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Abstract

Graphene is a material that has generated much interest due to its many unique elec-
tronic and optical properties. In this work, we present optoelectronic measurements
performed on ultrathin graphene-boron nitride-graphene heterostructures. Scanning
photocurrent spectroscopy allows us to explore the tunneling behavior of these devices
as a function of both photon energy and bias voltage. Tunneling through the boron
nitride insulator is found to be dramatically enhanced by the presence of light, show-
ing a high-bias behavior that can be well described using Fowler-Nordheim tunneling.
These measurements indicate that tunneling is dominated by photoexcited positive
charge carriers (holes) with an intrinsic barrier height and effective mass of 1.33eV
and 1.19m., respectively. These numbers agree well with theoretical calculations of
the offset between the top of the valence band in boron nitride and the charge neu-
trality point in graphene, and the effective mass of holes in boron nitride. Moreover,
a peak in the conductance was observed at zero bias voltage, indicating the presence
of thermionic emission near the charge neutrality point.
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Chapter 1

Introduction

First theoretically studied in 1947 by P. R. Wallace, it was not until recently that
graphene was first isolated and observed experimentally [1]. For many decades it
was thought that graphene, or other two-dimensional crystals, could not exist since
it would not be thermodynamically stable, but in 2003 Andre Geim and Konstantin
Novoselov were, for the first time, able to isolated a single sheet of graphene from
a bulk graphite crystal [2]. This discovery earned them the Nobel Prize in physics
in 2010 and has opened up a new field of condensed matter research. Graphene is a
two-dimensional crystal of carbon atoms arranged in a hexagonal lattice. It is part
of a larger family of carbon compounds which include buckminsterfullerenes (zero-
dimensional), carbon nanotubes (one-dimensional), and graphite (three-dimensional).
Although only discovered very recently, graphene has become a very attractive ma-
terial to study because of its unique properties. Electrons in graphene act as mass-
less Dirac fermions, allowing new physical phenomena to be studied in a controlled
environment. Its high carrier mobility has made it a very promising material for
producing ultrafast transistors and terahertz antennas. Mechanically, graphene is the
strongest known material by weight, but very flexible, making it appealing for use in
flexible electronics. Moreover, graphene’s large, broadband absorption makes it very

promising for use in smaller, more sensitive photodetectors.
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1.1 Experimental Overview

The many novel properties and applications of graphene have led to an explosion of
interest in the field. In this work, we study the optoelectronic properties of graphene
heterostructures. Specifically, we fabricated graphene-boron nitride-graphene devices
in order to study photon-induced tunneling through the insulating boron nitride
barrier. Measurements were performed using a confdcal scanning photocurrent mi-
croscopy setup that allowed us to measure the photon-induced tunneling current as a
function of position and photon energy. The purpose of this project was to determine
whether photons could be used to enhance tunneling in these types of device and, if
so, to use this technique to measure properties of the graphene-boron nitride interface.
If photons are indeed able to enhance tunneling in this type of system, it opens up
the possibility of using graphene-insulator-graphene heterostructures to make new,
ultrasensitive photodetectors with very high signal to noise ratios. Moreover, this
technique of using light to modify tunneling behavior could be used as a probe to
study the properties of material interfaces, in this case the graphene-boron nitride

interface.
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Chapter 2

Overview of Graphene and Boron

Nitride

2.1 Crystalline Structure and Electronic Proper-
ties

Both graphene and hexagonal boron nitride (hBN) are composed of hexagonal Bravais
lattices with two-atom bases. In graphene, both of the atoms in the basis are carbon
atoms. This particular symmetry leads to unique electronic properties which have
been the subject of much excitement in the field. In boron nitride, on the other
hand, the two atoms in the basis are boron and nitrogen, as shown in Figure 2-1.
Although boron nitride can be isolated into a monolayer, like graphene, this different
basis structure leads to very different electronic and optical properties.

In the past several years it has been observed that graphene’s electronic properties
(mobility, extrinsic doping, etc.) can be dramatically improved by placing it on an
hBN substrate [3]. This improvement comes as a result of hBN’s two dimensional
planar structure, which gives the material an ultraflat surface, free of charge traps
and dangling bonds. This has led to a great deal of interest in using hBN as a
substrate and dielectric layer in graphene devices, and has even been used in transport

measurements on graphene-hBN-graphene tunneling junctions [4].
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Figure 2-1: An illustration showing the hexagonal atomic structure of graphene (left)
and hexagonal boron nitride (right). In graphene, both atoms in the basis are carbon
atoms, forming two degenerate sublattices denoted A and B. In boron nitride the two
atoms composing the basis are boron and nitrogen, breaking this degeneracy.

The atomic orbitals in both graphene and hBN are sp? hybridized and form o
bonds with their nearest neighbors. The remaining p, orbital forms 7 bonds with its
nearest neighbors and it is these 7 bonds that form the relevant electronic band struc-
ture at low energies. For graphene, the electronic band structure can be calculated to
a surprisingly good approximation using the tight binding model. The tight binding
model assumes that electrons in the m bonds are strongly localized to lattice sites.
The overall wavefunction of the system is then given by the superposition of these
localized bonds, weighted by a periodic phase of e*®. The phase factor comes from
Bloch’s theorem and arises from the periodicity of the lattice. Once the wavefunc-
tion has been approximated in this manner, the expectation value of the energy (as
a function of wavevector) can be calculated using a tight-binding hamiltonian with

nearest neighbor interactions.

The band-structure calculated for graphene using the tight binding approximation
is shown in Figure 2-2A [5]. The most important feature to note is that there is no
band-gap in this material. Graphene is a semimetal where the valence and conduction
bands meet at the K and K’ points. Moreover, at low energies, electrons have a
linear, relativistic dispersion relation, more commonly referred to as a Dirac cone.

Expanding the band structure about the K and K’ points, the dispersion relation

18



E(k)

L 0T i i T

k, (nm’")

Figure 2-2: (A) The band structure of graphene calculated using the tight binding
model. The conduction and valence bands meet at the K and K’ points. (B) An
expanded view of the low-energy band structure, corresponding to a conical Dirac
dispersion relation. The bottom cone (blue) is in the valence band while the top cone
(red) lies in the conduction band.

becomes F; = wvp|q|, where q is the momentum measured with respect to these
points. Electrons in this system behave as massless Dirac fermions and travel with
a constant Fermi velocity, vp, which has been measured to be vy &~ 1 x 105m/s [5)].

The Dirac cone dispersion relation is shown in Figure 2-2B.

The conical Dirac dispersion of graphene leads to many interesting and novel
phenomena in graphene devices. One of these phenomena is that current in graphene
can be carried by either negative or positive charge carriers (electrons or holes) [6].
The type of charge carrier, as well as the carrier density, can be tuned through the
application of a transverse electric field to the sample. In zero electric field, the Fermi
energy in intrinsic graphene lies at the charge neutrality point (sometimes referred to
as the Dirac point), the crossing point of the Dirac cone. At this point, the charge
carrier concentration is zero. Applying an electric field perpendicular to the graphene
sheet can induce charge carriers to flow into the graphene from the contact electrodes,
changing the carrier concentration and therefore the Fermi energy. This procedure,
known as field effect gating, can also be used to shift the charge carriers from electrons

to holes, or vice versa, as the Fermi energy is moved through the charge neutrality
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Figure 2-3: A plot showing the resistance of a graphene sample as a function of gate
voltage (applied electric field). The peak corresponds to the charge neutrality point.
(Image adapted from [6].)

point. Tuning the material from n-type doped to p-type doped through the charge
neutrality point causes a peak in the resistance of the sample since the carrier density
will go to zero. This peak, known as a Dirac peak, can be easily measured (see Figure
2-3). From the shape of the Dirac peak, the mobility of charge carriers in the material

can be calculated.

Besides the ambipolar tunability of charge carriers there are many other unique
and interesting phenomena that arise from graphene’s conical dispersion. Although it
will not be discussed here, the anomalous quantum hall effect in graphene, analogous
to the integer quantum hall effect in conventional materials, has generated much
interest in recent years [7]. Moreover, graphene has the unique property that charge
carriers which encounter a potential energy barrier in the material will tunnel through
the barrier with a probability of one for certain special incident angles [8]. This
phenomenon, known as Klein Tunneling, arises from the Dirac nature of electrons in
graphene and is only one of many novel quantum phenomena that may be observable

using this material.

Although hexagonal boron nitride has a very similar lattice structure to graphene,
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Figure 2-4: The band structure of hexagonal boron nitride, showing a band gap of
~ 5.2 eV. For clarity, a schematic of the Brillouin zone is shown to the right. (Image
adapted from [9].)

its non-degenerate, two-atom basis, yields a very different electronic band structure,
as depicted in Figure 2-4. Unlike graphene, which is a zero-gap semi-metal, boron
nitride acts as an insulator with a very large band gap of ~ 5.2 eV, and electrons
(holes) at the bottom (top) of the conduction (valence) band behave as massive,
non-relativistic fermions with a quadratic dispersion relation [9]. What makes boron
nitride a very interesting material, however, is that, when cleaved properly, it forms a
very flat, pristine surface and can be used as a substrate for other thin-film materials.
A comparison of the roughness of silicon oxide and hBN is shown in Figure 2-5. It has
recently been observed that graphene sample quality can be improved dramatically
when deposited onto hBN [10]. This makes boron nitride an ideal material to be used

as a tunneling barrier in graphene systems.

2.2 Optical Properties of Graphene

Graphene has many optical properties arising from its band structure which make
it a very promising material in optoelectronics applications. First, because graphene
has no bang gap, it can absorb light via interband transitions across a broad range of

spectra. This process is illustrated in Figure 2-6, and leads to an absorption spectrum
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Figure 2-5: A comparison of the roughness of hexagonal boron nitride (left) and
silicon oxide (right) measured using an atomic force microscope. The former is more
than five times smoother that the latter. (Image adapted from [10].)

that is relatively flat from the mid-infrared to the near ultraviolet (with a peak at
270nm due to a van Hove singularity in the density of states) [11]. Because graphene
can be easily gated using field effect gating (see Section 2.1), low-energy interband
transitions can be Pauli blocked, allowing tunability of graphene’s absorption spec-

trum in the infrared.

Another important optical property of graphene is the presence of a strong hot-
carrier effect [13]. When electrons in graphene are optically excited, they form an
energetic, non-equilibrium carrier population in the conduction band, leaving a corre-
sponding distribution of holes in the valence band. These distributions cool through
two primary mechanisms: fast, intraband electron-electron interactions mediated by
optical phonons, and slow electron-hole interband interactions mediated by acous-
tic phonons. The first cooling mechanism, electron-electron interactions, equilibrates
quickly, heating the optical phonon bath to the electronic temperature, still far above
the lattice temperature. The second cooling mechanism, electron-hole interactions,
should, in theory cool the electronic system back down to the lattice temperature. In
practice, however, it has been found that this process must be mediated by acoustic
phonons (to conserve momentum) and these acoustic phonons act as a bottleneck, es-
pecially near the charge neutrality point. As a result, this cooling process in graphene

has a very long timescale, meaning that excited electrons in the system remain hot.

The hot-carrier effect makes graphene a very enticing material for use in energy

applications. Because electrons stay hot in the system, they can travel significant
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Figure 2-6: (A) An illustration showing electron-hole pair generation in graphene
for light of different energies. To conserve momentum, electrons and holes must
be excited symmetrically about the charge neutrality point. (B) The absorbance of
graphene has been measured to be fairly constant across a broad range of photon
energies. (Image adapted from [12].)

distances (> 2um) without losing energy. This highly non-local photoresponse is
predicted to increase the efficiency of energy-harvesting devices beyond the stan-
dard limits [14]. This improvement arises from the fact that the elevated carrier
temperature leads to a substantially higher Carnot efficiency limit. Moreover, hot
carriers are predicted to enhance thermionic emission, potentially allowing for hybrid
photon-enhanced thermionic emission devices, which should offer large efficiency im-
provements over conventional photovoltaic or photothermal devices [15]. In essence,
these devices use thermal energy to enhance the emission of photo-generated charge
carriers over a barrier, thereby driving a current. If these types of devices can be

realized, then they promise to have a large impact on the way we generate energy.
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Chapter 3

Tunneling in Thin-Film

Heterostructures

Tunneling is a quantum mechanical phenomenon by which a particle can travel
through a potential energy barrier that, classically, it would not have been able to
cross. In this work, we observed the tunneling of electrons through a thin insulating
layer of boron nitride. The band gap of the boron nitride served to create a potential
energy barrier for electrons in the graphene sheets. Under normal conditions, the
boron nitride barrier height is too high for there to be any significant probability for
electrons to tunnel across [4]. When light was shown onto the electrons, however,
they were excited into higher energy states, decreasing the effective barrier height
and increasing the tunneling probability to the point where a significant tunneling

current could be observed.

3.1 Wentzel-Kramers-Brillouin Approximation

The Wentzel-Kramers-Brillouin (WKB) approximation is the most basic description
of a quantum mechanical particle tunneling through a slowly varying potential. It is
a semiclassical approximation in which the particle’s wavefunction is propagated as a
decaying exponential through a potential barrier in order to calculate the probability

of measuring the particle on the other side. In order to derive the WKB approxi-
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mation to the tunneling probability, we start with the time-independent Schrodinger

equation, which in one dimension is given by

_ h? d?V(x)
2m*  dx?

+V(X)T = E¥(z) (3.1)

for non-relativistic particles, such as electrons in the bands of a semiconductor. Here,
m* is the effective mass of the particle, F is its energy, ¥(z) is the wavefunction, and
V(z) is the shape of the potential energy barrier. This equation can be rewritten as

d?0(z) 2m*(V(z) — E)
dz? 72 ¥(=)

(3.2)

For an arbitrary V(z), Eq. (3.2) is a very non-trivial equation to solve. Progress,
however, can be made using the WKB approximation, which essentially assumes that
the potential barrier varies very slowly compared to the de Broglie wavelength of the
particle. If we assume that V(z) is slowly varying over some small distance dz, then

the solution to Eq. (3.2) can be written as

2m*(V(z) — E)
52 dz

U(z +dx) = ¥(z)exp [—\/ (3.3)

Once again assuming that the potential is slowly varying, the above equation can be

integrate across the potential barrier to find that

L . —
U(L) = ¥(0) exp [—/ \/2m (V}(ix) E))d:l: (3.4)
0

where L is the length of the region where the potential, V(z), exceeds the particle
energy, E. To find the probability of a single particle tunneling through this barrier,
one simply compares the modulus squared of the wavefunction to the left of the barrier
to the modulus squared of the wavefunction to the right of the barrier. In the WKB

approximation the probability for a particle to pass through a potential barrier of the
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Figure 3-1: A schematic showing the tunneling of a high-energy particle through the
triangular portion of a potential energy barrier. The low-energy particle, which tun-
nels through the rectangular portion of the barrier, will have a much lower tunneling
probability.

form V(z) becomes

dz (3.5)

The WKB approximation has been tested extensively and has been found to work
very well in cases where potentials are slowly varying or constant and many-body
dynamics do not play a large role [16]. Unfortunately, WKB alone is not sufficient to
describe the tunneling phenomena observed in the devices measured here and a more

advanced tunneling theory, known as Fowler-Nordheim tunneling is needed.

3.2 Fowler-Nordheim Tunneling

While WKB accurately describes the direct tunneling of particles through potential
barriers, tunneling through an insulator in the presence of an electric field is a more
complicated process and cannot be explained by WKB alone. The primary difference
arises from the the fact that, at high electric fields, the potential barrier produced by
the band gap of an insulator is tilted, forming a triangular barrier. Moreover, as is

shown in Figure 3-1, given a sufficiently large energy, charge carriers traveling through
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an insulator will tunnel through the triangular barrier and into the conduction band
of the material, where they will undergo ballistic transport to the drain electrode. The
Fowler-Nordheim tunneling model builds on the WKB approximation, incorporating

this region of ballistic transport in the high bias limit [17].

The band gap of an insulator can be approximated as a rectangular potential
barrier, which becomes tilted under the influence of an electric field. The tunneling
probability through this triangular barrier is well-described by the WKB approxima-
tion where V(z) and L in Eq. (3.5) both become functions of the applied electric field.
Since the applied electric field is known, V(z) and L can be solved for. Applying Eq.
(3.5), one obtains the following expression for the tunneling probability through the

triangular portion of the barrier

ey 2m*¢3/2] (3.6)

Trn = exp l— 3ehV

Here t is the thickness of the insulating barrier layer, m* is the effective mass of charge
carriers in the insulator, V is the bias voltage applied across the insulator, and ‘gb is

the effective height of the potential energy barrier at zero applied field.

Once a charge carrier tunnels through the triangular barrier, it ends up in the
conduction band of the insulator, from where it travels to the drain electrode via
ballistic transport. In the low temperature limit, this process results in a prefactor
to the tunneling probability provided by the WKB expression [17]. The resulting
expression for the total tunneling current becomes

e3myAV? [_ 4t\/2m* /2 ]

IV) = Torthmrai 3ehV (3.7)

where my is the rest mass of a free electron and A is the effective tunneling area.

Eq. (3.7) can be rewritten in a form that is much more useful when fitting ex-
perimental data. Rearranging terms and taking the natural logarithm, one obtains

that

(3.8)

In ) o e*moA | 4t/2m ¢%/ 1
V2 | 16n2hmzot? 3eh vV
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In this form, it is very clear that In (I(V)/V?) is linear in 1/V. If Fowler-Nordheim
tunneling accurately describes the tunneling mechanism in a sample, then measuring
the I — V curve of the sample and plotting In (I(V)/V?) against 1/V should yield
a straight line. From this line the effective barrier height, ¢, or the effective carrier
mass, m*, can be determined. In the graphene-boron nitride-graphene heterostruc-
tures measured here, Fowler-Nordheim tunneling was used to explain the tunneling
behavior and numerical fits were used to extract both the effective barrier height and

the effective carrier mass.
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Chapter 4

Device Fabrication

In order to study tunneling in graphene-boron nitride-graphene heterostructures,
nano-scale devices were fabricated using modern clean room techniques. The basic
device geometry is shown in Figure 4-1. Our devices consisted of a long, atomically
thin drain electrode made from chemical vapor deposited graphene. An exfoliated
hexagonal boron nitride (hBN) tunnel barrier was deposited on top of the graphene
drain followed by an exfoliated graphene source electrode. The entire device was
fabricated on a degenerately doped silicon substrate with a 285nm surface layer of
silicon oxide and a conducting silicon back gate. The active area (area covered by all
three layers) of typical devices was ~ 10um? and the thickness of the hBN tunneling
barriers ranged from 7nm to 24nm. The device geometry described above allowed
us to place a bias voltage across the hBN layer and measure the tunneling current

produced under various illumination conditions.

4.1 CVD Graphene Growth and Transfer

Chemical Vapor Deposition (CVD) is a process by which atoms are deposited onto
a substrate under conditions such that they will crystallize into a desired thin-film
material. In this case, the drain graphene layer was produced using chemical vapor
deposition of carbon onto a copper substrate. Thin copper films (~ 20um) were

placed into a sterile quartz growth furnace and heated to ~ 1000°C under low vacuum.
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Exfoliated
Source

Figure 4-1: Schematic showing the device geometry. The graphene source and drain
electrodes were separated by a thin hBN insulating layer. Both graphene electrodes
were connected to two gold contacts (only one shown for clarity). Measurements were
performed by applying a voltage to the graphene source and measuring the current
collected at the graphene drain. Devices were fabricated on silicon oxide wafers with
a conducting silicon back gate (not shown).

Hydrogen and methane gas was then passed over the film. The hydrogen serves to
catalyze a reaction by which the methane molecules separate and the carbon atoms
are adsorbed into the surface of the copper substrate. Under the proper growth
conditions the carbon atoms can be induced to form a monolayer at the surface of
the copper. When the copper substrate is then rapidly cooled back down to room
temperature, the carbon monolayer crystalizes into a layer of graphene. The end

result of this process is a copper film covered by a CVD graphene monolayer.

Once the CVD graphene has been grown on the copper substrate, it still has to
be transferred to the silicon wafer onto which the actual device will be built. The
transfer process is outlined in Figure 4-2. A poly(methyl methacrylate) (PMMA) film
1s spun onto the graphene, holding it in place while the copper substrate is chemically
etched away using iron (III) chloride. Once the copper has been completely etched,
the PMMA film with the CVD graphene can be removed from the iron (III) chloride
solution and is rinsed several times with hydrochloric acid and water to remove any
contaminants. The PMMA membrane is then placed onto a doped silicon wafer with a

285nm top-layer of silicon oxide with the graphene-side in contact with the substrate.
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Figure 4-2: An illustration of the CVD graphene transfer process. (a,b) Graphene
is grown onto a copper substrate. (¢) PMMA is deposited onto the graphene. (d)
The copper is chemically etched away from the graphene. (e) The PMMA /graphene
stack is placed onto the desired substrate. (f) The PMMA is dissolved leaving only
the CVD graphene on the desired substrate.

The PMMA is dissolved using acetone, leaving the CVD graphene layer on top of the
silicon substrate. Once on the substrate, the graphene can be patterned and etched

in order to build devices.

There are several advantages and drawbacks that come from using CVD graphene
instead of the more traditional exfoliated graphene for the drain electrode. Unlike
mechanical exfoliation, chemical vapor deposition can be used to grow large-area
(> lcm?) graphene sheets. This makes it easy to pattern and fabricate en masse.
Moreover, having a large drain electrode makes transferring the insulating layer and
the source electrode during subsequent fabrication steps much easier, allowing for a

faster fabrication cycle when building devices.

CVD graphene, however, also has several drawbacks, most notably its lower qual-
ity. CVD samples are generally found to have lower mobility and higher doping than
their exfoliated counterparts [18]. This stems from the fact that the CVD growth
process inherently produces multi-domain crystals. Where these domains meet, grain
boundaries form: regions that are particularly chemically active and tend to form

bonds to stray contaminants. As a result, these boundaries form potential barriers
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Figure 4-3: An overview of the photolithography process showing how CVD graphene
(green) is etched into specific geometries. (Image adapted from Rice University:
Connexions. )

photoresist

and scatter charge carriers, reducing bulk carrier mobility [19].

4.2 Lithography

The CVD graphene drain electrodes were patterned using a combination of pho-
tolithography and reactive ion etching (RIE). Once transferred to a silicon oxide
substrate, the CVD graphene layer is coated with the negative photoresist AZ 5214.
When exposed to ultraviolet light, AZ 5214 molecules become activated, allowing
them to be easily removed by chemical processes. By using a mask to selectively
expose regions on the sample, patterns can be engraved into the AZ 5214 layer. The
graphene no longer covered by photoresist is etched away using a reactive ion oxygen
plasma, leaving the mask pattern imprinted into the CVD graphene. This process is
summarized in Figure 4-3. In these specific devices, the CVD graphene was patterned

into 100xm long, 10pm wide bars, to serve as drain electrodes (see Figure 4-4).
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Figure 4-4: A CVD graphene bar on a silicon oxide substrate. The graphene has been
outlined in white for clarity.

4.3 Exfoliation and Transfer

Although chemical vapor deposition allows one to produce large-area sheets of a
material, the technique of mechanical exfoliation generally produces much higher
quality samples by cleaving naturally formed bulk crystals. Because of this, it was
used to produce both the boron nitride tunneling barrier and the graphene source
electrode.

The process of mechanical exfoliation begins with the preparation of the substrate
onto which the sample will be exfoliated, imaged, and transferred from. We begin
with a macroscopic layer of polydimethylsiloxane (PDMS) resting atop a glass slide.
The PDMS serves as a flexible support structure for the exfoliated flakes. The stack
is then covered with a piece of clear packing tape to serve as a sticking layer for the
poly(methyl methacrylate) (PMMA) membrane that is deposited onto it. The desired
material can then be exfoliated onto the PMMA membrane, which will be held rigidly
in place by the PDMS layer below. The entire stack, PMMA, tape, PDMS, and the
glass slide, is clear, allowing exfoliated flakes to be optically imaged from either the
top or the bottom.

Exfoliation of the graphene and boron nitride was done using laboratory-grade
sticky-tape. Once the crystal has been exfoliated several times onto the tape, the
tape with the exfoliated crystal fragments is pressed onto the PMMA membrane
of the transfer stack and removed, leaving exfoliated crystal flakes behind. Using
an optical microscope, boron nitride flakes (or monolayer graphene flakes) can be
identified for transfer.

Once desired flakes are identified, they, along with the PMMA /PDMS substrate,
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Figure 4-5: (A) An exfoliated boron nitride flake (blue) on top of a CVD graphene
bar (outlined in green). (B) An exfoliated graphene flake on top of the boron nitride
flake. The exfoliated graphene is outlined in white for clarity.

are cut from the glass slide and remounted. The result is a small (~ 1mm?) stack
of PMMA /tape/PDMS with the desired exfoliated flake on top, affixed to a glass
slide. The entire device is then inverted and the glass slide is mounted into a 3-axis
micropositioner. The target wafer is mounted to a heated vacuum chuck below the
glass slide. Since the glass/PDMS/PMMA stack is transparent, the exfoliated flake
can still be located using a microscope and, using the 3-axis micropositioner, can be

aligned to features on the wafer.

Once flakes are aligned to features on the wafer, the PMMA /PDMS stack is
lowered until the PMMA layer with the exfoliated flake is in contact with the wafer.
The wafer is then heated to 135°C, causing the PMMA to stick to the substrate and
separate from the PDMS. The PDMS is then lifted away, leaving the PMMA layer
with the exfoliated flake stuck to the wafer. The PMMA is removed using acetone,
leaving only the exfoliated flake on the wafer. In this manner, exfoliated flakes can be
reliably aligned and transferred to silicon oxide wafers with precision. This exfoliation
and transfer process was used to transfer the hexagonal boron nitride tunneling layer
onto the CVD graphene drain electrode, and the exfoliated graphene source electrode

onto the boron nitride. The results of these steps are shown in Figure 4-5.
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4.4 Contact Deposition

Once the graphene electrodes and the hBN layer were in place, the only remaining step
was to create electrical contacts to the device. Since graphene flakes are too small
and fragile to be contacted with wires directly, chrome/gold was evaporated onto
the device to contact the graphene directly and form pads onto which wires could
be bonded. This was done using electron beam lithography to create the contact

patterns and electron beam deposition to fill the patterned areas with chrome/gold.

Electron beam lithography is very similar to photolithography (see Section 4.2).
Instead of using a resist that is sensitive to light, a resist that is sensitive to high-
energy electrons is used instead. The sample is coated in this resist (in our case
PMMA) and the electron beam is scanned across the device, turning on only in
areas to be written (much like a serial printer). Unlike in photolithography, no mask
has to be made for this process, allowing for much faster turnaround times for new
contact designs. Moreover, since the wavelength of the electrons is much less than
that of ultraviolet light, smaller, nano-scale features can be produced. The downside
of electron beam lithography, however, is that because patterns are written line-by-
line, producing a single device often takes on the order of hours (compared to minutes
for photolithography). Once the pattern has been written using the electron beam,
the exposed areas of the resist are then removed through chemical processes, leaving

the desired pattern engraved into the sample.

Once the contact pattern was engraved into the PMMA layer, chrome/gold was
deposited onto the device to form the contacts. This was done using electron beam
deposition. In essence, a beam of electrons is used to heat up a sample of the desired
deposition material under high vacuum until it begins to sublimate. The metal atoms
deposit themselves onto the sample, filling in the patterned areas of the PMMA
membrane. Using chemical means the PMMA is then removed from the sample,
leaving a layer of chrome/gold only where the pattern was. In this manner, nano-
scale contacts can be fabricated for both the source and drain graphene electrodes. A

~ 5nm layer of chrome was deposited first to act as a sticking layer for the gold, after
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Figure 4-6: (A) An image of a final device showing two gold contacts to the CVD
graphene drain (left and right) and two gold contacts to the exfoliated graphene source
(top and bottom). (B) An expanded view of the active region of the device showing
the exfoliated graphene source (outlined white) atop the exfoliated boron nitride
(blue) atop the CVD graphene drain (outlined green). The purple background is the
surface of the silicon oxide wafer.

which a ~ 60nm layer of gold was deposited to form the electrical contacts. Each
graphene electrode was contacted in two places, allowing for the resistance of each to
be measured independently using a two-probe measurement. An optical image of a

final device is shown in Figure 4-6.
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Chapter 5

Measurements and Analysis

5.1 Scanning Photocurrent Spectroscopy

Graphene-boron nitride-graphene tunneling devices were measured using scanning
photocurrent microscopy. A confocal microscopy setup was used to focus a laser onto
the sample surface while measuring the current produced at the contact electrodes.
Using a piezoelectric mirror, the laser position could be moved across the device,
allowing us to produce images of the tunneling current generated as a function of laser
position. The sample itself was contained in an optical cryostat under high vacuum.
Using liquid helium, the temperature could be regulated from room temperature down
to ~ 4K. Vacuum feedthroughs provided electronic access to contacts on the device

in order to apply voltages and measure currents on the sample.

The laser source was a broadband, pulsed supercontinuum laser coupled to a
monochrometer. Using this system the wavelength of the light could be varied be-
tween approximately 450nm (2.75¢V) and 2000nm (0.62eV), allowing us to measure
photocurrent produced as a function of photon energy. The laser was passed through
a confocal microscopy setup, focusing the beam onto the sample while allowing the
position to be varied. Lastly, an optical chopper was used in tandem with a lock-in
amplifier to isolate the photocurrent signal and improve the signal-to-noise ratio. A

schematic of the measurement setup is shown in Figure 5-1.
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Figure 5-1: A schematic of the experimental apparatus, showing the broadband laser,
the scanning mirror, the confocal microscope, and the liquid helium cryostat.

5.2 Resistance Characteristics

The resistance characteristics of both the source and drain graphene electrodes were
measured using a two-probe geometry as a function of a gate voltage, Vg, applied to
the other graphene sheet. A constant voltage was applied to one side of the graphene,
while measuring the current produced at the other side. Dividing the two values
provided a measure of the resistance. As shown in Figure 5-2 for typical devices,
both the exfoliated graphene source and CVD graphene drain exhibited Dirac peaks
(peaks in the resistance stemming from the reduced charge carrier density when the
samples were gated to the charge neutrality point). The narrowness and symmetry
of the exfoliated peak implies a much higher carrier mobility than the CVD drain,
as is expected for CVD samples. The proximity of the charge neutrality points to
Ve = 0V implies that there is minimal extrinsic doping of either the exfoliated or

CVD-grown graphene sheets.
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Figure 5-2: Resistance characteristics of the graphene source (A) and drain (B) elec-
trodes. Both show a Dirac peak around 0V, implying that extrinsic doping is low.
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Figure 5-3: A schematic showing the geometry used for tunneling measurements.
Tunneling current is collected at the graphene drain while bias is applied to the
source and the laser is focused onto the sample.

5.3 Tunneling Measurements

To probe electronic transport across the boron nitride tunneling barrier, a voltage,
Vs, was applied to the graphene source electrode, and the tunneling current, I, was
measured at the graphene drain electrode. This measurement geometry is shown
in Figure 5-3. Figure 5-4 shows a typical photocurrent image, obtained by scan-
ning the laser across the device at a wavelength of 600nm and power of 100uW at
Vs = 0.5V. When the laser spot is far from the MLG source electrode, but still on the
boron nitride and MLG drain, no discernible tunneling current is detected. When the
laser moves onto the MLG source, such that it is above all three layers, a significant

tunneling current of I ~ 600pA is measured in the drain electrode and is homoge-
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Figure 5-4: A photocurrent image showing the tunneling current measured at the
graphene drain as a function of laser position. The active region of the device aligns
exactly with the position of the graphene source electrode. A = 600nm, P = 100uW,
T = 100K, Vg = 0.5V.

neously detected across the entire MLG source area (~ 30um). The homogeneity of
the tunneling current across the MLG source electrode implies that the tunneling is
not coming from a localized defect in the boron nitride dielectric, but is instead an
inherent property of the material itself.

Current-voltage characteristics were measured by fixing the laser at a specific
spot above the MLG source, hBN, and MLG drain electrode, and varying the voltage
applied to the source. This measurement was first performed in the dark (with the
laser off ). For a boron nitride thickness of 14nm at a temperature of 100K, as shown in
Figure 5-5, no tunneling current was measured for bias voltages of up to Vg = +8.5V.
Based on this data, a minimum off-state resistance of ~ 1TQ was calculated, which

is in-line with other measurements performed using this thickness of hBN [20].

In contrast to the dark tunneling characteristics, the illuminated I — Vg curve
shown in Figure 5-5 exhibited a large tunneling current and asymmetric dependence
on bias voltage. The current was found to increase rapidly with bias for both positive
and negative voltages, but increased much more rapidly on the positive voltage side.
In order to obtain the photon energy dependence of the photocurrent response, I —
Vs curves were measured while slowly varying the wavelength of the incoming light

from 480nm(2.58¢V) to 700nm(1.77eV). As shown in Figure 5-6, two very different
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Figure 5-5: The tunneling current measured as a function of bias voltage with the

laser fixed on the region of highest photoresponse. No tunneling is observed with the
laser off, but a large, asymmetric tunneling current is observed with the laser on.

behaviors were observed for positive and negative voltages. On the negative bias side,
the tunneling current was found to increase monotonically in both photon energy and
bias voltage (see Figure 5-7A). On the positive bias side, however, the tunneling
current was found to exhibit a peak in photon energy which dispersed in bias voltage.
As the bias voltage increased, the peak was observed to move to lower photon energies
(see Figure 5-7B). This dispersion implies that the observed behavior stems from a
property of the device itself, and is not simply caused by a fluctuation in the light

intensity or a peak in the material’s absorption spectrum.

These measurements were analyzed using the Fowler-Nordheim tunneling model
described in Section 3.2, with one important caveat. When a bias is applied to
the graphene source layer, it not only serves to tilt the hBN’s band structure and
therefore the potential energy barrier, but it also serves to dope the graphene sheets
via capacitive coupling. If we have two graphene sheets separated by only a thin-film
insulating layer, then applying an electric field between the sheets will induce charge

carriers, changing the carrier concentration in each sheet. The carrier concentration

43



wavelength (nm)

current (nA)

-3.75 0 3.75

700 ] ] L] | | L]

-7.5 -5.0 -2.5 0 25 5.0 7.5

Vs (V)

Figure 5-6: The tunneling current measured at the graphene drain plotted against
photon wavelength (energy) and bias voltage. An asymmetric behavior is observed
between the negative and positive bias regions, with the tunneling current exhibiting
a sharp peak in photon energy for positive biases.

in each sheet is given by

eF, =4mnge (5.1)

—EFb = 4mnre (52)

where € is the dielectric constant of the insulating material, F}, is the applied electric
field, and np (nr) is the carrier density in the bottom (top) layer of graphene [4].
Combining Eq. (5.1) and Eq. (5.2) yields the condition that ng = —np. A second
condition can be derived from conserving energy as a test charge is moved from one

sheet to the other. This condition is given by

eVp = eFyt — p(nr) + p(ns) (5.3)

where Vj, is the bias voltage applied between the two sheets, t is the thickness of

the insulator, and pu(nr/g) is the change in the chemical potential in each of the
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Figure 5-7: Line cuts of the tunneling current measured as a function of photon
wavelength (energy) at negative (left) and positive (right) bias voltages. At negative
voltages the tunneling current grows monotonically in photon energy. At positive
positive voltages, however, the tunneling current exhibits a peak which disperses in
bias voltage.

graphene sheets [4]. This change in chemical potential is represented as a shift of the
conical Dirac band structure with respect to the insulator band structure (see Figure
5-8). Replacing eFpt in Eq. (5.3) with an expression for the classical capacitance
of a tunnel barrier, and taking into account electron-hole symmetry in graphene

(u(—=n) = —pu(n)), Egs. (5.1, 5.2, 5.3) can be reduced to

dme’t
W: nr + 2u(nr) + eV, =0 (5.4)

In graphene, u(n) ~ /n, which means that Eq. (5.4) can be solved for nr, and
therefore u(nr) and wp(ng) [5. Thus, given an applied bias V;, one can solve for
the shifting of the Dirac cones with respect to the insulator in this model graphene-

insulator-graphene system.

The system that is actually being measuring, however, is slightly more complex.
In addition to graphene-hBN-graphene, there is a conductive back gate built into the

silicon oxide wafer. During measurements, this back gate was kept at zero potential
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Figure 5-8: Schematic showing the shift induced in the Dirac cone of the source
electrode when a voltage, Vs, is applied. The presence of a grounded back gate pins
the graphene drain, forcing all the shifting to occur in the graphene source.

(grounded), as was the bottom layer of graphene (corresponding to the graphene
drain electrode) via the amplifier. This meant that the charge neutrality point of the
graphene drain did not move with respect to the valence band edge of the hBN (i.e.
the Dirac cone did not shift). The difference in chemical potentials between the two
layers, however, must still be conserved and is governed by Eq. (5.4). Therefore, if
the bottom graphene layer (drain electrode) does not shift, then the top graphene
layer (source electrode) must shift by twice as much, 2u(nr), where p(nz) is solved
for using Eq. (5.4). What we end up with is a system where the Dirac cone of the
graphene drain electrode does not shift when a bias is applied, but the Dirac cone of

the graphene source electrode does.

In order to begin analyzing the data, we start with the simpler, negative bias
region of Figure 5-6, where the tunneling current increases monotonically with bias
voltage and photon energy. Based on previous results studying tunneling in graphene-

hBN heterostructures, we assume that the tunneling observed here is mediated by
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positive charge carriers (holes) [4]. If this is the case, then the negative tunneling
current observed at negative biases corresponds to charge carriers tunneling from the
graphene drain to the graphene source electrode. Since these are photo-excited charge
carriers, and the Dirac cone of the graphene drain is fixed with respect to the hBN
when biased, the energy for each of these charge carriers will be simply E,,/2, where
E,h, is the photon energy. The factor of 1/2 arises from the fact that, in graphene,
electron-hole pairs are symmetrically excited about the charge neutrality point, each
receiving half of a photon’s energy. This means that if the intrinsic offset between the
top of the valence band in boron nitride and the charge neutrality point in graphene

is A, then the effective barrier height for tunneling charges will be ¢ = A — Epy /2.

In order to extract the effective barrier height, In(I(V)/V?) was plotted against
1/V for various photon energies, as shown in Figure 5-9A. Tunneling theory predicts
that I — Vg curves at fixed photon energies should be linear on this plot. The I — Vg
curves were therefore fit to lines and the slopes of those lines were extracted. This

term, which we denote 3, has the following form from Eq. (3.8)

ik

b 3eh

(5.5)

where ¢ is the thickness of the boron nitride layer, m* is the effective mass of charge
carriers in the boron nitride, and ¢ is the effective barrier height for photo-excited
charge carriers. This means that %3 ~ ¢, and since ¢ is linear in photon energy,
3%/% should be as well. Figure 5-9B shows 8%° plotted against E,, and the data is
indeed very linear. Moreover, at the point where 3%/3 intersects the x-axis, ¢ = 0,
which means that E,;/2 = A. The x-intercept was extracted using a linear fit and

was found to occur at E,, = 2.70eV, which corresponds to an intrinsic barrier height

of A =1.35eV.

Once the intrinsic barrier height is known, Figure 5-9B can also be used to extract
the effective mass of charge carriers tunneling through the hBN layer. From Eq. (5.5),
B%/3 is linear in E,;, and the linear coefficient only involves m* and known constants

such as the thickness of the hBN and the electron charge. Therefore, extracting the
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Figure 5-9: (A) A Fowler-Nordheim plot showing In(I(V')/V?) plotted against 1/V for
various photon wavelengths. Blue dots represent data and red lines represent linear
fits. (B) The linear coefficient extracted from the fits in (A) plotted to the two-thirds
power. The intrinsic barrier height and effective carrier mass can be extracted from
the x-intercept and slope of this line.

slope of 32/3 provides a measure of m*, the effective mass. Using this method, the
effective mass of tunneling charge carriers in the hBN was found to be m* = 1.19m,,

where m, is the free electron mass.

The positive bias side of Figure 5-6 is a little more complicated than what was
observed for negative voltages. There is a very clear peak in the tunneling current,
which becomes even more apparent when the differential conductance, (dI/dVs), is
plotted instead (Figure 5-10A). Assuming that tunneling is still dominated by holes,
the tunneling current in positive bias corresponds to charge carriers tunneling from
the graphene source electrode to the graphene drain electrode. Because electron-
hole pairs in graphene are excited symmetrically about the charge neutrality point
of the graphene source, the energy of these photo-excited charge carriers will be
Epn/2 — 2pu(nr), where 2u(nr) is the shift of the charge neutrality point and is given
by Eq. (5.4). This means that the effective barrier height encountered by tunneling
charge carriers will be ¢ = A — E,;,/2 — 2u(nr).

Since the effective barrier height, ¢, now depends on the bias voltage, a plot of

In(I(V)/V?) against 1/V will no longer be linear and the photon-energy dependence
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Figure 5-10: (A) The differential conductance, dI/dVs, of the tunneling current plot-
ted as a function of photon energy and bias voltage. (B) The position of the positive
bias conductance peaks as a function of photon energy and bias voltage. The red line
represents the fit to Eq. (5.6).

cannot be easily extracted. Instead, we use the position of the conductance peak to
try and determine the intrinsic barrier height. When the energy of a photo-excited
carrier is less than the intrinsic barrier, it will tunnel through the insulator via Fowler-
Nordheim tunneling. If the energy of the carrier is greater than the barrier height,
however, there will be no tunneling involved and it will travel through the valence
band of the insulator via diffusive transport. In this regime, the behavior will be
ohmic and the conductance of the I — Vg curves will saturate to some constant value.
As the carrier energy approaches the intrinsic barrier height, ¢ — 0 and the Fowler-
Nordheim tunneling expression diverges. This means that the maximum conductance
will occur where ¢ = A — E,,/2 — 2u(nr) = 0. Solving Eq. (5.4) for u(Vs) and
rearranging, one finds that

Eph = 2(A — 2u(V5s)) (5.6)

This is the condition that must be satisfied along the conductance peak in positive
bias.
Figure 5-10B shows the position of the positive bias conductance peak. The peak

position was extracted line-by-line from the original dataset and plotted as a function
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Figure 5-11: Theoretical calculations of the hBN-graphene interface. The red arrow
marks the separation between the top of the hBN valence band the charge neutrality
point in graphene, which is predicted to be between 1.25 — 2.00 eV. (Image adapted
from [21].)

of bias voltage. Eq. (5.6) was fit to the extracted peak to find the intrinsic barrier
height, which was found to be A = 1.38eV/, in close agreement with the barrier height

that was determined from the negative bias data.

5.4 Comparison to Theory

Using the spectroscopic tunneling previously described we were able to extract values
for the intrinsic offset between the valence band in hBN and the charge neutrality
point in graphene, and the effective mass of tunneling charge carriers in hBN. From
the negative and positive bias data, the band offset was found to be 1.35¢V and
1.38eV, respectively. Theoretical calculations of the graphene-hBN interface show
that the band offset should lie in the range of 1.25 — 2.00eV (see Figure 5-11), which
is in very good agreement with values observed here [21].

Using the negative bias data, a value for the effective mass of charge carriers in

hBN was also measured and was found to be 1.19m,.. Theoretical calculations of
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Figure 5-12: The tunneling conductance, dI/dVs, plotted on a logarithmic scale,
showing a peak at zero bias. This peak persists across a broad range of photon
energies.

the hBN band structure show that holes traveling in the M — L direction (the same
direction in which the tunneling occurs) should have an effective mass of 1.33m, [9].
This agrees well with what was observed and is consistent with our initial assumption
that tunneling was dominated by holes. For comparison, the effective mass of electrons
in the M — L direction is 2.21m,, much larger than what was measured. The slight
discrepancy between the theoretically calculated mass for holes and the measured
mass could be due to impurities, which scatter carriers into the plane where the

effective mass is lower than 1.33m,.

5.5 Zero Bias Conductance

So far, using Fowler-Nordheim theory, we have only considered the high-bias tunneling
properties of these graphenc-hBN heterostructure devices. Looking carefully at the
conductance data plotted in Figure 5-10, however, one notices that there is a slight

peak in the conductance located at zero bias. This peak becomes much more apparent
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when the conductance is plotted on a logarithmic scale, as has been done in Figure
5-12. This peak seems to persist for a broad range of photon energies and is surprising
because Fowler-Nordheim tunneling predicts that the conductance at zero bias should
be zero. This implies that some secondary tunneling mechanism is present, which
dominates at low bias.

One candidate for this tunneling mechanism is thermionic emission. Thermionic
emission is the mechanism by which charge carriers can be thermally excited over a
potential barrier. Because charge carriers are fermions, they will equilibrate into a
Fermi energy distribution at some given temperature, T. The Fermi distribution has
the property that it has a loné tail containing electrons of higher-than-average energy.
Thus, if the average electron energy is k7, the tail will contain a small number of
electrons with energies exceeding kT. Some of these excited electrons will have more
energy than the barrier height and will conduct. This process is known as thermionic
emission. As the temperature increases, the number of electrons in the Fermi tail will
increase and therefore the number of electrons conducting over the barrier will also
increase.

In graphene, electrons exhibit a very strong hot-carrier effect. Exciting the elec-
tronic system using light is known to create an out-of-equilibrium electron distribution
at an elevated temperature compared to the lattice [13]. This hot distribution is the
result of a bottleneck in the acoustic phonon relaxation pathways, which is enhanced
close to the charge neutrality point. Therefore, one would expect that the electrons
are the hottest when the applied voltage is zero, since that is when the graphene
sheets are doped to their charge neutrality points. If thermionic emission is indeed
the current generating mechanism, then one would expect it to peak at low bias, since
that is when the electronic temperature is highest. This is exactly what is observed

in the conductance data.
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Chapter 6

Conclusions

In conclusion, graphene-boron nitride-graphene heterostructures were fabricated to
observe photon-induced tunneling though the boron nitride. We observed that in the
presence of light, a large tunneling current could be observed in these devices and
this tunneling current was strongly dependent on bias voltage and photon energy.
For negative bias voltages, the tunneling current was found to be monotonic, but for
positive bias voltages a peak was observed at certain photon energies, which dispersed
in bias voltage. These high-bias behaviors were found to fit will to a Fowler-Nordheim
tunneling model and enabled us to extract values for the band offset between graphene
and hBN and effective mass of charge carriers in the hBN. The intrinsic offset between
the top of the valence band in hBN and the charge neutrality point in graphene was
found to be ~ 1.36eV and the effective mass for holes tunneling through hBN was
found to be ~ 1.19m,. Both values agree well with theoretical calculations.

Additionally, we observed the presence of a peak in the conductance at zero applied
bias. We believe that this peak is the resﬁlt of thermionic emission caused by the
elevated electronic temperature near the charge neutrality points in the graphene
electrodes. If so, then this peak is a result of the hot-carrier effect in graphene and
might provide a way to directly measure the associated relaxation timescales.

This work has shown that tunneling graphene-insulator-graphene heterostructures
can be greatly enhanced by the presence of light, opening the possibility of using these

types of materials in photodetector applications where low noise and high sensitivity

4
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are needed. Different materials, such as molybdenum disulfide or tungsten diselenide,
might have higher or lower band offsets than boron nitride, providing devices that
are sensitive in different regions of the electromagnetic spectrum. Moreover, what
we have demonstrated here, photon-induced tunneling, is a new spectroscopic tool
that could be used to measure other atomically thin materials and extract properties

about their interfaces.
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