob of silver paint is applied to the chip.

Two optical micrographs of the AM at 600x and at 100x magnification,
respectively, are then uploaded to NPGS DesignCAD to design various patterns for
contacts, bonding pads, etching patterns and gates. In some cases, the etching pattern and

contact pattern are the same. Sample designs are shown in figure 6. Each category is
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saved separately by layer and uploaded to a NPGS design file where dose parameters are
set for each pattern. Dose tests are performed periodically to ensure that each pattern is
properly exposed.

Once the designs are completed, PMMA is again spin/baked onto the chip and the
etching pattern is written to expose the BP for metal deposition. The stack is etched with
SFg in an ICP etcher. When making edge contact, the hetero-structure is etched for 30-
40s or until the entire stack is etched. For partial etching, the hetero-structure is etched in
3-4s intervals. Between each interval, the stack is observed under a microscope to
determine if the BP is properly exposed. This is done by monitoring the color contrast of
the top BN. BN appears light to dark blue depending on its thickness, while the SiO,
surface is purple. When the top layer of BN changes from blue to purple, the top BN
layer is completely removed.

If the etching pattern is the same as the contact, then immediately after etching the
device is put into an e-beam evaporator for metal deposition. We generally deposit 10 nm
Crand 100 nm Au for contacts, though thicknesses ranging from 5 — 15 for Cr and 100 —
200 can be used. Both Cr and Au are evaporated at a rate of 0.1 — 0.2 nm/min in high
vacuum (10" torr). If the etching and contact patterns are not the same, then PMMA is
removed using acetone and a new layer of PMMA is spin/baked onto the chip, followed
by lithography to fabricate the contact and bonding pad patterns.

Lastly, top gates are deposited on to the BN/BP/BN heterostructure. If the top BN
layer is relatively thick (> 10nm) and crack-free, then it will act as an insulator and gate

dielectric. In this case, a gate pattern is written directly onto the BN above the BP and

31



Cr/Au is deposited. If the BN is thin (< 10nm) or shows large cracks, an additional
lithography step is performed to deposit AlO by e-beam evaporation at a rate of 0.05 —
0.1 nm/min in 107 torr vacuum, followed by the fabrication of the gate and metal
electrode.

3.8 Conclusion

These fabrication techniques are the foundation of high quality BP devices. Both
mobility bottlenecks and poor stability are alleviated by encapsulation. The bottom BN
layer provides a high quality substrate and decreases extrinsic defects which lead to
higher mobility devices. The top BN provides an encapsulating layer which protects the
BP from water and oxygen degradation. These methods provided the samples which
ultimately lead to the first observation of SHHO in BP as well as the highest mobility
achieved at time of publication. In addition, the bottom-up and top-down methods for
encapsulating BP between BN can be easily extended to fabricate devices based on other

2D materials.
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Figure 3.1. Schematic of exfoliation process. Handles are formed by folding tape back
onto itself (a) Bulk BP is placed a third of the way from handle. (b) — (d) at a 45 degree
angle the tape is folded to form a line of BP flakes. (e) — (f) The folding direction is
rotated by 90 degrees, and roughly a third to half the tape is filled in. Extra care is taken
to ensure no overlap between each folding process, so that each exfoliated surface is as
clean as possible. (g) The rest of the tape is filled in and the tape is then ready for
exfoliation onto the desired substrate.

7 A
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Figure 3.2. BP flakes on PDMS stamps and SiO; substrates. Scale bar is 30pm
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Figure 3.3. Bottom up transfer process. (a) BP and BN are exfoliated onto PDMS stamps.
BN is exfoliated onto SiO,. (b) The BP and BN are aligned and brought into contact, (c)
the stamp is peeled away leaving the BP on the BN. (d) — (e) The process is repeated for
the top BN until the completed hetero-structure is formed.
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Figure 3.4. Top down transfer process. (a) BP and BN are exfoliated onto SiO,. (b) A
PDMS/PPC stamp is brought into contact then (c) the stamp is peeled quickly away
lifting the BN from the SiO, substrate. (d) The process (b) — (c) is repeated for the BP. (e)
In the last step, the BN-BP is aligned and brought into contact with the bottom BN. The
stage is heated to 90 C and the stamp is removed leaving PPC and the hetero structure on
the SiO, substrate. The PPC is removed in chloroform for 10 minutes.
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Figure 3.5. Schematics of edge profiles of (a) edge contact and (b) surface contact with
partial surface etching.
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Figure 3.6. Typical Design pattern of BP device with 10 electrodes for gate and device
contact. (a) Entire design showing bonding pads and alignment marks. (b) Close up view
of electrode design showing various gates and etching patterns.
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Chapter 4

Shubnikov de Haas Oscillations in 2D Black Phosphorus

4.1 Introduction and Overview

As discussed in chapter 1, the first generation of devices exhibited low
mobilities relative to the bulk and were plagued with stability and mobility
bottlenecks. Water assisted photo-oxidation degraded devices within hours and
surfaces rapidly developed impurities. Both these impurities and substrate defects
limited device mobilities to less than 1000 cm>V's™!. Here, we address both
challenges by utilizing the construction and fabrication techniques discussed in
chapter 3. Such encapsulated devices are air-stable, exhibiting minimal
degradation after more than 300 hours under ambient conditions. Electrical
measurements on these BN/BP/BN heterostructures reveal ambipolar transport
with on/off ratio exceeding 10° and mobility ~400 cm*/Vs at room temperature.
At low temperatures, device mobility increases to ~4000 cm?/Vs. In magnetic
field B>3.5T, gate-tunable SdH oscillations are observed, enabling the extraction
of the cyclotron mass of few-layer phosphorene at different Fermi energies, ~0.25
to 0.31 m,, where m, is the rest mass of electrons. These values are in good
agreement with those obtained from ab initio calculations. Finally, at B>8T, we
observe a doubling of the SdH period, suggesting the emergence of Zeeman
splitting and a g-factor of ~2. These results along with others demonstrated an

order of magnitude improvement in device performance and paved the way for

40



the observation of the quantum hall effect in BP.

4.2 Stability of hBN-Encapsulated Devices

The devices consist of BN-BP-BN heterostructures that are fabricated
using the techniques described in chapter 3 and are contact is made using partial
etching method. To test the stability of hBN-encapsulated phosphorene devices,
We monitor the two-terminal conductance G vs. back gate voltage V', for a device
that is ~10 nm thick. A false-color optical image of the completed device is
shown in figure 4.1(b) The red curve in Fig. 4.1c displays G(V,) measured
immediately after fabrication; ambipolar transport is observed, with the charge
neutrality point at V,=-3V, and a field-effect mobility of ~ 30 cm?/Vs. The device
is kept in ambient conditions in a drawer and monitored after 24, 48, 72, 120, 192
and 312 hours. At the end of the period, the charge neutrality point shifts to 1V,
suggesting a small increase in electron doping; the device conductance and
mobility decreases only slightly. Such stability over nearly a fortnight constitutes
enormous improvement over “bare” phosphorene samples, and is in fact better
than most conventional graphene devices that are chemically stable and inert.
Thus, with further optimization, phosphorene may be realistically employed for
electronic and optoelectronic applications. Efforts by others also demonstrated
improved stability using BN, aluminum oxide (AlOy), and fluropolymers. Devices

achieved electronic and physical stability from several weeks to several months.'

3
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4.3 Transfer Characteristics and Mobility

Data from a ~10 nm-thick hBN-encapsulated phosphorene device in Fig.
4.2a-b presents the field-effect transistor behavior G(V,) at room temperature and
low temperature, respectively. At temperature 7=300K, the device exhibits
ambipolar transport, an on/off ratio >10°, sub-threshold swing of ~100 mV/decade
in the hole regime, and hole mobility of ~ 400 cm*/Vs (Fig. 4.2a). Unlike “bare”
phosphorene devices®, the G(V,) curves display minimal hysteresis, again
underscoring device stability. At low temperature, the hole mobility increases to
~4000 cm?/Vs at T=1.5K (Fig. 4.2b). Its current-voltage characteristics in the
hole-doped regime remain linear at all temperatures (Fig. 4.2c), indicating ohmic
contacts.

To further explore transport in the few-layer phosphorene device, We
explore its conductance at different gate voltages as temperature varies. For
highly hole-doped regime (V,<-30V), the four-terminal longitudinal resistance Ry,
decreases with decreasing temperature, indicating metallic behavior. However, as
the Fermi level is tuned towards the band edge, i.e. for V;>-25V, R,, increases
drastically as T is lowered, characteristic of an insulator (Fig. 4.2d). Fig. 4.2¢
plots R..(T) for Vg=-70, -50, -30, -25, -20, -17 and -15V, respectively, where the
clear dichotomy of gate-dependent metal-insulator transition is evident.

Further information on scattering mechanisms in the few-layer
phosphorene device can be gleaned from the temperature dependence of mobility

u=a/ne. Here o is the conductivity of the device, e the electron charge and » the
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charge density. n can be extracted from geometrical considerations as well as
magneto-transport data (see discussion below). Fig. 4.2f displays u(7) for 3
different V, values. When the Fermi level is deep in the valence band, 4 increases
with decreasing 7 for 7>70K, but saturates at lower temperatures. The initial
enhancement of u is expected from phonon-limited scattering, where u ~ T ~%.
For atomically thin 2D materials, the exponent « is predicted to be ~1.69 for

11 For BP theoretical calculations

MoS,’, and between 1 to 6 for graphene
predict a to be ~2 for phonon interactions'? and ~0.3 for ionized impurity
scattering'®. The saturation of u at lower temperatures suggests impurity-
dominated scattering. When the Fermi level moves closer to the valence band
edge (Vy>-25V), u decreases with T this behavior is discussed in chapter 6 where
variable range hopping is identified as the dominant mechanism when the Fermi

level is close to the band edge.

4.4 Quantum Oscillations

We now focus on transport behavior of the BP device in a perpendicular
magnetic field. Fig. 4.3a plots 4R,,, in which a smooth background is subtracted
from the longitudinal signal, as a function of V, (vertical axis) and B (horizontal
axis). Striking patterns of Shubnikov-de Haas (SdH) oscillations, appearing along
straight lines that radiate from the charge neutrality point and B=0, are observable
for B>3T. The charge neutrality point (or the center of the band gap) is
extrapolated to be VgCNP ~-28V. As discussed in chapter 2 these quantum

oscillations arise from the Landau quantization of cyclotron motion of charge
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carriers, and are often employed as a powerful tool to map Fermi surfaces of
metals and semiconductors. The Lifshitz-Kosevich formula'* discussed in chapter

2 describes these SdH oscillations.

ARxxz (%)1/2 .l e_ADCOS (ZTL'EF_I_E) 000
Rax 2EF sinhA hwe 4
. . 2nEfp nh .
In 2D systems with spin degeneracy, = 21 TBe’ regardless of the details of
c

the dispersion relation; thus the oscillations in resistance are periodic in nh/2Be,
independent of m". The amplitudes of the oscillations scale with n"”%, and are also
exponentially dependent on temperature and m . Fig. 4.3b displays line traces

AR (V) at constant B=2, 5, 8, 10 and 12T, where the oscillations are periodic in
V,. Fig. 4.3c plots AR, vs. B (left panel) and 1/B (right panel) at constant V,=-30,
-40 and -60V, respectively. As expected from Eq. (1), the oscillations grows in
amplitude as the Fermi level moves towards the band edge, and the period is
given by 1/Bg=2e/nh. Using the oscillation data, We determine the back gate
coupling efficiency to be ~ 8.0x10'® cm™V™, in reasonable agreement with that
obtained from geometric considerations.

At large B>8T, we observe doubling of the oscillation frequency. This can
be seen in the line traces in Fig. 4.3b-c, and in Fig. 4.3d that plots the high field
portion of Fig. 4.3a, where the additional periods are indicated by arrows. Such
doubling in frequency most likely arises from Zeeman splitting. At B=12T, its
disappearance between 3K and 4.5K (see Fig. 4.4a) provides an upper bound for

the Zeeman energy gugB, where g is the g-factor and u Bohr magneton. Using
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the simple estimate guzB~kpT, We obtain g~1.8 to 2.7, which is reasonable.

We investigate the cyclotron mass of the charge carriers by measuring the
temperature dependence of the oscillations. Fig. 4.4a presents AR(V,) at B=12T
and different temperatures between 1.5K and 12K. The additional, Zeeman-
induced oscillations disappear at 7>~4K, and the main oscillations at 7>15K. For
a single period, the amplitude A4 of the main oscillation is measured by taking the
average of the height between the peak and the two adjacent troughs. To extract
m’", we fit the T-dependence of the amplitudes to the temperature-dependent terms

of the Lifshitz-Kosevich formula at constant £r

cT
A= sinh(bT) (@)
2n?kgm* . .
where C and b = —, are fitting parameters (Fig. 4.4b). Reasonable

agreement with data points are obtained, yielding m" measured at different Ve
values. As shown in Fig. 4.4c, m ~0.31m, (m. 1s the rest mass of electrons) at V,=-
30V or n~-4.6x10' cm™. As V, decreases to -64V (n~-7.4x10"* cm™), m"
becomes lighter ~0.25m.. This agrees with one’s expectation that, as n increases
and moves away from the band edge, the dispersion becomes flatter, thus
resulting in smaller m .

Theoretically, as FLP are anisotropic, the effective masses along different
principal axes are dramatically different. The cyclotron mass extracted from SdH

oscillations is the geometric mean of those along different axes in the x-y plane,

m=, /mym;,. In Gillgren et al."”® they use density functional theory (DFT)
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implemented in the Vienna Ab-initio Simulation Package (VASP) to calculate
the valence band effective masses along the k, and &, direction for the
experimentally explored range of density for FLP with different thicknesses. As n
decreases and Er moves towards the band edge, m, remain fairly constant, 0.11-
0.12m, for all thickness; in contrast, my* exhibits strong dependence on number of
layers and on Er. For instance, at n=-4.8x10"% cm?, my*/me=6.2 for monolayer
phosphorene, and 2 for 25 layers; this value decreases to 4.4 and 1.2, respectively,
at n=-8x10"? cm™. Fig. 4.4d plots the theoretically calculated cyclotron mass

J/mxm;, as a function of V. All FLP of different thicknesses exhibit the general

trend of increasing m" towards the band edge, as observed experimentally. The
theoretically calculated m agrees with the experimentally measured values within
50%, which is reasonable.
4.5 Conclusion

These results demonstrate the efficacy of BN/BP/BN heterostructures in
improving BP device stability and performance. We observe a record mobility of
4000 cm?/V's and a gate-tunable metal-insulator transition. At low temperatures
SdH osillations enable the measurement of the effective mass with carrier density
and Zeeman-split landau levels reveal a g-factor of ~2.

Apart from our work, several parallel studies created passivation
techniques to stabilize BP devices. Wood et a/ deposited aluminum oxide (AlOy)
onto bare BP devices on silicon substrates, which preserved device performance

for over 2 weeks under ambient conditions.' AlOy and hydrophobic
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fluoropolymer were successfully implemented by Kim et al in creating air-stable
devices for over 100 days.” Avsar ef al used BN to stabilize BP devices contacted
by graphene.’ These studies highlight the diverse techniques that created air-
stable BP devices. Our own devices were stable for 2 weeks and showed limited
device degradation which is similar to the studies above. However, while AlOy
and fluoropolymers solved stability problems they do not improve device
mobility.

Several other studies also reported SdHO.'" With the exception of
Tayari et al, these studies employed BN as a high quality substrate to improve
device mobility. Cao et al and Chen ef al encapsulated their devices with BN,
while Tayari ef al employed a polymer encapsulation technique and Li et a/ did
not utilize any encapsulation technique. Apart from our devices that allowed the
observation of SAHO at as low as 3T, the lowest observed onset of SDHO
amongst these studies was at 6T, with the rest observing at above 8T. Li et al
reported effective mass for both electron and holes with values of 0.48 m, and
0.35m, respectively. Cao et al reported hole effective mass of 0.24 m.. Li et a/
determine that the g-factor ranges between 2.13 — 2.94 and Cao et a/ measured g
to be 2.3. These results agree reasonably well with our studies presented in this
chapter, they highlight the explosive interest into BP research, and they paved the
way for the observation of the quantum Hall effect.

The quantum Hall effect in BP was first reported by Li ef al in May 2015

by employing a graphene gate which screened the impurity potential in the BP
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2DEG.?° Under tilted magnetic fields, they explored the spin-split landau levels so
that spin-split Landau levels cross in a tilted magnetic field, revealing that the
Zeeman energy is a significant fraction of the cyclotron energy. Long et al later
improved device quality even further by fabricating devices in vacuum and
achieving a field-effect mobility of 45,000 cm®V™'s™, though the quantum
mobility is much lower and estimated to be ~ 4,000 cm*V™'s™ *' They observed
the quantum hall effect with filling factors down to v = 2, effective mass of 0.26
m,, and a g-factor of 2.47. Members from our own group also observed the
quantum hall effect in a double quantum well structure.”> We observed fully spin-
polarized quantum hall states and an enhanced g-factor that is attributed to
exchange interactions. These results highlight the exciting new possibilities in BP
research with devices achieving record mobility that allow for the exploration of

new and exciting physics.
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Fig. 4.1. (a). Atomic configuration of monolayer phosphorene. (b). False-color
optical microscope image of a completed device. Inset: schematic of the device’s
side view. (d). Two-terminal conductance G of a hBN/FLP/hBN heterostructure
vs. gate voltage V,. The different traces correspond to data taken successively
after different hours of exposure to ambient conditions.
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Fig. 4.2. Transport data at B=0. (a-b). G(V,) of a 10-nm-thick hBN/FLP/hBN
heterostructure at 7=300K and 1.5K, respectively. The two curves in (a)
correspond to different sweeping direction. (c). Current-voltage characteristics at
T=1.6K and different gate voltages. (d). Four-terminal resistance R, vs. V, at
different temperatures. (e). R(7) at V,= 70, -50,-30, -25, -20, -17 and -15V,
respectively (bottom to top). (f). Mobility u(7) for V,=-70, -25 and -15V.
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Fig. 4.3. (a). Oscillations 4R, (color) vs. V, and B. A smooth background is
subtracted from the resistance data. (b). 4R.(V;) at different magnetic fields. The
traces are offset for clarity. (c). 4R, vs. B (left) and 1/B (right) at different V. The
traces are offset for clarity. (d). A zoom-in plot of the oscillations AR.(V,, B) in
high fields. The arrows indicate the appearance of the second period induced by
Zeeman splitting.
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Fig. 4.4. (a). 4R.(V,) taken at B=12T and T=1.5, 3,4.5,5.8,7, 8.5, 10, 11, 12.5
and 15K, respectively (bottom to top). (b). Data points are measured oscillation
amplitude vs. T for the peaks at Vy=-30, -36, -43, -50,-57, -64V, respectively
(bottom to top). The lines are fits to Eq. (2). The traces in (a) and (b) are offset for
clarity. (c). Extracted cyclotron mass from SdH oscillations as a function of V.

(d). Cyclotron masse ,/m;mj, from DFT calculations for FLP with different
number of layers.
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Chapter 5
Weak Localization and Electron-electron Interactions in Few Layer Black

Phosphorus Devices

5.1 Introduction and Overview

Scattering mechanisms in layered BP were not fully explored in the first
generation of devices. In this chapter, we present magneto-transport studies at low
temperatures. From weak localization measurements, we estimate the electron dephasing
length to be 30 to 100 nm, which exhibits a strong dependence on carrier density # and a
power-law dependence on temperature (~T"*#). These results establish that the dominant
scattering mechanism in FLP is electron-electron interactions.

5.2 Transfer characteristics and mobility

Here we present transport data from two different devices that are ~ 20 nm thick,
with mobility up to 1700 cm?/Vs. An optical image of a typical device is shown in figure
5.1(a). Devices were fabricated as described in chapter 3 with both devices encapsulated
in BN. Device 1 was contacted with edge contacts and device 2 was contacted with
partial etching. BP has a thickness-dependent band gap'. For BP that are more than 5
layers, the gap is similar to that of bulk, ~ 0.3 eV'. Fig. 5.1b displays the two-terminal
conductivity o of device A as a function of applied gate voltage (V) at 7=300mK, and
Fig. 5.1c displays the four-terminal conductivity of device B at 7=1.5K. ¢~0 for both
devices, when the Fermi level is within the band gap. For V,<-15V, o increases linearly

(device A) or superlinearly (device B) with V,, indicating hole mobility of ~ 500 cm?/Vs
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and 1700 cm?/Vs, respectively. We note that the apparent doping of the device, i.e. the
offset of the charge neutrality points from zero gate voltage, may result from the charge
transfer from PDMS during the fabrication process, or presence of small amount of
impurities on the hBN sheets. In both devices, conductivity of electron-doped regime is
significantly lower, which is likely due to the formation of Schottky barriers at electrode-
BP interfaces. Hence we focus on transport properties in the p-doped regime.

In the highly p-doped regime, device conductivity significantly exceeds o,, where
aq=ez/h~39 S is the conductance quantum, thus the device is in the metallic regime (here
h is Planck’s constant, e the electron charge). However, ¢ decreases slightly with 7. As
discussed in chapter 2 this is a signature of electron interactions in disordered 2D thin

films. In fact, o is expected to exhibit a logarithmic dependence on 7,

o =0y +C ) (1)

mh T

where oy is the “intrinsic” metallic conductivity, 7} is a characteristic temperature
estimated to be h/ ksTy’ kg the Boltzmann’s constant, 7 the electron scattering time, and
C a dimensionless constant that is of order unity depending on the scattering mechanism?.
This logarithmic dependence is borne out by experimental data from device B, shown as
circles in Fig. 5.1d. At charge density n~ -1.75x10'® m?, 6,~0.4 mS, and using effective
mass m ~0.26 me3 , Tp 1s estimated from Drude model to be ~0.21 ps, yielding 7)) ~ 36 K.
The dashed line is a fit to Eq. (1) with C~1.6 as the fitting parameter, in agreement with

theory. (Device A was only measured at 7=0.3K and 1.5K, where conductivity remains

intrinsic and constant).
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5.3 Weak Localization

To further explore the inelastic scattering mechanism, we employ weak
localization measurements by applying a perpendicular magnetic field B. As discussed in
chapter 2 weak localization (WL) is the quantum correction to the classical conductivity
of a diffusive system®”. In a 2D system, due to multiple inelastic scatterings, electrons in
a closed trajectory interfere constructively with the time-reversed path, resulting in
enhanced backscattering and hence lower conductivity. Application of a small B destroys
the interference, thus conductivity increases. WL has been widely applied to 2D systems
for measuring the inelastic scattering time, characterized by the dephasing time z,. When
the elastic scattering time is much shorter than the inelastic scattering time, the change in

magnetoconductance induced by B is given by™°

4o =0(B)—0(B=0)=~[in(2)-w(i+2) 2)

where ¢ is the device conductivity, / is Planck’s constant, e is the electron charge, ¥ is

. . ho. ) .
the digamma function, B, = wol2 18 the magnetic field required to destroy phase
P

coherence, L,=,/D7,, and D is the diffusion coefficient.

2
Figure 5.2a displays the normalized conductivity 4o in units of % (color) as a

function of n (vertical axis) and B (horizontal axis). As B is swept from -0.8T to +0.8T,
Ao displays positive magnetoconductivity with a minimum at B=0T, consistent with the
time reversal symmetry breaking of phase coherent back scattering. The magnitude of 4o
is relatively large (>1) when the device is highly doped, and small (<0.1) when the Fermi

level is close to the band edge. Representative line traces Ao (1) are shown as solid lines
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in Fig. 5.2b, and the dashed lines are fits using Eq. (2). Satisfactory agreement between

the data and Eq. (2) are obtained. From the fitting parameter B, we obtain L, ~ 75 nm at

n=-1.8 x 10"* cm™. Using D=

h ) . . .
proon oi ~4.3x10™* m?/s, the inelastic scattering time is
q

estimated to be 7,~13 ps, which is two orders of magnitude longer than the elastic
scattering time 7y. This is consistent with the applicability condition of Eq. (2), and
establishes that charge transport in these FLP devices is diffusive but phase coherent over
tens of nanometers. Similar calculations yield that, at n=-1.0 and —0.7X10120m'2, L,~60
nm and 40 nm and 7, ~ 8.4ps and 3.7ps, respectively.

To explore the scattering mechanism, we examine the temperature dependence of
L, in device B. In general, the dephasing time 7, ~ T, where the exponent a depends on
the scattering mechanisms. In particular,a~2 for electron-phonon scattering. On the other
hand, if electron-electron interaction is the dominant mechanism, two separate processes
may occur depending on the impurity density of the system>’ -- the first involves direct
scattering between electrons and large momentum transfer, with a rate that scales with
(ksT)?, so a=2; the second process involves small momentum transfer, and considers not
individual collision events but instead the interaction of an electron with the fluctuating
electromagnetic environment produced by the movement of other electrons. The latter
process is similar to that in the Nyquist noise, with a rate that scales linearly with k37 in
2D, hence o=1..

Figure 5.3 displays L,(7) at four different hole densities. As expected, L,
increases as T decreases from 15K to 2K, then saturates for 7<2K. We fit the data points

above 2K to a power law dependence L, ~ T” . The measured values of 5 = o/2 are found
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to be ~ 0.4 + 0.02 for all densities, which is close to the value of f=0.5 or o=1 expected

from the theory of electronic interactions with small momentum transfer. Quantitatively,

the Altshuler-Aronov-Khmelnitsky theory predicts Ti = ;/LGT ln(a / O'q) > Combined with
@ q

the expression for D, the dephasing length is given by

L, = h—: [ln(a/aq)4m*kBT]

g,

-1/2

3)

From Eq. (1), o exhibits a weak logarithmic dependence on 7, thus L, should scale with
T'?In(T), and the In(T) term accounts for the observed deviation of /3 from the expected
value of 0.5. Thus the L,(7) data establish that the main dephasing mechanism at low
temperatures arise from electron-electron interactions with small momentum transfer,
though the saturation of L, at 7<2K may suggest a different mechanism at ultra-low
temperatures.

Lastly, we explore the dependence of L, on charge density. Fig. 5.4a plots L,(n)
for device A at 7=0.3K, and that for device B at 7=1.5K and 4K. Clearly, L, is strongly
dependent on carrier density, varying by almost 1 order of magnitude from 30 nm to 110
nm when 7 increases from 0.5 to 2x10'? cm™. In fact, L, appears to have power-law
dependence on n, L,~n", where p appears to be less than 1 for device A at 7=300 mK, and
~1.5 and 2 for device B at 7=1.5K and 4K, respectively.

Such L,(n) dependence can be readily understood from Eq. (3), which shows that
L, should be slightly superlinear in ¢, and the latter is in turn linear or superlinear in 7.
This is explicitly verified by plotting L,/o for device A at 7=0.3 K and device B at

7=1.5K and 4K, respectively (Fig. 5.4b). All 3 curves are relatively independent of n at
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relatively high hole density. The slight rises in the curves at lower carrier density is
attributed to the larger Schottky barriers and increasing contact resistance towards the
band edge. This deviation is largest in the two-terminal data of Device A, and much
smaller but still present in the invasive four-terminal data of Device B. Taken together,
these results again confirm that inelastic scattering processes at low temperature in FLP
are dominated by electron-electron interactions.

5.4 Conclusion

In short, we have observed the weak localization in hBN-encapsulated FLP
devices. The dephasing length is measured to be ~30 to 100 nm, and exhibits power-law
dependences on temperature and charge density. Our results demonstrate that the main
dephasing mechanism in these few layer BP devices is electron-electron interactions with
small momentum transfer.

Weak localization in layered BP with thickness 5 — 10 nm was first reported by
Du et al on silicon substrate with no encapsulation.® They measured gate tunable phase
relaxation lengths between 30 nm — 110 nm and a temperature dependence which scaled
as T"°. Hemsworth ez al observed phase relaxation lengths from 20 — 70 nm SiO,
substrates with polymer encapsulation, but measured a temperature dependence which
scaled as 7% This was compared with quasi-one dimensional weak localization which
has a de-phasing time constant tau which scales as 72" and found that the de-phasing
times in their samples followed a similar trend. While still unclear they attributed this
quasi-one dimensional transport to the puckered crystal structure of BP layers. Phase

relaxation lengths between 20 — 200 nm were reported by Long et al on BN encapsulated
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devices with a temperature dependence which scaled as 7%, Our own results here
demonstrate rather good agreement with both Du et al and Long et al, measuring similar
phase relaxation lengths and temperature dependences. These results across both different
substrates and encapsulations would indicate these results are intrinsic to layered BP.
Considering Hemsworth’s results, it should be noted that they were the only group to
encapsulate their devices with a polymer, which could affect their observed temperature

dependence by adding a source of disorder.
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FIG. 5.1 (a) An optical image of a typical hBN-encapsulated FLG device with hall bar
geometry and a top gate. Scale bar: 10 um. (b) Two-terminal conductivity as a function
of back gate voltage of device A at 7= 0.3K. (c) Four-terminal conductivity as function
of back gate voltage of device B at 7= 1.5K. (d) The conductivity of device B as function
of temperature taken at V;,,=-35V. The dashed line is a fit to Eq.(1).
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FIG. 5.2 Weak localization data from device A. (a). Normalized conductivity Ag in units
of é*/mh vs. carrier density and magnetic field. Note that below -0.38x10"% cm™ the
device no longer displays the suppression of weak localization. This is attributed to the
device entering the insulating state. (b) Solid lines: line traces 4a(B) at -1.8, -1, and -0.7
x0"2cm™, respectively (top to bottom). Dotted lines: fits to the data using Eq.(2).
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FIG. 5.3 Temperature dependence of dephasing length of device B at different hole
densities. Dashed lines are fits to power-law dependence 77"
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FIG. 5.4 (a) The dependence of dephasing length L, on carrier density from Device A at
0.3K(blue), and Device B at 1.5K (red) and 4K (green) respectively. (b) L,/o (n) for the
devices, where o is taken from B=0 measurements.
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Chapter 6
Mobility and Transport Mechanism

in Black phosphorus — Boron Nitride Heterostructures

6.1 Introduction and overview

In the previous chapters, we explored the low temperature magnetic field
transport properties in BP-BN heterostructure devices in the metallic regime, and
observed quantum oscillations, improved mobility, and density dependent phase
relaxation lengths. This chapter explores transport in BP-BN devices in the
semiconducting regime at temperatures up to 300K. We demonstrate orders of magnitude
control over the transfer curve properties, including a factor of 10° increase in on/off
ratios and 10% in modulation of conductance. In gate configurations where the device
displays metal-like temperature transport, we identify ionic conduction as the limiting
scattering mechanism. Variable temperature measurements in the semiconducting regime
demonstrate transport variable range hopping, with estimated localization lengths ~ 3-30
nm.

6.2 Device Fabrication and Geometry

We fabricated our devices using techniques described in chapter 3. A micrograph
of the devices used in this study is shown in figure 6.1a. A schematic of the ideal device
architecture is provided in figure 6.1c. Charge density of the center region of the BP sheet
is controlled by a local graphite gate; since it screens the electric field from the silicon

back gate, the latter only modulates the charge densities of the two outer regions. Thus
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the density and polarity of charge carriers in the central and outer region can be adjusted
independently. All measurements were acquired in a Janis Liquid He cryostat with
variable range temperature controls using standard lock-in amplifier techniques

Figure 6.1b shows a typical device transfer curve of the conductance G as a
function of inner gate Vinner at a fixed outer gate Vouer = -50V taken at 0V bias with lock-
in amplifier and T = 1.5k. When both gates are negative (positive), the device becomes a
p-p’-p (n-n’-n) junction. Since three regions have the same charge polarity, the device is
relatively conductive. When the two gate voltages have different polarities, the device
becomes a p-n-p or n-p-n junction, and is insulating. The data clearly demonstrates high
conductance modulation, high mobility of ~500 cm®V™'s™, and a large on-off ratio of >
10° that is limited by the -noise floor of the amplifier in our measurements.

Since the device displays higher conductance when hole-doped, we will focus on
the p-p’-p regime. Figure 6.2b-c displays G(Vinner) at constant Voyer ranging from -9V to
+9V, and figure 6.2d displays G(Vouter) at constant Vinner. Here the device can be simply
approximated as three resistors in series G = (2/Gouter + 1/Ginner)™, Where Ginner and Gouter
are the conductance of the inner and outer regions, respectively. As expected, G increases
with either increasing Ginner OF Gouter, Which is reflected in the above curves.

6.3 Mobility

We now explore the disorder and transport mechanisms in the p-p’-p regime. To
this end, we measure current as both voltage bias and temperature are varied, while
keeping Vinner and Voueer at constant voltages (Vinner, Vouter) — (-8, -40) V, (-7, -30) V, (-6, -

20) V, (-5, -12) V, (-4, -4) V, as marked on figure 6.3a. For the first 2 gate configurations,
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the device is metallic, i.e. its conductance increases as temperature decreases. Generally,
in the metallic regime, device mobility (and hence conductance) is expected to follow p ~
T where the exponent a depends on the dominant scattering mechanism. In figure 6.3b
we show the log-log plot of G as a function of temperature T at gate configurations (-7,-
30) and (-8,-40), where « is measured to be -0.56 and -0.72, respectively. This is in
reasonable agreement with o = -0.5 in a prior report by Li et al.' Theoretical calculations
for layered BP predict a = -2 for phonons and « = -0.3 for charged impurity limited
scattering.>*® Our values suggest that in the metallic regime the mobility is dominated by
charged impurity scattering. Furthermore, the values of o decrease as the gate voltage
approaches the band edge, suggesting that charged impurity scattering becomes more
dominant closer to the band edge. It should be noted that the mobility of our device is
~300 cm?V's™, which is lower than that reported by Li et al ~1,000 cm?V's™. The
similar values of a measured in both studies, despite the difference in mobility, suggest
that charge impurities are an important and possibly intrinsic scattering mechanism in BP
devices.

6.4 Variable Range Hopping

For the remaining three gate configurations shown in figure 6.3a, (-4,-4), (-5,-12),
and (-6,-20), the device is insulating, i.e. G decreases with decreasing T. Figure 6.3c
displays G vs T™ in the Arrhenius plot curves; assuming thermal activation (G ~ exp(-
AE,/KgT)) is the main transport mechanism, we obtain activation energies 4E, of 71meV,
12meV, and 2meV, respectively. These values are much smaller than those reported for

Schottky barriers, which can range from 100 — 700 meV*°, depending on the contact
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metal, or the band gap (~0.3eV). These unreasonably small activation energies, and the
presence of curvature in the Arrhenius plots, prompt us to examine another mechanism
that often dominates transport in a disordered system.

As discussed in chapter 2, variable range hopping (VRH) conduction was first
described by Mott in 1969 as the probability for conduction electrons to hop between

localized states in a disordered medium® with a characteristic temperature dependence

0= aep(—" (1)

Here oy is a temperature independent or weekly temperature dependent constant, p
= (1+d)?, d is being the dimension of the system, and Ty = 13.8/ksg(e)a’ with g() the
density of states and a the localization length of the trap states.” ® In this 2D system p =
1/3, and the 2d density of states g(¢) = m"/zh where m" the effective mass of BP. In figure
6.3d we show the semi-log plot of conductivity o as a function of T, The data falls onto
a line for the temperature ranges shown. Fits to the above equation yield Ty values of
44,000K, 3,600K, and 140K for gate configurations (-4, -4), (-5, -12), and (-6, -20),
respectively. From the results in chapter 4, we take m™ = 0.3me, yielding g(e) =
7.822x10%° s?%kg™m™. Thus the localization length is estimated to be a = 1.7 nm, 5.9 nm
and 30 nm for each gate configuration. The localization length increases as gate voltages
become more negative, which is reasonable, as higher charge concentration provides
more screening and reduces the number of trap states.

The origin of these localized states could be either trapped charge impurity states
from the BN substrate or intrinsic phosphorus vacancies in the BP lattice. Boron nitride is
well known for having low disorder: for instance, the electron-hole puddles in graphene
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on BN is reduced by two orders of magnitude than that on SiO,.*° Furthermore, recent
measurements on pristine BP surfaces demonstrated phosphorus vacancies on lattice
surface with distances comparable to the average hopping lengths measured above.™ In
contrast to charged impurity limited mobility in layered samples, the mobilities in bulk
BP are dominated by acoustic phonons.*?*2 This change in phonon limited scattering to
charge impurity limited scattering between bulk and layered devices, combined with the
studies of phosphorus vacancies at the surface, would suggest that phosphorus vacancies
play a crucial role in the disorder of mechanically exfoliated BP systems.

In addition to our works, transport via variable range hopping was also observed
by other groups. Long et al observed T, ranging from 300 K — 900 K and localization
lengths of 10 nm — 20 nm on BN encapsulated devices.** Choi et al reported T, between
1000 K — 9000 K on BN encapsulated devices, and observed a coulomb diamond
consistent with multiple quantum dots, where the size of the trap state is estimated to be
~25nm.” Using BP on SiO; and covered with BN, Kuiri et al measured localization
length of 11 nm.™ These values are consistent with those reported here and highlight the
relatively high concentration of localization states in layered BP.

6.5 Conclusion

In conclusion, we realize p-n-p (n-p-n) and p-p’-p (n-n’-n) electronic phases in a
single device by employing a local graphite gate. Variable temperature measurements
reveal mobilities limited by charged impurity scattering and localized states around the

valence band edge. Comparing the extrapolated localization lengths to phosphorus
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vacancies at the surface of BP suggest that the current generation of BP devices still

suffers from intrinsic disorder.
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Figure 6.1. a) A micrograph of a the device used in this study. Deep purple structure
below device is graphene local gate. b) Conductance G Vs Vinnerat 1.5 K. ¢) Schematic of
local gated structure. An “inner” region is defined by local graphene gate, while “outer”
regions are separately controlled by silicon gate.
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Figure 6.2. a) Conductance G as a function of Vinner and Voueer. G as a function of Vigpner at
fixed Vouter fOr hole conduction b) and electron conduction ¢). d) G as a function of Voyeer
at fixed Vinner for hole conduction.
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Figure 6.3. a) Conductance G as a function of Vipner and Voueer. Red dots identify gate
configurations (Vinner ,Vouter) — (-4,-4)V, (-5, -12)V, (-6,-20)V, (-7,-30)V, (-8,-40)V. b)
Log-log plot of G as a function of T at gate configurations (-7, -30)V and (-8, -40)V.
High temperature fits yield y values of -0.56 and -0.72 respectively. ¢) Semi-log
Arrhenius plot of conductivity ¢ as a function of T at gate configuration shown. Fits to
Arrhenius model give activation energies of 71meV, 12meV, and 2meV, respectively
(top to bottom). d) Semi-log plot of o as a function of T for gate configurations shown.
Fits to variable range hopping model yield Ty from top to bottom of 140K, 3,600K, and

44,000K.
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Chapter 7

Conclusion

7.1 Introduction

Since the first generation of layered BP devices, the field of BP electronics and
optoelectronics has made tremendous progress. Stability problems® that plagued device
performance were overcome via encapsulation, and the utilization of hBN substrates
reduced extrinsic defects and enabled observations of quantum oscillations.*” Gate
dependent effective mass and phase relaxation lengths demonstrated the highly tunable
properties of BP devices in the metallic regime, and transport mechanism in the
semiconducting regime was shown to be dominated by variable range hopping. This
period of second generation layered BP devices saw a highly active effort by many
groups. In this chapter we will review the accomplishments of this research, highlight the
contemporary efforts which paralleled this work, and finally reflect on the future of
layered BP device.

7.2 Electrical Properties

As discussed in chapter 4, 5, and 6, several efforts paralleled our own in
uncovering the electrical properties of BP. Quantum oscillations were observed by
several other groups in encapsulated and un-encapsulated devices on both BN and SiO,
substrates.>® % At the time, our observations yielded the highest mobility with
oscillations observed as low as 3T, while the closest competitor observe them at 6T.
Phase relaxation lengths and their temperature dependence, similar to our own work,

11-13

were observed by several efforts™ ~°, with one group observing a quasi-one dimensional
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temperature behavior possibly caused by defects from polymer encapsulation®.
Localization was observed in the semiconducting regime by a few groups and was well-
described by 2D Mott variable range hopping conduction.****

One of the most exciting achievements to date was the observation of the
quantum Hall Effect™® and field effect mobility in excess of 20,000 cm?V s> These
measurements provided insight into the spin dynamics of BP devices demonstrating
enhanced g-factors, and landau level crossings in a tilted magnetic field. Some open
questions remain as to the fractional quantum hall states of BP and how they might differ

in an anisotropic medium.

7.3 Thermal and Optoelectronic Properties

Due to the sizeable direct band gap, which can range from 0.3 eV in bulk to 2eV
in monolayer, BP is a highly attractive candidate for tunable photodetection in the visible
to infrared spectrums. Studies demonstrated fast (1ms) photoresponse®® and polarization
sensitive broadband (400 nm — 3750 nm) photodetection®®. BP saturable absorbers were
demonstrated in several studies and used to generate ~ 3-800 fs short pulses from 1500 —
1900 nm®, to construct broadband optical modulators from 600 — 2000 nm**, and to
generate energetic short pulses via Q-switching operation from 1000 — 2700 nm?%.

Furthermore, measurements on the emission spectra show anisotropic excitonic
effects, and substrate dependent emission energies.? Polarized Raman studies on the
edges of BP reveal the presence of bulk-forbidden modes which depend on the crystal

direction and caused by lattice termination rearrangements.?* Pressure dependent Raman

experiments demonstrate a minimum in around 1.1 GPa and are associated with
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anomalies in the electron-phonon coupling at the semiconductor topological insulator
transistion.?

BP is also an appealing material for thermolelectric applications, with theoretical
predictions of large energy conversion efficiencies even at room temperature.?® Large
anisotropic thermal conductivities in thin and nano-ribbon samples illuminate the
electron-phonon interactions, with suppression of acoustic phonons in thin samples®” and
anisotropic phonon dispersion in nanoribbons?. Anisotropies observed in thermoelectric
_3.27—29

measurements are of the same order observed in electrical measurements ~ 2

7.4 Conclusion and Outlook

Studies of properties and applications of atomically thin BP is one of the most
active fields of materials research. While many properties of layered BP have been
revealed, many more remain to be investigated.

We begin by comparing the revealed properties of layered BP with those of the
bulk. In bulk samples the mobility scales with T which is consistent with phonon
limited transport.®>! On the other hand the mobility of layered devices, both high quality
and disordered, show a T trend that is consistent with charged impurity limited
scattering.® The mechanism underlying this change from phonon limited to charge
impurity limited scattering remains an open question. Measurements of the anisotropic
effective mass®® on bulk show values which differ than those measured on layered
devices®***°. Furthermore anisotropic conductivities in bulk® remain much larger than

those measured in layered samples. These differences would suggest layered devices are
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more disordered than bulk. Studies into these differences could reveal a means to achieve
higher quality devices.

Interesting properties in bulk, such as superconductivity and crystallographic
transitions remain unobserved in layered samples. As discussed in chapter 1, BP
undergoes two crystallographic changes under pressure at 5 GPa and 10 GPa with an
electronic transition occurring around 2 GPa.*®* A recent experiment in bulk BP
revealed this transition to suppress the band gap and coincide with a colossal
magnetoresistance; a non-trivial berry phase is also observed.*® Angle-resolved
photoemission experiments observed a similar transition in chemically doped BP

samples* and theoretical calculations***

predict a closing of the gap with applied
electric field of 0.5 V/A. These promising results indicate the possibility of a topological
transition under applied pressure or electric field, which could coincide with the
development of a Dirac spectrum™ in the single layer case. This would be the only 2D
material, other than graphene, where such a spectrum could be observed. The one missing
element from these experiments is a gate to selectively control the density. Density

modulated measurements near these pressures and fields where topological transitions

occur would illuminate the nature of topological transitions in BP devices.
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