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Abstract

Over the past few decades, electronics and photonics have made significant impacts

on every aspect of our daily life. Importantly, as the technology advancing and moving

forward, the development of these devices not only relies on deeper fundamental

understanding but also requires novel materials with unique properties as well as new

device architecture to achieve higher performance with more diverse functionalities. In

this regards, low dimensional materials inherently possess properties that are

conceptually different from those of bulk materials in most aspects. The capability to

tailor these nanomaterials as well as their unique properties is essential to achieve

unconventional devices with revolutionary impacts.

In this dissertation work, our aim is to develop novel nanoelectronics and

nanophotonics by exploiting the extraordinary characteristics of purely two-dimensional

(2D) monolayer graphene and its heterostructures. Firstly, we design and propose the

dual-gate graphene ambipolar transistor that can operate as either common mode or

differential mode amplifier by properly tuning the gate biases. Our device can also
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achieve high noise rejection amplification with common mode rejection ration (CMRR)

as high as 80 dB, which is comparable to a commercial operational amplifier (op-amp).

Secondly, we demonstrate the hyperbolic metamaterials (HMMs) by using precisely

controlled periodic graphene-dielectric multilayer nanostructures to investigate the

optical topological transition from elliptical to hyperbolic dispersion in mid-infrared

regime. Thirdly, we propose the graphene-SOI heterojunction broadband photodetector

design to improve the device on-off operation speed, strengthen the photo-gating effect,

as well as minimize the dark current. We further fabricate the single pixels into 32 x 32

matrix arrangement to demonstrate the proof-of-concept image array readout, opening up

the development of graphene-based ultra-broadband image sensor array applications.

Lastly, we propose the all-graphene transparent photodetector design for light-field

imaging and demonstrate the proof-of-concept one-dimensional (1D) ranging by using

two stacked single-pixel transparent photodetectors. The results should lay the stepping

stones and foundation for the new generation of graphene-based light-field

photodetectors and image sensors.
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Chapter 1

Introduction

Over the past few decades, electronics and photonics have been intensively and
widely studied then applied due to their significant/tremendous impacts on every aspect
of our daily life, including communication, transportation, living, entertainment, lighting,
imaging, and sensing...etc. To date, almost nothing can be completely detached from
these ultra-fast growing technology trend. Importantly, as the technology advanced and
moving forward, the development of these devices not only relies on more fundamental
understanding but also requires novel materials with unique properties as well as new
device architecture design in order to achieve higher-performance devices with more
diverse functionalities. In this regards, nanoscale electronics and photonics exploiting
nanomaterials’ extraordinary characteristics is envisioned as a promising approach [1]-
[5]. First of all, device miniaturization leads to better device performances in terms of
speed, power consumption and weights, which was being pursued and contribute to the

constant evolution of microelectronics technology. More importantly, miniaturization



may display new functionalities because the dimensionality of materials is eventually

reduced, where quantum mechanical effects will play much more significant roles over

the classical pictures. These effects lead to unique properties of low dimensional

materials that are conceptually different from those of bulk materials in all aspects,

including their electrical, optical and mechanical properties... etc. Therefore, the

capability to tailor these nanomaterials and their unique properties is essential to achieve

unconventional devices with revolutionary impacts.

In this thesis, my aim is to develop novel nanoelectronics and nanophotonics by

exploiting the extraordinary characteristics of purely two dimensional (2D) monolayer

graphene, where its remarkable electrical, optical properties have been widely and

intensively studied since the first discovery in 2004 [6]. In this Chapter, | will start my

discussion from graphene’s physical geometry in section 1.1; and its electrical properties

including carrier mobility, energy band structure and ambipolarity in section 1.2; then its

optical properties including optical conductivity, hot carrier behaviors and transparency

in sections 1.3; lastly its synthesis processes in section 1.4. To summarize, | will briefly

conclude and outline this thesis in section 1.5.



1.1 Discovery of Graphene and its Physical Geometry/Morphology

Carbon is the 6th and one of the most distinctive elements in the periodic table that
contains four valence electrons, providing various chemical bonding possibilities. Carbon
bonds allow almost infinite number of carbon derivatives with other elements, forming
the basis of all known organic materials. Moreover, carbon atoms also bond very stably
with themselves, such as sp, sp? and sp> hybridized orbits. This flexibility of carbon
bonding yields a wide variety of organic compounds and carbon allotropes, and more
importantly, these different bonding results in distinct properties. For instance, diamond,
which is composed of face-centered cubic sp* hybridized crystalline structure of carbon
atoms, is transparent, highly abrasive and acts as an electrical insulator as well as
efficient thermal conductor. Conversely, crystalline graphite, which consists of parallel
layered sheets of sp? hybridized carbon atoms, is opaque, an excellent lubricant and good
electrical conductor. In addition, the thermal conductivity between parallel carbon sheets
is poor. Furthermore, even carbon atoms are connected with the same covalent bond,
different physical structures can also yield different properties. This interesting outcome
has been revealed since the discovery of diverse sp? hybridized graphitic materials, such
as the zero-dimensional (0D) fullerenes, one-dimensional (1D) carbon nanotubes (CNTSs)

and three-dimensional (3D) graphite. Essentially, the most fundamental element of these



low dimensional structures is graphene — a purely two-dimensional (2D) monolayer of
sp? hybridized carbon atoms densely packed in a honeycomb crystal lattice, as shown in

Figure 1-1.

Figure 1-1 Diverse forms of sp® graphitic materials composed of a basic building block —
graphene, which can be wrapped up into OD fullerenes, rolled into 1D CNTSs or stacked
into 3D graphite [7].

Due to its unique atomically thick monolayer nature, the preparation of graphene
was a big challenge until scientists A. Geim and K. Novoselov successfully exfoliated

stand-alone monolayer graphene from bulk graphite in 2004 [6]-[8]. Figure 1-2 shows



the transmission electron microscope (TEM) images of graphene [9], the interatomic
distance of two carbon atoms is ~ 1.42 A. Carbon atoms are arranged in a hexagonal
crystal lattice, where the structure can be understood as a triangular lattice with a basis of
two atoms per unit cell, as shown in Figure 1-3(a). Since discovery, graphene has soon
emerged as a promising nanomaterial for novel applications in electronics as well as
photonics due to its remarkable electrical and optical properties, which will be explained

and discussed in the following subchapters.

Figure 1-2 The transmission electron microscope (TEM) images of graphene. (a) A
high-resolution image directly taken at 80 kV in the TEAM 0.5. The white arrow indicates
the edge of the sheet. Scale bar, 4 A. (b) An atomic-resolution image of a clean and
structurally perfect synthesized graphene sheet. Individual carbon atoms appear white in
the image. The image was obtained through the reconstruction of the electron exit wave
function from 15 lattice images using MacTempas software [9].

1.2 Graphene Unique Electrical Properties

In this subchapter, I will discuss the electrical properties of graphene which is


javascript:popupOBO('CHEBI:36973','B911395A','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=36973')

utilized and applied to my studies in the thesis, including linear gapless energy band

structure (semi-metallic feature), extremely high carrier mobility (high speed/gain

transistor application) and its ambipolarity (multi-mode operation).

(b)

Figure 1-3 (a) Hexagonal crystal lattice of graphene. a; and a, are the lattice unit vectors
and o;, i=1,2,3 are the nearest-neighbor vectors. (b) The corresponding Brillouin zone and
the Dirac cones are located at K and K' points [8].

1.2.1 Graphene Energy Band Structure

As mentioned previously, in graphene, carbon atoms are arranged in a hexagonal
crystal lattice, where the structure can be understood as a triangular lattice with a basis of
two atoms per unit cell, as shown in Figure 1-3(a). Each sp? hybridized carbon atom
contains four valence electrons, where three of these electrons form carbon-carbon (C-C)
o bonds with their nearest neighbor atoms while the fourth one in the 2p, orbital forms =

bonds extending out of the graphene plane. Because the energy of ¢ electrons is far below



the Fermi energy, only the energy and interaction of m electrons make significant

contributions to the electronic properties in the tight binding calculation. Detailed

calculations are given in Wallace in 1947 [10] and McClure et al. in 1956 [11]. The

energy band structure of graphene allows simple nearest neighbor tight binding

approximation and give the derived energy dispersion relation:

E(ky ky) =+ tJl + 4 - cos? (k’z‘—a) + 4 - cos (k"Ta) cos (@) (1-1)
where t is the interaction integral and a is the lattice constant of graphene. Figure 1-4
shows the energy dispersion diagram based on Equation 1-1. Due to its two atoms basis,
the points of particular importance are K and K' at the corners of hexagonal Brillouin
zone, which are known as Dirac points shown in Figure 1-3(b). Near Dirac point, the
energy band derived from the tight binding Hamiltonian shows linear dependence to the
wave vector and the intersection near the edge of hexagonal Brillouin zone results in a
conical energy dispersion, as shown in the zoom-in of Figure 1-4. Importantly, the energy
bandgap of graphene is exactly zero, with conduction and valence band meeting at K and
K' points, which are also known as charge neutrality points. Because of this linear
dispersion relation, the quasiparticles in graphene behave very differently from those in
other semiconductors with energy band structure approximated by parabolic dispersion

relations. For instance, although the bandgap is zero in graphene, the gate voltage bias



can still modulate the density of states and switch from low conductivity states near the

Dirac point to high conductivity states elsewhere [12]. Due to its gapless feature, there is

still a finite amount of current flowing at low conductivity state near Dirac point leading

to high switch-off current in graphene based transistors [8], [12], resulting in a

non-negligible dark current in device operation. In addition, due to the symmetric

conduction and valence band structure, the electrons behave exactly the same electronic

properties as holes. More importantly, in the vicinity of the K and K’ points, the energy

dispersion within this Dirac cone region can be described as:

E(K) = +hvg|k| (1-2)

where hur is the Fermi velocity. This linear dispersive property leads to massless charge

carriers, analogous to the relativistic massless carriers described by the Dirac theory.

Figure 1-4 The three-dimensional (3D) energy dispersions of graphene crystal lattice. The
conductance band touches at K and K' points [8].



1.2.2 High Carrier Mobility in Graphene

As mentioned previously, in graphene, each sp? hybridized carbon atom contains
four valence electrons, where three of them form carbon-carbon (C-C) ¢ bonds with their
nearest neighbor atoms while the fourth one in the 2p, orbital forms n bonds extending
out of the graphene plane. As the result, only one of the two allowable energy states in
every un-bonding 2p, orbitals is occupied while leaving another one empty, providing a
pathway for electrons to hop/move carbon to carbon along the graphene surface without
much limitation theoretically. Several literatures were reported that single layer graphene
shows exceptional electronic quality as the charge carriers can travel ballistically over
submicron distance and its mobility value reaches ~ 20,000 cm?/Vs [6], [7], [13]-[16].
Please note that these mobility value is limited by charged impurities scattering [17], [18]
or microscopic ripples [19], [20], however, both scattering events can be reduced
significantly by careful sample preparation and are not the ultimate limiting factors of
carrier mobility in graphene. Instead, the intrinsic scatterers such as phonons, which
cannot be removed at room temperature, should set the fundamental limit of carrier
mobility [13], [14], [16]. Interestingly, Chen et al. [21] have experimentally shown the
electron-acoustic phonon scattering contributes only ~ 30 Q to graphene overall

resistivity and proved the phonons’ relatively weak contribution at room temperature.



Moreover, at carrier density of 1x10* cm, they successfully reach the mean free path of

over 2 um and intrinsic mobility value of astonishing 200,000 cm?/Vs.

1.2.3 Graphene Ambipolarity

Besides graphene’s linear gapless energy band structure and extreme high carrier
mobility, its transfer characteristics is also worthwhile discussing as it shows perfect
ambipolar electric field effect so that its charge carriers parity can be tuned, unlike
conventional CMOS technology, to be either n- or p-type by applying different gate

biases, which is shown in Figure 1-5.

pkQ)

S R
v, (V)

Figure 1-5 Ambipolar electric field effect in single layer graphene. The insets show its

low energy spectrum, indicating changes in the position of the Fermi energy Er with

respect to the varying gate biases [7].
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Furthermore, graphene’s low energy spectrum is also shown as insets in Figure 1-5,
indicating the changes in the position of Fermi energy Er with respect to the varying gate
biases. Interestingly, instead of doping materials to achieve different carrier parity in
traditional silicon technology, by varying the gate biases, positive gate bias induces
electrons while negative bias induces holes within the biased graphene region. Moreover,
under suitable design/operation, the carrier concentration of electrons and holes can be

reached as high as 10" cm™ [7].

1.3 Graphene Unique Optical Properties

In this subchapter, | will discuss the optical properties of graphene which is utilized
and applied to my studies in the thesis, including the optical conductivity (hyperbolic
metamaterials HMMS), the photo-induced hot carriers (high responsivity photodetectors)

and its transparency (light-field imaging).

1.3.1 Optical Conductivity in Graphene
Even though two-dimensional (2D) graphene can physically be considered as the
reduction of three-dimensional (3D) bulk graphite layer numbers, they possess distinct

properties and this reduced dimensionality requires different description for graphene’s
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important physical quantities. For instance, the refractive index is not well defined for

two-dimensional (2D) graphene since there is no rigorous definition for the induced

polarization per unit volume, instead, optical conductivity, which is associated with the

surface current generated by light [22]-[24], should be a better physical quantity to

describe its optical properties. The optical conductivity is a complex number, where the

real part determines the loss while the imaginary part is closely related to several

important optical phenomena. One explicit example is that whether graphene supports

transverse-electric (TE) or transverse-magnetic (TM) plasmons depends on the sign of

the imaginary part of the optical conductivity [25], and it also determines the behavior of

a hyperbolic metamaterial consisting of truly 2D materials [26]. However, obtaining the

imaginary part is not as straightforward as the real part. With this regard, Chang et al. [27]

models graphene as an infinitely thin sheet with an in-plane surface conductivity, rather

than a phenomenological effective refractive index. The complex optical conductivity is

extracted by fitting the ellipsometric measurement of 2D materials on a known

transparent substrate (CaF;) over a broad spectral range from ultraviolet to mid-infrared.

This approach allows connection to the theoretical predictions in which the optical

conductivity is directly derived from the surface current induced in the 2D crystal by light

[22]-[24]. Notably, the mid-infrared regime is particularly interesting since graphene has
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been shown to be a good candidate material for mid-infrared plasmonics and

metamaterials [28], [29].

In the model, the real and imaginary parts of the optical conductivity are the

unknown parameters of interest. The Marquardt-Levenberg algorithm is applied to extract

the optical conductivity ¢ which minimizes the mean square error (MSE) between the

measured data and the model-predicted values defined by:

3n-m

MSE = J Ly [(NEXP — NMOD)2 4 (CEXP _ cMODY2 4 (GEXP _ gMODY2] 5 1000 (1-3)
where n equals the number of wavelengths multiplied by the number of incidence angles;
m is the number of fitting parameters; N; = cos(2¥;); C; = sin(2¥;)cosh;; S; =
sin(2¥;)sin4;. The superscripts of EXP and MOD correspond to measured and
model-predicted values, respectively. The subscript i indicates the particular set of data of
a wavelength and an incident angle. The real and imaginary parts of the unknown optical
conductivity as functions of wavelength are described by general smooth functions
parameterized by cubic splines. The refractive index of the transparent substrate is
described by the Sellmeier equation, whose coefficients are obtained from measurements
of bare substrates.

Figure 1-6(a) shows the optical conductivity of monolayer CVVD graphene extracted.

The quality of the fit can be quantified by the MSE defined by Equation 1-3, indicating
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good fitting quality. A value of the optical conductivity very close to the universal
conductivity of graphene around 1 pm, moreover, the real part peak at 270 nm (with a
photon energy of 4.6 eV) associated with the exciton-shifted van Hove singularity is

observed.

T T T T T

-o—Real part
—o—Imaginary part

2 3 4 5 6 7
Wavelength (um)

(b) —Real part
--------- Imaginary part

0 1 2 3 4 5 6 7
Wavelength (um)

Figure 1-6 (a) The extracted optical conductivity of a monolayer CVD graphene sample.

(b) The optical conductivity of monolayer graphene predicted by the non-interacting

theory with a Fermi level of 277 meV and a scattering rate (in units of energy) of 54 meV.

The optical conductivity is normalized to the universal conductivity. The circles and

diamonds are the control points of the cubic splines.

The theoretical optical conductivity can be predicted by the non-interacting linear

response theory [22]-[24]
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where the first two terms and the third term are contributed by the inter-band and
intra-band transitions respectively. o, is the universal conductivity defined by e?/4#;
u is the Fermi level; y is the intra-band scattering rate. Figure 1-6(b) is plotted with a
Fermi level of 277 meV and a Ay value of 54 meV. The measured conductivity shows a
smoother feature around 2 pm than the theoretical curves, which is resulting from the
non-uniform distribution of the Fermi level and scattering rate within measuring spot.
Moreover, the broadening is also attributed by the damping in the inter-band transition,
which is not considered in the theoretical conductivity described by Equation 1-4.

This technique can also be applied to study how chemical doping modifies the
optical conductivity in graphene. Figure 1-7 shows the optical conductivity of monolayer
graphene before and after chemical doping by nitric acid vapor [30]. According to the
theoretical conductivity described by Equation 1-4, the Fermi level can be identified by
the local minimum of the imaginary part [31]. As the result, the nitric acid chemical
doping pushes the Fermi level to 530 meV (relative to the Dirac point), as the imaginary
part local minimum at the wavelength of 1.16 pum corresponds to a photon energy of
twice the Fermi level. Meanwhile, the real part in the near-infrared region is decreased by

Pauli blocking and the optical conductivity at wavelengths below 0.6 pm shows
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negligible changes.
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Figure 1-7 The extracted optical conductivity of a monolayer CVD graphene sample
before and after chemical doping by nitric acid vapor. The optical conductivity is
normalized to the universal conductivity. The markers are the control points of the cubic
splines.

Here, a method for analysis of spectroscopic ellipsometry data is demonstrated to
extract the complex optical conductivity in graphene. As two-dimensional (2D) materials
gradually become building blocks for more complicated structures and create optical
functionalities, people can expect this simple and robust technique will become crucial
and increasingly important for further advance in optoelectronic and metamaterial

applications [26], [32]-[35], which will be addressed in the following chapters.

16



1.3.2 Photo-Induced Hot Carriers in Graphene

Electrons in semiconductors can be excited into higher energy states by absorbing

photons and generating so-called hot carriers. Efficiently converting these energies of hot

carriers into electric energy with minimum losses is highly desirable for various

optoelectronic applications. However, in most conventional semiconductors, excited hot

carriers rapidly relax to the band edge within picoseconds via electron-phonon scattering,

dissipating energies as heats to excite phonons instead of being exploited, thus

significantly limit the efficiency. Theoretically, the maximum efficiency of a

single-junction device is only 31 %, which is known as Shockley-Queisser limit and

primarily caused by phonon losses [36]. To overcome this single-junction theoretical

limit, ideas utilizing hot carriers to enhance the power conversion efficiency have been

proposed, aiming to suppress the energy relaxation of hot carriers to phonons. Successful

suppression has been observed in several semiconductor nanocrystals because their

energy relaxation pathways can be greatly altered by quantum confinement effects [37]-

[40]. Specifically, graphene, as a semi-metallic nanomaterial, is expected its massless

linear energy band structure can lead to unique hot carrier photoresponses compared with

conventional parabolic-like energy band semiconductors.

Studies have demonstrated that hot carriers in graphene can be thermally decoupled
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from the lattice temperature even under weak illumination due to its relatively high

optical phonon energy (~ 196 meV near the zone center [41]-[43], as shown in Figure

1-8), which can only relax high energy carriers rapidly. Once the carriers cool below the

optical phonon energy, they must scatter with multiple acoustic phonons to reach

equilibrium, where this process is inefficient and slows down the hot carrier cooling.
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Figure 1-8 Calculated phonon dispersion relation of graphene showing the iLO, iTO,
oTO, iLA, iTAand oTA phonon branches. [41].

Among diverse measurement techniques, ultrafast optical pump-probe spectroscopy

has been widely used to resolve the dynamics of photo-induced hot carriers [44]-[46].

The pump-probe measurements have indicated that efficient carrier-carrier scattering in

graphene results in rapid thermalization of hot carriers immediately after excitation. Hot

carriers are easily heated to a few thousand Kelvin due to graphene’s low electronic heat
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capacity, then in the next few hundreds of femtoseconds, they lose energies to optical
phonons and reach thermal equilibrium with the strongly coupled optical phonon
temperature. Thus, the cooling rate of optical phonons then becomes the main bottleneck

to subsequent hot carrier cooling.
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Figure 1-9 Dynamics of hot carrier cooling in graphene. (a) Photoexcited hot carriers
thermalize within the timescale 11, and the subsequent cooling via optical phonon
emissions occurs on a timescale 1. (b) Experimental results of the pump-probe
measurements. The curves provide information about the thermalization timescale (11)

and relaxation timescale (12) [44].

Figure 1-9 presents the results of a typical pump-probe measurement and the curve
represents the transmission of the differential probe [44]. By tuning the pump-probe time
delay, we observe the decay of the curve because the transmission of the probe beam is
sensitive to the hot carrier population induced by the pump beam. From the

measurements, it is clear that each curve exhibits two distinct time scales. The initial fast
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decay within the first 70-120 femtoseconds range (1) represents the rapid hot carrier

thermalization processes in graphene, and the slower relaxation time within the 1-2

picoseconds range (t2) is determined by the optical phonon scattering rate.

As mentioned previous, when the hot carrier energy is below the optical phonon

energy, carrier cooling will be dominated by acoustic phonons emission. Ideally, the

small Fermi surface and momentum conservation severely constrain the pathway of

carrier relaxation as shown in Figure 1-10 (Left), rendering the carrier cooling inefficient.

However, experiments with the optical pump-terahertz probe measurement show much

slower decay (> 60 ps) and is the direct evidence of inefficient cooling by acoustic

phonons [47]. The hot carrier relaxation time remains 1-2 orders of magnitude faster than

the theoretical predictions (~ ns) [48], which suggests that other mechanisms in addition

to acoustic phonon emissions may also play an important role in assisting carrier cooling.

To clarify this issue, the concept of disorder-assisted scattering (also called supercollision

cooling) was proposed and experimentally confirmed by photocurrent and Johnson noise

thermometry measurements [49]-[51], where the impurities could provide alternative

pathways for hot carrier cooling as shown in Figure 1-10 (Right). Therefore, scattering

via these impurities will not be constrained by the small Fermi surface in graphene

because the impurities can provide large momentum space and energy, that is, faster
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energy relaxation would be observed in disordered graphene than in disorder-free

graphene.

Figure 1-10 (Left) Hot carrier relaxation in pristine graphene while each relaxation step is
restricted by momentum and energy conservation, resulting in slow hot carrier cooling.
(Right) Hot carrier relaxation in disorder-graphene while the disorder relaxes momentum
conservation and leads to faster hot carrier cooling [49].

Besides the cooling pathway of photo-induced hot carriers, radiative recombination

of electron-hole pairs can result in light emission, which is known as photoluminescence

(PL). In conventional semiconductors, its spectral emission is generally below the

excitation photon energy, with the highest intensity near the semiconductor bandgap. The

blue-shift of photoluminescence can be observed in a few bulk semiconductors,

demonstrating intra-band carrier-carrier scattering, as shown in Figure 1-11(a). However,
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the parabolic energy band structure limits the momentum exchange, hence the range of

blue-shifted photoluminescence usually appears in a relatively narrow frequency

range. In contrast, graphene inherits a linear energy band structure and strong

carrier-carrier scattering, under femtosecond pulse illumination, excited hot carriers can

efficiently exchange momentum and energy, which elevates carriers into higher energy

states, as shown in Figure 1-11(b). By exciting graphene with the 1.5 eV pulse laser, a

broadband photoluminescence as high as 3.1 eV can be measured, as shown in Figure

1-11(c). The results agree with Planck’s law, indicating that hot carriers in graphene

would rapidly thermalize after excitation [52], [53].

PL signal (arb. units)
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Figure 1-11 Nonlinear photoluminescence in graphene. (a) Inefficient carrier-carrier
scattering in the parabolic band. (b) Efficient carrier-carrier scattering in the linear band.

(c) The photoluminescence measured from graphene under 1.5 eV pulse excitation [52].

Instead of electron-phonon scattering, studies have exploited optical pump-terahertz

probe techniques and further clarified that electron-electron scattering would be very
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efficient in highly doped graphene during the initial stage of hot carrier cooling.

Therefore, carrier multiplication can be observed in doped graphene after pulse laser

excitation [54]. As shown in Figure 1-12, a photoexcited hot carrier triggers a cascade of

intra-band electron-electron scattering processes, where energy and momentum are

transferred to electrons in the Fermi sea, producing multiple secondary hot carriers in the

conduction band. The efficiency of carrier multiplication depends not only on the

graphene doping level but also on the excitation photon energy.

Figure 1-12 The hot carrier created by absorbing (a) a high energy photon and (b) a low
energy photon will relax its energy to the electrons in the Fermi sea, which creates
multiple hot electrons in the conduction band [54].

Understanding the dynamics of hot carriers is not only of fundamental interest but

also essential for developing novel hot carrier optoelectronics. With the discussion and
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observations of its energy relaxation pathways, graphene suggests and serves as a

promising photo-active material candidate, motivating us to perform further explorations.

1.3.3 High Transparency of Graphene

Graphene also provides interesting optical property in its transparency. Studies show
that the absorption of suspended graphene is defined solely by the fine structure constant,
o = e?/hc ~ 1/137, the parameter that describes coupling between light and relativistic
electrons and that is traditionally associated with quantum electrodynamics rather than
materials science. Despite being atomically thick, graphene is found to absorb a
significant fraction of incident white light, a consequence of graphene’s unique electronic
structure. The universal conductance [55] implies that observable quantities such as
graphene’s optical transmittance are also universal and given by (for the normal light
incidence)

T=1+2n6/c)?=0+nra/2)?~1—-1na (1-5)
where the equation yields graphene’s absorption (1 —T) = ma = 2.3 %. The origin of
the optical properties being defined by the fundamental constants lies in the
two-dimensional nature and gapless electronic spectrum of graphene and does not

directly involve the chirality of its charge carriers.
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Figure 1-13(a) shows the image of graphene sample in transmitted white light. An

aperture is partially covered by suspended graphene so that opacities of different areas

can be compared. The line scan across the image qualitatively illustrates changes in the

observed light intensity. Further measurements yield graphene’s absorption of 2.3 + 0.1

%, whereas optical spectroscopy shows that the opacity is practically independent of

wavelength, as shown in Figure 1-13(b). Moreover, the absorption is found to increase

with number of layers so that each graphene layer contributes another 2.3 % absorption,

as shown in Figure 1-13(b) inset. Notably, their result also suggests the universal/flat

absorption spectrum over a wide range of frequencies, whereas the behavior is expected

for massless ideal Dirac fermions.
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Figure 1-13 (a) Photograph of a 50 pum aperture partially covered by graphene and its
bilayer. The line scan profile shows the intensity of transmitted white light along the
yellow line. The inset is a 20-um-thick metal support structure with apertures of 20, 30,
and 50 um in diameter with graphene placed over them. (b) Transmittance spectrum of
single layer graphene (open circles). Slightly lower transmittance for A < 500 nm is
probably due to hydrocarbon contamination. The red line is the transmittance T =
(1 + 0.5ma)~2 expected for two-dimensional Dirac fermions, whereas the green curve
takes into account a nonlinearity and triangular warping of graphene’s electronic
spectrum. The gray area indicates the standard error for our measurements. The inset
shoes the transmittance of white light as a function of the number of graphene layers

(squares). The dashed lines correspond to an intensity reduction by ma with each added
layer [56].

1.4 Graphene Synthesis

As mentioned previously, graphene is being first introduced in 2004 by mechanical
exfoliation, in which the adhesive tape is utilized to repeatedly spit graphite crystals into
thinner flakes and eventually produce monolayer graphene. This method can offer the
highest quality graphene since it is directly obtained from crystalline graphite, however, it

is very challenging to control the flake thickness, size and location, which is impractical
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and limits its industrial large-scale applications. In this regard, several synthesis
approaches are in need of development and have been explored [57]-[63].

One of the successful synthesis methods is epitaxial growth, which converts silicon
carbide (0001) into graphene via the sublimation of silicon atoms under high growth
temperature (~ 1500 °C) and ultra-high vacuum. Instead of mechanical exfoliation, this
epitaxial approach can produce wafer scale graphene for potential industrial applications,
however, this method requires precise control of the growth conditions and the SiC
substrates are relatively high cost. Moreover, epitaxial growth method can only offer
graphene on specific substrates, which also limits its application possibilities.

People then pay their attention to the chemical vapor deposition (CVD) synthesis
method [64]-[67], where graphene is synthesized by injecting hydrocarbons (in a form of
methane gas) with hydrogen (H,) in furnace (~ 1000 °C) to interact with transition metals,
such as nickel (Ni), copper (Cu), ruthenium (Ru) and iridium (Ir). The growth mechanism
varies with the choice of different transition metals, among of all, CVD graphene
synthesis on copper foil is highly attractive due to its capability of producing large scale
and uniform polycrystalline films, which can easily achieve more than 95% coverage and
its size is only limited by the synthesis apparatus [68]. In addition, with proper synthesis,

high quality graphene with mobility up to 7000 cm®v's? is also achieved and
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demonstrated. Moreover, CVD graphene synthesis on copper is relatively inexpensive

and readily compatible/accessible with the development of transfer techniques to obtain

high quality graphene on any arbitrary substrates. With all these advantages, even it still

exhibits several considerable imperfections such as domain sizes, wrinkles and defects,

which limit its device performance to some extent [69]-[72], the CVD graphene on

copper is undoubtedly one of the most widely used synthesis methods for electronic and

optoelectronic application/research nowadays.

The CVD graphene synthesis/growth mechanism on copper can be understood and is

shown step-by-step in Figure 1-14 [73], [74]. Initially, hydrogen catalyzes the metal

surfaces and leads the grain growth in transition metals. Then, carbon atoms start to

nucleate into several small graphene flakes and grows larger along preferential

crystallographic directions. The formation of graphene is the consequence of diffusion

and segregation of carbon atoms during the annealing and cooling stages. Eventually,

these flakes coalesce into a continuous film as the growth time increases and is properly

controlled. All in all, this method involves thermal decomposition of hydrocarbons (in a

form of methane gas) on the surface of transition metal and then carbon was segregated

from the surface upon cooling down, forming two-dimensional monolayer graphene

along the copper surface.
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‘ Copper

Figure 1-14 The growth mechanism of graphene on Cu. (a) Annealing of a Cu foil with
native oxide in H2 (b) Nucleation of graphene islands. (c) Coalescing of graphene flakes

into a film [73].

Here at the University of Michigan, our lab (Nanoelectronics and Nanophotonics
Lab, https://wwweb.eecs.umich.edu/zhonglab/) runs a commercial CVD system
(FirstNano EasyTube 3000) with the capability to flow required gases methane at
controlled temperature and vacuum level for not only single but also bilayer graphene
growth, offering and supporting the flexibility and diversity for various related research

studies.

1.5 Thesis Overview

This thesis focuses on exploiting graphene’s unique properties with novel
nanostructure and transistor design for both electrical and optical applications. It is
organized as following: Chapter 1 introduces graphene in different aspects, including
discovery, physical geometry, electrical and optical properties, as well as its synthesis

methods; Chapter 2 proposes the dual-gate graphene ambipolar transistor design that can
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operate as either common mode or differential mode amplifier, meanwhile, achieve high

noise rejection amplification; Chapter 3 demonstrates the hyperbolic metamaterials

(HMMs) by using precisely controlled periodic graphene-dielectric multilayer

nanostructures in mid-infrared regimes; Chapter 4 reviews the photo-gating effect

resulting from well-designed graphene heterojunction nanostructure for ultra-broadband

and high responsivity photodetectors; Chapter 5 proposes the graphene-SOI

heterojunction photodetector design to improve device on-off operation speed as well as

strengthen photo-gating effect, moreover, fabricates single pixels into matrix arrangement

to achieve image array readout; Chapter 6 demonstrates all-graphene transparent

heterojunction photodetectors for light-field imaging; Chapter 7 concludes the thesis and

propose ideas for further studies.
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Chapter 2
Graphene Ambipolar Nanoelectronics for High Noise

Rejection Amplification

2.1 Introduction

With over half of the world’s population having access to cellular phones and other
mobile/wearable information devices, there is a definite movement towards the
realization of ubiquitously available wireless communication system that are even more
compact and portable. Among the modern wireless communication system, signal
amplification is one of the key processes and critical for overcoming losses during
multiple data transformations/processes and long-distance transmission. There are four
basic types of electronic amplifiers: voltage, current, transconductance, and
transresistance amplifiers [75]. Generally, the voltage amplifier is the most common one
and widely used in modern circuit architecture. More specifically, there are two main and
fundamental amplification mechanisms for voltage amplifiers, i.e. common and

differential mode amplifications respectively [76]. Common mode is basically the most
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generic concept of amplification, which amplifies particular input voltage, while the

differential mode amplifies the voltage difference between two input signals. Both the

common and differential mode amplifiers are crucial and widely used in the circuitry

nowadays, however, they utilize two totally different circuit configurations.

During the past decade, graphene has been widely studied and shown extremely high

intrinsic carrier mobility at room temperature [14], [16], [21], linear dispersion relation in

energy band structure, and ambipolar behavior for both electron- and hole-dominated

regions [6], [15], [77]. In particular, the intriguing ambipolarity of graphene has enabled

unique RF device applications [78], [79] which not only provide greater controllability

for signal processing and modulation, but with much simplified circuitry. Recent

advances in graphene integrated electronics have led to notable progress: a number of RF

integrated circuits with various functionality have been successfully demonstrated

including mixer [80]-[83], frequency doubler [84], [85], tripler [86], multiplier [87], [88],

antenna [89]-[91] and receiver [92]. Moreover, researchers also achieved circuit logic

operation [93], invertor [94]-[96], modulator [97], [98] and electromechanical devices,

such as resonators [99], [100] and switch [101]. Flexible and transparent graphene-based

device and circuit were also demonstrated [64], [97], [102], [103], which further

showecase the possibilities of graphene for novel nanoelectronic applications.
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We report an extremely simple device design which can be programed to achieve the

functionality of both common and differential mode amplifications. To implement the

idea, we designed and fabricated a new type of dual-gate graphene ambipolar device,

where the phase of the RF signal can be modulated independently at two gates to be

either in phase or out of phase. This unusual tunability is enabled by the unique

ambipolarity of graphene, and leads to both common mode and differential mode

operations in a single device. In addition, these devices can achieve a common-mode

rejection ratio (CMRR) as high as 80dB, making it relevant for low noise circuit

applications.

2.2 The Dual-Gate Graphene Ambipolar Device

To fabricate the device, a pristine single layer graphene film is first synthesized by

chemical vapor deposition (CVD) method on copper foil. One side of the copper sample

is coated with 950 PMMA A2 (MicroChem) photoresist as protection layer and the other

side is exposed to oxygen plasma to etch away the undesired graphene. The sample is left

in ammonium persulfate solution (0.023 g/ml) to dissolve away the copper layer

underneath, and then the graphene film with PMMA coating is cleaned and transferred

onto prepared intrinsic silicon wafer with 300 nm thermal SiO, on top. After removing
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the PMMA coating by rinsing with acetone and isopropyl alcohol, the single layer

graphene is then patterned into the desired transistor channel (W/L = 50 um/20 um) by

conventional photolithography and oxygen plasma etching. After graphene patterning,

Cr/Au (5 nm/50 nm) source and drain metal contacts are deposited by e-beam

evaporation and photolithography lift-off processes, leaving 7 pum length and 50 pum

width graphene film in between as device channel. Then 2 nm aluminum layer is e-beam

evaporated onto the sample, followed by 12 hours oxidation in air and additional 13.5 nm

Al,O3 deposited by atomic layer deposition (ALD) at 250 °C. The total thickness of

Al;O3 is 16.1 nm, which is used as our top gate dielectric layer. Lastly, two 2 um wide

Cr/Au (5 nm/50 nm) top gate metal strips with 1 um spacing are electrostatically coupled

and deposited by e-beam evaporation and photolithography lift-off processes, providing

modulation to the RF signal.

Figure 2-1(a) shows the schematic of dual-gate graphene ambipolar device structure

and the scanning electron microscope (SEM) image of the actual fabricated device is

shown in Figure 2-1(b). During a typical operation, drain-source is DC biased with a

supplied voltage, and two gates are DC biased at the desired biasing points. AC input is

supplied through two gates via bias tees, and the output signal is recorded at the drain

with a AC lock-in amplifier and oscilloscope.
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Figure 2-1 Device geometry of dual-gate graphene ambipolar device and its I-V
characterization. (a) Schematic of the device. Source (S) and drain (D) electrodes are
shown in red, and the dual-gate electrodes (G1 and G2) are shown in yellow. (b) The
SEM image of the fabricated device. Scale bar, 10 um. (c) The conductance versus gate
voltage response curves for gate 1 (black) and gate 2 (red). The inset illustrates the
proposed equivalent circuit symbol of our dual-gate graphene ambipolar device.

The conductance-gate voltage transfer curves for two independent gates are shown

in Figure 2-1(c), where the ambipolarity is clearly presented with Dirac points at -0.6 V

and -0.34 V for gate 1 and 2 respectively. To further investigate the transistor properties,

the contact resistance and the carrier mobility can be extracted by fitting the experimental
resistance value across the source and drain with the following equation [97], [104],

Reotat = ds = R - (2-1)

contact + C Vo—Vn-:
Igs quW-\/n(2,+( ox( gq Dlrac))z

where the variables are defined as drain-to-source voltage Vg, drain-to-source current lgs,
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contact resistance Reontact, Channel length L and width W, mobility u, residual carrier
concentration ng, gate capacitance Coy, the gate bias voltage Vg, and the charge neutrality
point Vpirac. The device presented in Figure 2-1(c) yield a hole mobility of 844 cm?V s !
and electron mobility of 866 cm?V s ™! with ng of 1.57x10™ cm 2 and Reontact 0f 378 Q.
Both gate 1 and 2 offer electrostatic control of electron-dominated versus
hole-dominated transport within graphene channel, as shown in Figure 2-2. We propose a
new equivalent circuit symbol, shown in Figure 2-1(c) inset, for our ambipolar device to

represent in dual gate tuning.

V2(V)

<1 0 1 2 3 4 5
Vs (V)

mE o .
0.0 0.5 1.0 15 2.0 2.5

Conductance (mS)

Figure 2-2 The two-dimensional (2D) color plot of conductance versus gate biasing
voltages for dual-gate graphene ambipolar device. The graphene channel can be operated
under p-p (lower left), n-n (upper right), p-n (upper left), and n-p (lower right) regions by
biasing two gate accordingly.
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2.3 The Amplification Mechanism for Multi-Mode Operation

We examine how independent modulation by the two gates can be configured to

achieve common and differential mode operations. The key principle lies in the

ambipolarity of graphene: the phase of an AC input can be shifted by 180 degree when

switching the DC gate biasing point from electron-dominated region to hole-dominated

region, and vice versa [97].

(b) Differential Mode
Amplification

(a) Common Mode
Amplification

R A
W W
W W

W -

Figure 2-3 The operation mechanism of dual-gate graphene ambipolar device. (a)
Schematic showing the common mode operation mechanism. Two AC inputs (Vin; and Vinz)
are supplied through two gates, and the output signal (Vo) is recorded at the drain of the
device with source grounded. (b) Schematic showing the differential mode operation
mechanism.

n-n region p-p region n-p region p-n region

To achieve common mode operation, one can configure the phase modulation of
gate 1 and 2 to be in phase by DC biasing two gates in the same electron- (or hole-)

dominated region, as shown in Figure 2-3(a). In the schematic, two in-phase input signals
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are amplified with the same phase, which lead to two in-phase outputs and add up to a

significant overall output signal. On the other hand, two out-of-phase input signals yield

two out-of-phase outputs, which cancel each other and lead to a negligible overall output

signal. As the result, the dual-gate graphene ambipolar device is functioning as a

common-mode amplifier.

For differential more operation, one can configure the phase modulation of gate 1

and 2 to be out of phase (n-p or p-n region) by DC biasing one gate in electron-dominated

region, and the other gate in hole-dominated region, as shown in Figure 2-3(b). Contrary

to the common mode operation, two out-of-phase input signals are amplified with

opposite phase, which lead to two in-phase outputs and add up to a larger overall output

signal. On the other hand, two in-phase input signals yield two out-of-phase outputs,

which cancel each other and lead to a negligible overall output signal. As the result, the

dual-gate graphene ambipolar device is configured as a differential mode amplifier by

simply changing the gate biasing conditions. We note that one can also operate one of the

gates at the charge-neutral Dirac point, and the device will become a typical graphene

transistor.
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2.3.1 Common Mode Amplification Operation

To experimentally verify the common mode operation, we test our dual-gate
graphene ambipolar device with two in-phase AC inputs. Figure 2-4(a) shows the
electrical measurement setup. Here, we use the built-in sinusoidal wave generated from
the lock-in amplifier (Stanford Research Systems SR830) as our AC source (Vac = 10 mV,
f = 100 kHz), which is coupled into two gates through bias tees for the two AC inputs.
The output signal is measured at the drain using the lock-in amplifier with source
grounded. Four different gate biasing conditions are tested, which are n-n (Vg1 = 3.5V,
Vg2 =2.8V), p-p (Vg1 = 0.2V, Vg = -0.3 V), p-n (Vg1 = -2.5V, Vo = 2.8 V), and n-p (Vg
= 3.6 V, Vg = -2.3 V) regions. Figure 2-4(b) shows real-time output signal waveform
under these four gate biasing conditions, together with the input waveform. When two
gates are biased in the same electron-dominated (n-n) or hole-dominated (p-p) region, we
recover the sinusoidal waveform at the output. On the contrary, when two gates are
biased in p-n or n-p region, the output signal amplitude is negligible. These results
confirm the common mode operation mechanism illustrated in Figure 2-3(a).
Furthermore, in order to present the complete picture of how dual-gate graphene
ambipolar device response to two in-phase inputs, we measure the output signal

amplitude when sweeping both gates across the Dirac point, as shown in Figure 2-4(c).
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The output signals in n-n and p-p regions are significantly larger than the signals in p-n
and n-p regions. The maximum achievable common mode gain is larger than unity under
corresponding gate biasing point in n-n region. We note that the slight difference in n-n

and p-p regions is caused by the asymmetry of electron and hole transport.
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Figure 2-4 The common mode operation demonstrated by the dual-gate graphene
ambipolar device. (a) Diagram of the electrical measurement setup. R_ = 0.5 kohm and
Vyg = 10 V. (b) The time-traced AC voltage amplitude curves recorded for input and the
outputs under n-n, p-n, p-p, and n-p dual-gate biasing conditions. (c) Two-dimensional
color plot of output voltage amplitude versus the dual-gate biasing voltages. In-phase AC
inputs (vi, = 10 mV) are supplied at two gates during the measurement for common mode
operation.
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2.3.2 Differential Mode Amplification Operation

We also examine the differential mode operation by testing the same dual-gate

graphene ambipolar device with two out-of-phase inputs. Here, we use a custom-built

phase shift circuit, as shown in Figure 2-5, in one of the gates in order to achieve 180

degrees phase difference between two inputs.

Via

N—— Out-of-phase Output

Signal Input

In-phase Output

RI = R5 =300 kohm
R; = Rs = 100 kohm
R3 = R; = 10 kohm = —

Figure 2-5 The circuit diagram of the custom-built phase shift module with 2N3904 NPN

BJTs.

Figure 2-6(a) shows the electrical measurement setup for different mode

amplification operation. We again tested four different gate biasing conditions, which are
n-n (Vg1 =25V, Vg =34V), p-n (Vg =-08V, Vg =32 V), p-p (Vg1 =-05V, Vg =
-0.3 V), and n-p (Vg1 = 2.4 V, Vg = 0.5 V). As shown in Figure 2-6(b), we recover a

strong sinusoidal waveform at the output when two gates are biased in p-n or n-p regions.
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On the contrary, when two gates are biased in n-n or p-p region, the output signal

amplitude is negligible. These results contrast the common mode operation shown earlier,

and confirm the differential mode operation mechanism illustrated in Figure 2-3(b).
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Figure 2-6 The differential mode operation
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demonstrated by the dual-gate graphene

ambipolar device. (a) Diagram of the electrical measurement setup. R_ = 0.5 kohm and
Vgg = 10 V. A phase shift circuit is used in one of the gates in order to achieve 180 degrees
phase difference between two inputs. (b) The time-traced AC voltage amplitude curves
recorded for input and outputs under n-n, p-n, p-p, and n-p dual-gate biasing conditions.
(c) Two-dimensional color plot of output voltage amplitude versus the dual-gate biasing
voltages. Out-of-phase AC inputs (vi, = 10 mV) are supplied at two gates during the

measurement for differential mode operation.
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A more complete picture is shown in Figure 2-6(c), where the output signal
amplitude is again plotted against two gate biasing voltages. Noticeably, large output
signal regions are located in n-p or p-n regions, which is the exact opposite of the
common mode operation scenario shown in Figure 2-4(c). Furthermore, a voltage gain

higher than 1.7 is obtained under differential mode operation.

2.4 The Common Mode Rejection Ratio (CMRR)
With the results from both common and differential mode operations, we can further
calculate the common mode rejection ratio (CMRR) given by:

CMRR = 20 - log, (lfl—dl) dB (2-2)
where Aq and A are the amplification gain for differential and common mode operation.
The calculated two-dimensional CMRR at varying gate biasing voltages is shown in
Figure 2-7. From the plot we observe, under appropriate gate biasing points, our
un-optimized dual-gate graphene ambipolar device can already achieve CMRR of over
80 dB. Importantly, our device utilizes a much simplified design compared to
conventional amplifier, namely a single device can achieve both common and differential

mode amplifications. We note that all measured devices show the same characteristics

and confirm the high CMRR, as shown in Figure 2-8.
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Figure 2-7 The two-dimensional (2D) color plot of common mode rejection ratio versus
the dual-gate biasing voltages. The CMRR values are calculated from the common mode
and differential mode measurements plotted in Figure 2-4(c) and Figure 2-6(c). High
noise rejection can be achieved with either pn or np differential mode biasing conditions.
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Figure 2-8 The two-dimensional (2D) color plot of CMRR versus dual-gate biasing
voltages for two other devices. Measurements are done under the same condition as in
Figure 2-7, and high noise rejection is once again confirmed.
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In addition, the output frequency spectrum analysis is also being done by using a
commercial FFT spectrum analyzer (Stanford Research System SR760) with carrier
frequency at 30 kHz, our device shows a clean spectrum and higher order harmonics are
negligible, as shown in Figure 2-9. We do notice small peaks at higher frequency, but not
at the harmonics of the carrier frequency. These are likely due to the measurement setup

and the custom-built phase shift module.

20 Cor o :

16 - — Signal generator -

Arbitrary unit (a.u.)
o]
T
|

0 . 1 . Il L
10 20 30 40 50 60 70 80 90 100

20 o o .

16 - —— Graphene amplifier .

37

)

= 12

> 8

® L

=

g 4

B Q.W_n_hﬁ._g.da_JL.n.fLL Al An A e N

10 20 30 40 50 60 70 80 90 100
Frequency (kHz)

Figure 2-9 Frequency spectrum analysis by using a commercial FFT spectrum analyzer
(Stanford Research System SR760). The carrier frequency is 30 kHz.
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Figure 2-10 Output characteristics I1-Vys of dual-gate graphene amplifier under different
gate bias. There is no current saturation due to the semi-metallic nature of graphene.

2.5 Conclusion

In summary, we demonstrated a new type of dual-gate graphene ambipolar device
with capability of operating under both common and differential modes to realize signal
amplification. The signal goes through two stages of modulation, where the phase of
signal can be individually modulated to be either in phase or out of phase at two stages by
exploiting the ambipolarity of graphene. As the results, both common and differential
mode amplifications can be achieved within one single device, which is not possible in
the conventional silicon-based amplifier circuit configuration. In addition, a
common-mode rejection ratio (CMRR) over 80 dB can be achieved, making it possible
for low noise circuit applications.

However, our current generation of devices is not without some serious limitations.
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First, the output characteristics shown in Figure 2-10 shows the lack of current saturation

due to the semi-metallic nature of graphene, potentially limits the intrinsic voltage gain

and maximum frequency of the devices. Second, the device is still limited by the small

voltage gain, ~1 for common mode operation and close to 2 for differential mode

operation. However, high gain graphene amplifiers have been shown in literatures

through the adoption of high-k dielectrics [105] and thinner dielectrics [106]. More

importantly, the results shown here not only open up new directions of graphene-based

ambipolar electronics that greatly simplify the RF circuit complexity and the design of

multi-function device operation but also hint at a broad range of graphene-based

ambipolar electronics which can enable More-Moore and More-than-Moore technologies

[107]-[110] in the post-CMOQOS era.
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Chapter 3
Realization of Mid-Infrared Graphene Hyperbolic

Metamaterials

3.1 Introduction

Hyperbolic metamaterials (HMMs) are artificially structured materials designed to
attain an extremely anisotropic optical response, in which the permittivities associated
with different polarization directions exhibit opposite signs [111]-[113]. Such anisotropic
behavior results in an isofrequency surface in the shape of a hyperboloid, which supports
propagating high k-modes and exhibits an enhanced photonic density of states. Many
interesting applications have been enabled by HMMs. For example, the spontaneous
emission rate of quantum emitters can be modified if they are brought close to a HMM
[114], and similarly, the scattering cross-section of small scatterers near a HMM is
enhanced [115]. The near-field radiative heat transfer associated with HMMs becomes
super-Planckian [116]. Also, the propagating high k-modes supported by HMM are

exploited to achieve sub-diffraction-limited images using a hyperlens [117]. Some natural
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materials such as bismuth, graphite and hexagonal boron nitride exhibit hyperbolic

dispersion in specific spectral ranges [118]-[120], while artificial HMMs are most

commonly realized with two categories of structures such as metal-dielectric multilayers

[114], [117] and metallic nanorod arrays [121]. The former structure can be fabricated

layer by layer using vapor deposition, and the latter is often obtained by electrochemical

deposition of a metal on porous anodic aluminum oxide. In both cases, metal is the

essential element to provide the conducting electrons that make the extreme

anisotropicity possible. Metals can also be replaced by doped semiconductors for

realizing HMMs in the infrared range [122].

We explore the realization of a particular HMM, in which the role of the metal in

providing a conducting layer is taken over by graphene [26], [35], [123]-[129]. Graphene

is a two-dimensional (2D) semi-metal with a thickness of only one atom [6], [15]. It has

been shown that doped graphene is a good infrared plasmonic material in terms of

material loss [28]. As a truly two-dimensional (2D) material that only conducts in the

plane, graphene by nature has the anisotropicity required for HMMs. As the thinnest

material imaginable, graphene also makes an ideal building block for multilayer

structures, as it enables the minimum possible period and therefore the highest possible

cutoff for the high k-modes [123], [130], which has been limited in metal and
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semiconductor-based HMMs by the non-negligible thickness of those materials. The

conductivity of graphene, unlike that of metals, can be effectively modulated by electrical

gating or optical pumping [131], [132]. This unique advantage has been demonstrated in

other graphene-based metamaterials [133], and can potentially be exploited to realize a

tunable HMM, in which the photonic density of states can be controlled electronically on

demand. In addition, graphene shows much richer optoelectronic behavior than metals,

and the massless Dirac quasi-particles in graphene also give rise to very different carrier

dynamics compared with other semiconductors. Various photodetection mechanisms,

such as thermoelectric, bolometric, photovoltaic, photo-gating and photo-Dember effects,

have been demonstrated with graphene [33], [134]-[136]. Graphene multilayer structures

can therefore serve as a unique platform in optoelectronics, incorporating the unusual

photonic behavior of HMMs into graphene detectors or other optoelectronic devices. For

example, an ultrathin super-absorber enabled by HMM could be incorporated into

graphene detectors to enhance the light absorption [126].

Here, the design criterions and material choices for realizing the graphene HMM

will be discussed. Graphene is identified as a good practical choice in the mid-infrared

range when it is heavily doped. A chemical doping method is developed to obtain the

desired high carrier density and ellipsometry is used to characterize the optical
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conductivity of monolayer graphene. The metamaterial with multilayer structure is

fabricated by repetitive graphene transfers and dielectric deposition. We characterize the

effective permittivities of the fabricated metamaterial with ellipsometry to demonstrate

the hyperbolic dispersion in the mid-infrared range.

3.2 Design of Graphene HMM

Figure 3-1 shows the structure of the graphene-based HMM, which consists of

alternating dielectric and graphene layers. Similar graphene-dielectric multilayer

structures have been proposed and analyzed theoretically by different groups and shown

to function as a HMM operating at terahertz (THz) and mid-infrared frequencies [26],

[35], [123]-[129]. Various applications have also been discussed. For example, in our

previous work we have calculated theoretically the Purcell factor of a graphene-based

HMM with a finite number of layers [35], and we have simulated numerically the light

coupling from free space into a graphene-based HMM slab with a metallic grating [126].

In spite of the large body of theoretical work on graphene-based HMMs, no experimental

demonstrations have yet been reported, the primary reason being the challenge in

obtaining a sufficiently high level of doping in the graphene layers in the required

multilayer structure.
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Figure 3-1 The schematic representation of the graphene-dielectric multilayer structure
that turns into a HMM at mid-infrared frequencies. It consists of five periods of
alternating CVD graphene sheets and Al,O3 layers on a CaF, substrate. The thickness of
the Al,O3 layer is ~ 10 nm.

The graphene-dielectric multilayer structure can be homogenized and viewed as a
metamaterial using the effective medium approximation (EMA). The effective
out-of-plane and in-plane permittivities of this metamaterial can be derived by taking the

long-wavelength limit of the Bloch theory [26], [123]-[125]:

.0Zg

2

Eeffl = €5 Eeffu = €at i -(3) 3-1)
Here &, is the permittivity of the dielectric layer, d is the dielectric thickness and o is
the optical conductivity of graphene. Z, is the vacuum impedance. Here graphene, as a

two-dimensional (2D) material, is treated as an infinitely thin layer described by its
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in-plane sheet conductivity. As indicated by Equation 3-1, the graphene-dielectric
multilayer system forms a uniaxial anisotropic metamaterial. .7, is the same as the
constituent dielectric and is always positive. On the other hand, the real part of .7
becomes negative if

Imo > 2n(d/N)(e4/Z,) (3-2)
When this criterion is satisfied, the isofrequency surface becomes a hyperboloid and we
obtain HMM. Such an isofrequency surface allows the existence of propagating high
k-modes, which can be traced back to the coupled plasmon modes in the
graphene-dielectric multilayer structure [35]. The criterion described by Equation 3-2
determines the wavelength at which the optical topological transition between elliptical
and hyperbolic dispersions occurs [114].

While most previous theoretical work has concentrated on using high-mobility
graphene that may be obtained from mechanically exfoliated or epitaxially grown
samples, we use CVD graphene because it is the most realistic choice for practical
fabrication of a multilayer structure [68]. Growth of large-area CVD graphene is well
established, and it can be transferred onto arbitrary surfaces using polymethyl
methacrylate (PMMA) as the carrier material. In spite of its advantage in fabrication,

CVD graphene often has a higher degree of disorder, which is typically manifested by a
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reduced mobility. As a result of the lower crystal quality, the stronger carrier scattering in
typical polycrystalline CVD graphene enhances the free-carrier absorption at THz
frequencies, which can be understood from the theoretical optical conductivity of
graphene [22]-[24],
hew+2Ep

_ hw—ZEF)_ g [ (hw+2EF)? ] 409 Ep _
o(w) = 2 (tanh 4kpT + tanh 4kgT 12n10g (hw—2EFR)2+(2kgT)? m hw+ihy (3 3)

where o, equals to e?/(4h), Er is the Fermi energy relative to the Dirac point and y
is the intra-band scattering rate. In this expression, the first two terms correspond to
inter-band transitions, while the third term is the Drude-like intra-band conductivity.
Figure 3-2 shows a plot of the theoretical optical conductivity given by Equation 3-3 with
parameters typical for doped polycrystalline CVD graphene. To realize a good HMM, we
need graphene with a large positive imaginary conductivity to interact with light, but with
a small real conductivity to minimize the material loss. As shown in Figure 3-2, graphene
is lossy at high frequencies when Aw > 2Er because of inter-band transitions. On the
other hand, at low frequencies when hw < Ay, graphene also exhibits a large loss
because of the intra-band free carrier absorption enabled by scattering. Because CVD
graphene typically hasa Ay of tens of meV, it is a lossy material at THz frequencies [30].
As shown by Figure 3-2, however, there is a spectral range between the two lossy regions,

such that the imaginary part of the conductivity exceeds the real part. As this spectral
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range lies in the mid-infrared part of the spectrum, CVD graphene-based HMM operates
better in the mid-infrared than the THz region. Also, Figure 3-2 indicates that doping can
improve the properties of graphene for realizing a HMM. A large Er can turn off the
inter-band absorption by the Pauli blocking and increase the Im o required for achieving
negative &.¢r,. Furthermore, doping can also suppress the intra-band scattering by

screening charged impurities [30], [137].
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Figure 3-2 The theoretical optical conductivity of graphene. It is plotted with Ep = 350
meV and Ay =40 meV. These numbers correspond to heavily doped CVD graphene. At
the high-frequency end of the spectrum, graphene is lossy because of the inter-band
absorption. At the low-frequency end, graphene is again lossy because of the intra-band
free-carrier absorption. There is a useful spectral range in between, where the imaginary
part of the optical conductivity exceeds the real part. In this particular example, the useful
wavelengths range from 2 to 30 um in the mid-infrared range. The inset shows another
example of lightly doped CVD graphene with Ep = 150 meV and Ay = 40 meV. The
useful wavelength range is smaller when the doping is lower.
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3.3 Characterization of the Optical Conductivity in Graphene

Because graphene is the key building block of the metamaterial, it is important to

have an accurate measurement on the optical conductivity of the actual CVD graphene

layers used to fabricate the sample. Although the theoretical optical conductivity given by

Equation 3-3 provides a good guideline for designing the graphene HMM, real CVD

graphene layers can have imperfections or extrinsic properties that are not taken into

account by Equation 3-3. We therefore need to characterize actual graphene samples and

examine the scope of validity of Equation 3-3.

We have developed a technique based on ellipsometry to measure the optical

conductivity of truly two-dimensional (2D) materials [27], discussed in Chapter 1.3.1. In

this technique, the analysis used in conventional ellipsometry is modified to handle the

infinitely thin 2D material whose properties are fully described by the 2D optical

conductivity. To characterize actual CVD graphene samples with this technique, we have

prepared two kinds of samples, unintentionally doped and the chemically doped CVD

graphene, on CaF, substrates by the standard PMMA transfer method. Even without

chemical treatment, unintentionally doped CVD graphene is p-type because of adsorbed

gas molecules and residual ammonium persulfate from the transfer process [19], [64].
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Figure 3-3 The optical conductivity of CVD graphene measured by ellipsometry. (a) The
real and imaginary part of the optical conductivity of the chemically doped CVD
graphene (blue and magenta curves) and the unintentionally doped CVD graphene (black
and green curves). These curves are mathematically expressed by cubic splines, and the
markers denote the control points of the splines. The chemically doped CVD graphene
has a larger imaginary conductivity in the mid-infrared range. (b) The real and imaginary
part of the optical conductivity of the chemically doped CVD graphene. The blue and
magenta curves are obtained by fitting with cubic splines, and the black dash lines are
obtained by using the model given by Equation 3-3. The model fitting is consistent with
the spline fitting in the mid-infrared range. The extracted Er and Ay from the model
fitting are 460 and 23 meV, respectively, which corresponds to a mobility of ~ 2,000
cm?Vvist,

The chemically doped CVD graphene is prepared by a solution process that leaves a
sub-monolayer of tris (4-bromophenyl)ammoniumyl hexachloroantimonate (also known

as magic blue), a somewhat air-stable p-type dopant, on the surface [138], [139]. Figure
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3-3(a) shows the optical conductivities of both samples measured with ellipsometry. The

optical conductivities shown here are mathematically described by cubic splines without

assuming an a priori theoretical expression like Equation 3-3. Consistent with Figure 3-2,

in the mid-infrared range the chemically doped graphene has a larger imaginary

conductivity, which is necessary for creating the extreme anisotropicity in the

metamaterial.

Although the spline-fitted conductivity of actual CVD graphene sample shown in

Figure 3-3(a) is useful in many applications, a conductivity model based on a theoretical

expression such as Equation 3-3 provides more physical insight and requires fewer

unknown parameters to perform the fit. The latter is important when we want to

parameterize the homogenized metamaterial, which will be discussed in next section. In

Figure 3-3(b), we examine how well Equation 3-3 works for our chemically doped CVD

graphene samples. In fitting the ellipsometer data, we express the optical conductivity

o(w) by the model given by Equation 3-3 with Er and y being the only two unknown

fitting parameters. We also show in the same figure the spline-fitted conductivity

obtained from the same set of data. It is apparent that the resulting conductivity based on

Equation 3-3 overlaps very well with the spline-fitted conductivity throughout the

mid-infrared range, assuring the validity of using Equation 3-3 for the mid-infrared
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metamaterial. We extract from the fit that Er = 460 meV and Ay = 23meV. A mobility
of ~ 2,000 cm®Vs® can be calculated from these numbers using the relationship
u = enhVy%/(hyEr), where p is the mobility and V is the Fermi velocity.

In the mid-infrared range, the optical conductivity is mostly determined by
intra-band transitions, which are described by the Drude-like term in Equation 3-3. Our
result is consistent with reference [30], which shows that the Drude model can
successfully fit the measured absorption spectrum of CVD graphene over a broad range
of infrared wavelengths. We do not apply Equation 3-3 in the ultraviolet to visible
wavelength range because the many-body correction has been shown to be important
[140], [141]. There is some discrepancy between the model and spline fits in the
near-infrared regime ~ 1.5 pm, that is, near the wavelength corresponding to inter-band
transitions close to the Fermi level. The origin of this discrepancy is not quantitatively
understood, but may be related to spatial inhomogeneity in the Fermi energy or other
disorder effects. Since the optical topological transition wavelength of our HMM is very
far from this spectral region, and the fit is excellent over the entire mid-infrared range,
the failure of the simple model in the near-infrared region does not affect the behavior of
the material in the mid-infrared, which is the region of concern in this work. Equation 3-3

thus provides an excellent description for the mid-infrared conductivity. Other
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imperfections that are typically present in transferred CVD graphene samples, such as the

existence of small multilayer graphene patches and holes, can also contribute to the

deviations observed in Figure 3-3(b) [142].

3.4 Measurement of the Effective Permittivity of Graphene HMM

We have fabricated the multilayer structure shown in Figure 3-1, which consists five

periods of alternating CVD graphene and Al,O3. The CVD graphene is transferred by the

PMMA method and doped with tris (4-bromophenyl)ammoniumyl hexachloroantimonate

(magic blue). The Al O3 dielectric layer is grown by atomic layer deposition (ALD). We

choose Al,O3 as the dielectric material, because it has negligible loss at the mid-infrared

wavelengths up to 8 um. The dielectric thickness is chosen to be ~ 10 nm to create an

optical topological transition in the mid-infrared range.

To characterize the metamaterial, we use infrared ellipsometry, which is appropriate

to probe the effective permittivity of a metamaterial, since it measures the sample with

free-space plane waves and the transverse wave vector (k,sin®) associated with the

free-space plane waves is very small (k,sinfd « 1, where 6 is the angle of incidence).

We are therefore probing the low k-modes of the metamaterial, ensuring the validity of

the long-wavelength approximation. Although the long-wavelength approximation is
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evidently satisfied for our metamaterial (d/A < 1/300 in our case), we still need to
confirm the validity of the EMA with a rigorous transfer-matrix calculation, since the
EMA is derived for an infinite periodic system, while our metamaterial has only five
periods. In Figure 3-4, we show the transfer-matrix calculation of five periods of
graphene-dielectric multilayer structure and the EMA calculation with the structure
homogenized into an anisotropic layer, with the permittivities of the homogenized
anisotropic layer given by Equation 3-1. Here we calculate the ellipsometric angles W
and A, the quantities an ellipsometer acquires directly, at different incident angles. W
and A are defined by n,/r, = (tan®)e'® , where r, and 7, are the reflection
coefficients for p and s light, respectively. Numbers used in the simulation are chosen
according to measured material properties of the individual layers. As demonstrated by
Figure 3-4, the two methods give very close results, confirming that the five-period
graphene-dielectric structure, in the low k-regime probed by ellipsometry, can be
accurately treated as a metamaterial with the effective permittivities given by Equation
3-1. In fact, in the low k-regime, even one period of the graphene-dielectric unit cell can
be homogenized by the same EMA formula given by Equation 3-1 and still reproduce the
optical properties accurately. However, the high k-regime is where the real interest of

HMM lies, the high k optical properties depend on the number of unit cells in the
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metamaterial. The five-period structure in our experimental realization of graphene

HMM is chosen to create desirable high k optical properties.
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Figure 3-4 Calculation of ellipsometric angles with exact transfer-matrix method and
EMA. Ellipsometric angles ¥ and A are defined by 7, /7, = (tan®)e®, where 7, and
r, are the reflection coefficients for p and s light, respectively. They are the quantities an
ellipsometer measures. The transfer-matrix method calculates the response of five periods
of graphene-dielectric multilayer structure, while the EMA simulates a homogenized
anisotropic layer with the permittivities given by Equation 3-1. This calculation shows
that the EMA is an accurate approximation for the structure. The wavelength used in this
simulation is 6 um. The material properties are e; = 2.1 and o = (0.43 + 0.98i)ag,.
Thickness d = 10 nm. The substrate has a refractive index of 1.39.

The results of infrared ellipsometry, ellipsometric angles ¥ and A for our HMM
sample, are shown in Figure 3-5(a) and Figure 3-5(b), from which we extract the

effective permittivities by fitting the acquired data. A robust and physical fitting in
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ellipsometry requires correct prior knowledge about the sample parameters, which allows

us to use a minimal number of unknowns.
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Figure 3-5 Extraction of the effective permittivity of the graphene HMM. (a,b) The
ellipsometric angles W and A acquired from the graphene-dielectric multilayer
structure. The measurement is performed at incident angles of 47°, 57° and 67°. The blue
dash lines show the fitting by homogenizing the multilayer structure into a metamaterial
with the effective permittivities given by Equation 3-1. We extract from the fitting that
Er = 365 meV and Ay = 41 meV. (c) The extracted effective permittivity of the
metamaterial, which exhibits an optical topological transition from elliptical to
hyperbolic dispersion at 4.5 um. When the wavelength is at 6 um, &z, equals
2.1+0.9i and &5, equals 2.1. (d) The extracted optical conductivity of the constituent
CVD graphene in the metamaterial.
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Since our simulation in Figure 3-4 demonstrates that the EMA is an accurate

description for the multilayer structure, we can apply Equation 3-1 in fitting the data.

More precisely, we fit the experimental data to a layer of an anisotropic material on a

CaF, substrate with the permittivities of the anisotropic material given by Equation 3-1.

In Equation 3-1, we know everything except the optical conductivity of graphene, as we

have measured the thickness independently after depositing each Al,O3 layer, and we

have measured the refractive index of the ALD-grown Al,O3 in the relevant spectral

range independently on a reference sample. Furthermore, as shown by Figure 3-3(b),

considering the mid-infrared range with only the intra-band response, the expression of

Equation 3-3 is a good description for the optical conductivity of the actual CVD

graphene layers. Therefore, we can apply Equation 3-3 and parameterize the optical

conductivity with only Er and y. As a result of this independent knowledge of the

sample, only two unknowns, Er and v, are sufficient to fit the experimental data of the

multilayer metamaterial.

The fitted results of the ellipsometric angles W and A are plotted as the blue dash

lines in Figure 3-5(a) and Figure 3-5(b). We restrict the wavelengths range of the fitting

to 3.5-8 pum, where the lower bound is limited by the requirement of intra-band only

response in the application of Equation 3-3, and the upper bound is because of the limited
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transparent spectral range of Al,O3. As shown by Figure 3-5, we are able to reproduce all
six W and A curves acquired at different incident angles with only two free parameters
in the fitting. The extracted Er is 365 meV, and the extracted Ay is 41 meV. The
extracted Er is lower than the value we typically obtain from chemically doped
monolayer CVD graphene, because some dopants are lost in the ALD process because of
the vacuum environment and the elevated temperature. The obtained scattering rate ay
is higher than the value of graphene on CaF, substrate shown in Figure 3-3. This can be
explained by the fact that the carrier scattering in graphene depends on the surrounding
environment, from which we conclude that sandwiching graphene between Al;Os
increases the carrier scattering. Figure 3-5(c) shows the effective permittivity of the
graphene metamaterial given by the extracted values of Ep and y. &.5f, is always
positive because it equals the permittivity of Al,O3. On the other hand, the real part of
e, Changes from positive to negative at 4.5 um indicating an optical topological
transition from an elliptical metamaterial to a HMM. This graphene metamaterial is
therefore a transverse epsilon-near-zero metamaterial at the wavelength of 4.5 um
[123]. The imaginary part of &..f is several times smaller than the real part in most of

the spectral range with hyperbolic dispersion, indicating that the loss of this HMM is
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reasonably low. In Figure 3-5(d), we plot the optical conductivity of the constituent

graphene sheet of the metamaterial using the extracted Er and y.

3.5 Conclusion

Our characterization by the infrared ellipsometry demonstrates that the

graphene-dielectric multilayer structure indeed experiences an optical topological

transition from an elliptical to a hyperbolic dispersion in the mid-infrared range,

confirming the theoretical predictions in previous works [26], [35], [123]-[129]. Our

metamaterial sample has an optical topological transition at a wavelength of 4.5 um, and

maintains good hyperbolic properties up to 8 pum. The upper bound of the wavelength

range is limited by the absorption in Al,O3 and CVD graphene. While the absorption in

the dielectric layer can be overcome by replacing Al,O3 with other infrared transparent

materials such as ZnSe, the absorption in CVD graphene is limited by the quality of

graphene. Recently, there have been reports of the growth of large-area CVD graphene

with the quality of a single crystal [143], and new transfer process for CVD graphene

without degrading the mobility [142]. With higher quality CVVD graphene, the intra-band

absorption resulted from scattering could potentially be suppressed. The transition

wavelength, as determined by Equation 3-2, can be shifted by choosing the dielectric
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thickness or controlling the doping of graphene. The latter is especially useful if it can be

done by the electrical gating. Shifting the transition wavelength farther into the infrared

can be done by using lightly doped graphene or thicker dielectric. We have also realized a

graphene HMM with the same structure except that the CVD graphene layers were not

chemically doped, resulting in a transition wavelength red-shifted to 7.2 um. On the

other hand, blue shifting the transition wavelength is limited by the highest doping and

the thinnest dielectric layers achievable in practice. While the structure reported in this

work has only five periods, the procedure developed here can be repeated to scale up the

graphene HMM. Some applications of HMMs do not require a large number of periods;

for example, only a few periods are sufficient to produce a Purcell factor close to a

semi-infinite structure, according to the theoretical calculations [35].
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Chapter 4
Review of Photo-Gating Effect for Broadband and High

Responsivity Graphene Photodetectors

4.1 Introduction

The ability to detect light over a broad spectral range is central to several
technological applications in imaging, sensing, spectroscopy and communication [144],
[145]. Today, different technologically important wavelength regimes are detected by
separate photoactive semiconductors with appropriate bandgaps. For example, GaN,
silicon and InGaAs are typically exploited for sensing in the ultraviolet, visible and
near-infrared regimes, respectively, whereas the detection of mid-infrared photons
generally relies on small-bandgap semiconductor compounds such as HgCdTe, PbS or
PbSe, and thermal sensing techniques are utilized for detection in the far-infrared regime.
In contrast to these materials, graphene is a promising optoelectronic candidate material
for ultra-broadband photodetectors due to its gapless band structure [56], [146], thus the

absorption spectrum covers the entire ultraviolet to far-infrared range [56], [146].
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The difficulty with utilizing graphene in standard photodetector structures is that the
lifetime of photogenerated carriers is very short, and it is therefore necessary to separate
the electrons and holes on a sub-picosecond timescale in order to efficiently generate a
photocurrent and avoid simple heating of the graphene layer. So far, nearly all graphene-
based photodetectors focus on exploiting graphene—metal junctions or graphene p-n
junctions for extracting photocurrent [134], [147]-[152]. Unfortunately, these sensing
schemes suffer from the small area of the effective junction region contributing to the
photocurrent as well as the weak optical absorption of graphene monolayer nature,
therefore the responsivity is therefore limited to a few mAW™. Integrating graphene with
plasmonic nanostructures [153]-[155] or microcavities [156], [157] can enhance the
light—graphene interaction and improve the responsivity to tens of mAW™. However, the
enhancement can only be achieved at the designed resonant frequencies, restricting their
applications for broadband photodetection. With this in mind, the idea of silicon
waveguide-integrated graphene photodetectors was recently proposed, demonstrating
broadband photodetection with enhanced responsivity to tens of mAW™ [156], [157].
Photoresponsivity above 0.1 AW™ can also be achieved in transition-metal
dichalcogenide/graphene stacks by exploiting the strong light-matter interaction [158].

Band structure engineering in graphene has also recently been explored for
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photoresponsivity enhancement [159], but efficient photodetection can only be achieved
below 150 K due to the short electron lifetime in midgap states at elevated temperatures.

An alternative approach is to exploit photoconductive gain in graphene. Although
graphene is conventionally regarded as a poor photoconductor because of its ultrafast hot
carrier recombination [46], [49], [160], [161], recent studies have demonstrated that
hybridized graphene/quantum-dot photodetectors can improve the responsivity and
achieve high photoconductive gain to be ~ 1 x 10" AW™ [162], [163]. This sensitive
detection scheme is attributed to a strong photo-gating effect induced by trapped
photocarriers in the quantum dots. Despite the excellent device responsivity, light
absorption relies on the quantum dots instead of the graphene, thus restricting the spectral
range of photodetection.

Our group report an ultra-broadband photodetector design based on graphene
double-layer heterostructures [33]. Under optical illumination, the trapped charges on the
top graphene layer can result in a strong photo-gating effect on the bottom graphene
channel layer, yielding an unprecedented photoresponsivity over an ultra-broad spectral
range. By engineering a proper tunnel barrier, we demonstrate prototype devices
achieving ultra-broadband photodetection and a room-temperature mid-infrared

responsivity comparable with state-of-the-art infrared photodetectors operating at low
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temperature [164]. These results address key challenges for broadband infrared detectors,

and are promising for the development of graphene-based hot-carrier optoelectronic

applications.

4.2 Graphene Double-Layer Heterostructure Photodetector

The graphene films used in this work were grown by chemical vapor deposition

(CVD) on copper foil and then transferred onto a Si/SiO, substrate [165]. The

single-layer nature of the graphene films was confirmed by Raman spectroscopy. To

fabricate graphene double-layer heterostructures, we first transferred a graphene film

onto a degenerately p-doped silicon wafer with 285 nm thermal oxide. Photolithography,

graphene plasma etching and metal lift-off processes were used to fabricate the bottom

graphene transistor. The sample was then covered by a thin tunnel barrier film, which are

blanket-deposited by radiofrequency sputtering. Here, 5 nm Ta,Os and 6 nm intrinsic

silicon are used for visible and infrared photodetection respectively. Finally, the top

graphene layer was transferred on top of the Ta,Os thin film, and subsequent

photolithography, graphene etching and metal lift-off processes were used to fabricate the

top graphene transistor. Figure 4-1(a) shows the device schematic of graphene

double-layer heterostructure photodetector, which is composed of a pair of stacked
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graphene monolayers (top layer, gate; bottom layer, channel) sandwiching a thin tunnel

barrier. The graphene functions not only as the charge transport channel but also as the

light absorber.
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Figure 4-1 Graphene double-layer heterostructure photodetector. (a) Schematic of device
structure. (b) Black (right and top axes): transfer curve for bottom graphene layer using a
silicon backgate (Vgp). Red (left and bottom axes): transfer curve for top graphene layer
using the bottom graphene as the gate (Vqm). From these transport curves, we calculate
the Fermi energies of the top and bottom graphene layers to be 4.756 eV and 4.655 eV,
respectively. Inset: False- color scanning electron microscopy (SEM) image of the device.
The gold areas indicate the metal electrodes and the purple and red areas the bottom and
top graphene layers, respectively. Scale bar, 1 um.

The intrinsic doping level and Fermi energy of the bottom graphene layer can be
readily determined by the backgate voltage (Vgp)-dependent transfer curve, as shown in
Figure 4-1(b) black curve. To determine the Fermi energy of the top graphene layer, we
can operate the bottom graphene layer as a gate (Vgm) and measure its gate effect on the

top graphene layer, as shown in Figure 4-1(b) red curve. The top graphene layer was
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found to be more heavily p-doped relative to the bottom graphene layer, with an average

Fermi energy difference of 0.12 eV.

4.3 Photo-Gating Effect

The photo-gating working principle of the graphene double-layer heterostructure

photodetector can be understood through the energy band diagram in Figure 4-2(a). Due

to the Fermi energy difference between the top and bottom graphene layer, the energy

band of the tunneling barrier is tilted toward the bottom graphene layer in order to

equilibrate the Fermi level.

For typical photodetection operation, the potential of the top graphene layer is

allowed to float while the light-induced conductance change of the bottom graphene layer

is measured in the bottom graphene layer transistor. Under optical illumination,

photoexcited hot carriers can tunnel efficiently into the nearby graphene layer. Most

importantly, the asymmetric tunneling barrier favors hot electrons tunneling from the top

to the bottom graphene layer. In contrast to conventional phototransistors as well as

lateral graphene devices [134], [151], [166], photoexcited hot electrons and holes are

separated in our structure by selective quantum tunneling into opposite graphene layers,

thereby minimizing hot carrier recombination. As a result, this tunneling process leads to
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trapped positive charges build-up in top graphene layer, affecting bottom channel

conductance. In particular, the graphene channel has high carrier mobility and is very

sensitive to external electrostatic perturbation, while the thin oxide film in this device

design not only favors hot carrier tunneling, but also induces high interlayer dielectric

capacitance. All these factors contribute to a strong photo-gating effect and yield efficient

photon detection as well as an unprecedented photoresponsivity over an ultra-broad

spectral range.
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Figure 4-2 (a) Schematic of band diagram and photoexcited hot carrier transport under
light illumination. Electrons and holes are represented by grey and red spheres,
respectively. Vertical arrows represent photoexcitation, and lateral arrows represent
tunneling of hot electron (grey) and hole (red). (b) Vertical tunneling current as a function
of bias voltage applied across two graphene layers. The bottom layer is grounded, and
bias voltage is applied to the top layer. Inset: Schematic band diagrams under forward
and reverse bias. Red dashed lines indicate the Fermi levels of the graphene layers.
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Critically, these two closely spaced graphene layers are electrically isolated, with an

interlayer resistance of > 4 GQ. The tunneling dark current can be measured by applying

a bias voltage across the graphene double layer, as shown in Figure 4-2(b). The I-V

characteristics show a larger magnitude of tunneling current in the negative bias region

than in the positive bias region, also in agreement with the asymmetry of the tunnel

barrier depicted in Figure 4-2(a).

To further confirm the hot carrier tunneling mechanism, we performed scanning

photocurrent spectroscopy [147], [148], [151] and directly measured the hot carrier

tunneling current across the graphene layers. The tunneling current due to photoexcitation

was measured under the short-circuit condition with the bottom graphene layer grounded,

as shown in Figure 4-3(a). Figure 4-3(b) shows a scanning photocurrent image of the

device under continuous-wave laser excitation at 900 nm. The result clearly shows that

photocurrent is generated within the overlapped region of two graphene layers instead of

at the graphene—metal junctions, suggesting that the charge separation arises from hot

carrier tunneling and not at the graphene-metal junctions as in conventional graphene

detectors. Additionally, the photocurrent polarity is negative, providing direct evidence

that the asymmetry of the tunnel barrier facilitates hot electron transport from the top to

the bottom graphene layer. Furthermore, we measured the same device with a shorter
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irradiation wavelength at 800 nm. A scanning photocurrent map shows qualitatively

similar features, but nearly six times larger photocurrent compared with 900 nm

excitation at the same laser intensity, as shown in Figure 4-3(c). The dependence of

photocurrent on photon energy provides further support for hot carrier tunneling, because

carriers excited to higher energies should have a higher injection rate through the barrier

[167]. We also emphasize that the direct photocarrier tunneling current between two

graphene layers is seven orders of magnitude smaller than the photo-gating effect shown

in Figure 4-4(b) (10 pA versus 100 mA). This result further highlights the advantage of

utilizing the photo-gating effect of the top graphene layer for high responsivity

photodetection. The measured wavelength-dependent photoresponsivities of the graphene

photodetector further support the concept that the responsivity is directly related to the

photon energy dependence of the hot carrier tunneling rate. As shown in Figure 4-3(d),

photoresponsivities of the graphene photodetector at 800 nm are also about six times

greater than at 900 nm, suggesting that the device responsivity is closely related to hot

carrier injection rate. As control experiments, we also measured the photoresponse of a

graphene transistor covered by 5 nm Ta,Os but without the top graphene layer. As shown

in Figure 4-3(e), the transfer curve shifts are much smaller and, most importantly, in the

opposite direction when compared with the photoresponse of the graphene double-layer
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photodetector in Figure 4-4(a). This striking difference reveals the central role of the top

graphene layer for both light absorption and photo-gating.
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Figure 4-3 Photoexcited hot carrier tunneling in graphene double-layer heterostructures.
(@) Schematic of electrical measurement setup for scanning photocurrent imaging.
Photocurrent across the two graphene layers is directly measured to confirm the
photoexcited hot carrier tunneling mechanism. (b)(c) Scanning photocurrent images of
the graphene double-layer heterostructures at excitation wavelengths of 900 nm (b) and
800 nm (c). Blue dotted lines indicate the edges of the bottom electrodes and red dotted
lines the edges of the top electrodes. Vertical tunneling current across the heterostructures
was measured under the short-circuit condition with the bottom graphene layer grounded.
The laser spot size for these scanning measurements was ~ 1.5 pum, and the laser power
was 1 mW. Scale bar, 2 um. (d) Responsivity comparison of graphene photodetector at
wavelengths of 800 nm (red) and 900 nm (blue). (e) Photoresponse of a control device
with identical design, except for the absence of the top graphene layer. Inset: Schematic
of control device.
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4.4 Broadband Photodetection
To confirm the above mechanism, the photoresponse of graphene double-layer
heterostructure photodetectors is successfully demonstrated in visible, near- to

mid-infrared regimes respectively.

4.4.1 Photoresponse in Visible Regime

Figure 4-4(a) shows the effect of light illumination (continuous wave, A = 532 nm)
on the gate response of the bottom graphene transistor over four orders of magnitude
optical power. Interestingly, the transfer curve shifts dramatically toward negative Vg,
with increasing laser power, and a Dirac point voltage shift of 40 V is observed, as shown
in Figure 4-4(c) inset. This observation supports the proposed detection mechanism; that
is, efficient tunneling of high energy hot electrons leads to positive charge build-up in the
top graphene layer, giving rise to a strong photo-gating effect and n-doping of the bottom
graphene channel, as shown in Figure 4-4(a) inset. The net photocurrent can be obtained
by subtracting the dark current from the light current (lignt - ldark), and is plotted in Figure
4-4(b). It is clear that the magnitude of photocurrent increases with excitation power.
More importantly, the photocurrent signal can be gate-modulated, offering convenient

on—off switching control for photodetection.
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The noise properties in this device design are determined mainly by the dark current
in the conducting channel. We measured the frequency-dependent noise spectral density
of the photodetector under 1 V bias and found that a room temperature noise equivalent
power (NEP) of 1 x 10 WHz™? at 1 Hz is achieved in our proof-of-concept device.

To gain further insight into the characteristics of this photodetector, we extracted the
power dependence of the current and calculated the responsivity of the device, as shown
in Figure 4-4(c) and Figure 4-4(d) respectively. Under low excitation power, the device
shows a remarkable responsivity of greater than 1,000 AW™ at 1 V source-drain bias
voltage (Vsp), suggesting that the built-in amplification mechanism can efficiently
convert the photon energy into a large electrical signal. In addition, the photo-induced
current also shows a linear dependence on the bias voltage, as shown in Figure 4-4(e),
suggesting higher responsivity can be readily achieved by applying a larger bias voltage.
The time-dependent photo-induced current measurement under on-off light modulation
was also performed with 1 V bias voltage at room temperature, as shown in Figure 4-4(f).
A reset gate voltage pulse of 10 ms was used for fast switching [162] and a current
modulation of 7 pA was clearly evident. We note that the speed of our proof-of-concept
devices is limited at 10 - 1,000 Hz, probably due to charge trap states in the sputtered

tunneling barrier. Because the fundamental hot carrier tunneling rate is less than a
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picosecond, we expect that significant improvement may be

dielectric quality.
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Figure 4-4 Photoresponse of the graphene double-layer heterostructures in the visible
region. (a) I-Vy, characteristics of the measured graphene photodetector under different
laser powers. The potential of the top graphene layer was allowed to float, while the
current of the bottom graphene transistor was measured under 1 V source—drain bias
voltage. The laser wavelength is 532 nm with a spot size of 10 um, covering the entire
graphene photodetector. Inset: Energy band diagram of the graphene/Ta,Os/graphene
heterostructures. (b) Gate dependence of photocurrent under different laser powers. (c)
Power dependence of photocurrent at 240 V (blue squares) and 220 V (red circles)
backgate voltages. Inset: Shift of Dirac point gate voltages as a function of illumination
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power. (d) Measured photoresponsivity versus illumination power. (¢) The magnitude of
the photocurrent increases linearly with source—drain bias voltage of the bottom graphene
layer transistor. Red lines are linear fits. Vg, = 0 V. (f) Temporal photoresponse of the
graphene photodetector (black curve). The illumination power is 0.3 uW and the laser
wavelength is 532 nm. The laser on—off (red curve) is controlled by a mechanical shutter
synchronized with the reset backgate voltage pulses (blue curve).

4.4.2 Photoresponse in Near- to Mid-Infrared Regime

The tunnel barrier height is a key parameter affecting device operation. To extend
the range of high responsivity photodetection into the infrared regime we fabricated
similar device structures, but incorporated intrinsic silicon as the tunnel barrier in place of
the wide bandgap Ta,Os layer, as shown in Figure 4-5(d) inset. The silicon conduction
band is 0.5 eV above the Fermi level of intrinsic graphene [168], enabling tunneling of
lower-energy electrons. The infrared photoresponses of the graphene/silicon/graphene
heterostructures are similar to our previous measurements, displaying large shifts of the
transfer curve and Dirac point voltage towards negative Vg, with increasing illumination
power. Figure 4-5(a)-(c) shows the extracted gate dependence of photocurrent under 1.3
um, 2.1 um, and 3.2 um wavelength light illumination, respectively. The strong
photo-gating effect and gate modulation of the photo-signal are again clearly observed in
both near-infrared and mid-infrared regimes. Power-dependent photocurrent curves were

extracted and plotted in Figure 4-5(d)-(f), respectively. Significantly, the near-infrared
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responsivity of the device reaches 4 AW at A =1.3 pum and 1.9 AW'at A =2.1 um
at room temperature. These values are more than three orders of magnitude higher than
the responsivity of graphene/Ta,Os/graphene heterostructures at near-infrared
wavelengths. Furthermore, our prototype graphene photodetector exhibits a
room-temperature mid-infrared responsivity of 1.1 AW™ at A = 3.2 um (Figure 4-5(f)),

rivalling state-of-the-art mid-infrared detectors without the need for cryogenic cooling.
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Figure 4-5 Near- to mid-infrared photoresponse of the graphene/silicon/graphene
heterostructure photodetector. (a)-(c) Gate dependence of photocurrent under different
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illumination powers with excitation wavelengths at 1.3 um (a), 2.1 um (b), and 3.2
um (c). Measurements were conducted by applying 1.5 V bias voltage to the bottom
graphene transistor, and the laser spots were focused to ~ 20 pum, covering the entire
graphene photodetector. (d)-(f) Photocurrent versus illumination power under excitation
wavelengths of 1.3 um (d), 2.1 um (e), and 3.2 um (f). Representative curves with
backgate voltages set at 260 V (blue squares) and 230 V (red circles) are shown. Inset in
(d): band diagram of graphene/silicon/graphene heterostructures.

4.5 Conclusion

Hot carrier tunneling as a mechanism for photodetection in a graphene double-layer
heterostructure provides a viable route for broadband and high sensitivity photodetection
at room temperature. The photodetectors demonstrate room temperature photodetection
from visible to mid-infrared range, with mid-infrared responsivity higher than 1 AW™, as
required by most applications [169]. To further enhance device performance, the bottom
graphene channel could be replaced with other thin-film semiconductors to reduce the
background current. Furthermore, interlayer hot carrier tunneling and photo-gating could
be enhanced by utilizing atomically thin two-dimensional (2D) semiconductors such as

MoS, and WS as the tunneling barrier layer [103].
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Chapter 5
Graphene-SOI Heterojunction Broadband and High

Responsivity Photodetectors

5.1 Introduction

In the previous chapter, photo-gating effect is introduced by the graphene
double-layer structure sandwiched with sputtered dielectric/semiconductor, which serve
as tunneling barrier between top and bottom asymmetric graphene energy band structures.
Under optical illumination, photo-excited hot carriers generated in the absorption
graphene layer tunnel through the heterojunction barrier into the channel silicon layer,
leading to charges build-up in the absorption layer and resulting in the photo-gating effect
on the channel conductance [33]. The photodetector shows impressive improvement
compared with the first-introduced graphene photodetector [150], where
photoresponsivity is more than six order of magnitude higher in visible regime. However,
as shown in Figure 4-4(f), the photodetector on-off operation speed is within couple of

seconds, which is resulting from the high-density defect states within the sputtered
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dielectric/semiconductor tunneling barrier films. This inevitable amorphous nature of

sputtered materials provides numerous photocarrier trapped states that not only slow

down the photodetector on-off operation speed but also deteriorate the high

photoresponsivity caused by photo-gating effect, more importantly, greatly limits and

impedes the further development of such photodetectors in ultra-broadband and high

responsivity image sensor array applications. In this regards, we propose a novel

photodetector design based on graphene-SOI heterostructures, instead of using

amorphous sputtered materials, utilizing the tunneling barrier naturally formed by the

defect-free heterojunction interface between semi-metallic graphene and single

crystalline silicon. In replacing of amorphous sputtered materials with the naturally

formed heterojunction interface, we successfully reduce the photocarrier trapped states,

not only boosting the photodetector on-off operation speed but also increasing the

photoresponsivity with stronger photo-gating effect.

5.2 Graphene-SOI Heterojunction Photodetector

Starting with a silicon-on-insulator (SOI) wafer, we first fabricate a conventional

bottom-gated silicon-on-insulator field-effect transistor (BG-SOI-FET) using the mature

and well-developed silicon technology processes such as thermal oxidation, lithography,
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reactive-ion etching (RIE), doping/diffusion, metal deposition, annealing. Then we
transfer and pattern an isolated graphene film on top of exposed silicon channel, naturally
forming a heterojunction barrier between semi-metallic graphene and semiconducting
silicon. Figure 5-1 shows the cross-sectional view of our photodetector design. Here we
utilize the heterojunction barrier in replacing of amorphous sputtered materials to
successfully reduce photocarrier trapped states, not only boosting the photodetector
on-off operation speed but also increasing the photoresponsivity with stronger

photo-gating effect, which will be discussed later.

Graphene
Source / Drain
Si
Gate
[
Si

Figure 5-1 Cross-sectional view of graphene-SOI heterojunction photodetector.

5.3 Device I-V Characterization and Photodetection Measurement
We characterize the I-V characteristics of bottom-gated silicon-on-insulator
field-effect transistor (BG-SOI-FET), as shown in Figure 5-2. Devices show turn-on

threshold voltage close to zero, thus good for low power operation. In addition, the linear
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and flat saturation 1-Vgs curves indicate the high quality and good control of the gate over

the channel conductance.
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Figure 5-2 Characterization of bottom-gated silicon-on-insulator field-effect transistor
(BG-SOI-FET). (a) I-V, transfer curves. (b) 1-Vgs linear and saturation characteristics.

Under optical illumination, photo-excited hot carriers generated in the top absorption
graphene layer tunnel through the heterojunction barrier into the bottom channel silicon
layer, leading to charges build-up in the absorption layer and a strong photo-gating effect
on the channel conductance. We investigate this double-layer heterojunction photo-gating
mechanism in our photodetector devices under the illumination of calibrated 1.2 um
wavelength pulse-laser from a custom-built optical parametric amplification (OPA)
system. Specifically, the photon energy of incident light is lower than the absorption

cut-off of silicon (~ 1.107 um), which prevents other absorption pathways through
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silicon and isolates the double-layer heterojunction photo-gating effect. Figure 5-3(a)

shows the turn-on curves shift to left in response to the increasing incident laser power.
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Figure 5-3 Near-infrared photodetection measurement of the graphene-SOI
heterojunction photodetector. (a) I-Vy transfer curves and (b) photocurrent under different
laser power illumination. (c) Power dependence photoresponsivity.

Moreover, we can calculate the photocurrent under different laser power
illumination by subtracting the dark current, as shown in Figure 5-3(b). Fixing the gate

bias at 3 V, we can further calculate the power dependence photoresponsivity, as shown in
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Figure 5-3(c). Our graphene-SOI heterojunction photodetector can achieve responsivity

of more than 20 A/W, serving as an excellent building block for future image sensor array

applications.

5.4 Conclusion

In order to improve the photodetector on-off operation speed as well as high

photoresponsivity with stronger photo-gating effect, we successfully demonstrate a novel

photodetector design based on graphene-SOI heterostructures, instead of using

amorphous sputtered materials, utilizing the tunneling barrier naturally formed by the

defect-free heterojunction interface between semi-metallic graphene and single

crystalline silicon. The photodetector exhibits room temperature detection from visible to

the near-infrared range, with near-infrared photoresponsivity higher than 20 A/W,

sufficient for most applications [169]. Significantly, our result not only addresses the key

challenge of slow response speed for conventional graphene-based phototransistor design

but also showcases the promise of graphene-based photodetector integrated on silicon

platform.
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Chapter 6
All-Graphene Transparent Heterojunction Broadband

Photodetectors for One-Dimensional Light-Field Ranging

6.1 Introduction

The light field is a vector function that describes the amount of light flowing in
every direction through every point in space, which is a fundamental representation of
light. In computer graphics, to produce a light-field views must be obtained for a large
collection of viewpoints. Depending on the parameterization employed, this collection
will typically span some portion of a line, circle, plane, sphere, other shape, or even the
unstructured collections of viewpoints. As the computational power advanced, along with
the rising demand of higher resolution and higher dimensionality in terms of viewpoints
and angels in every aspects, devices and instruments that are capable of capturing
photographically light-field information have been intensively studied for the past decade,
including a robotically controlled camera (Levoy 2002), an arc of cameras, a dense array

of cameras (Kanade 1998; Yang 2002; Wilburn 2005), handheld cameras (Ng 2005;
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Georgiev 2006; Marwah 2013), microscopes (Levoy 2006), or other optical system

(Bolles 1987). However, all these techniques are limited and relied on the conventional

non-transparent two-dimensional (2D) image sensor array, which requires either precise

mechanical control of optical components or delicate/complex microlens array comprised

of many thousands of microscopic lenses to achieve light-field imaging. In this regards,

we propose a transparent photodetector design based on multilayer graphene

heterostrucures, using transparent graphene films (~ 97.7 %) as not only the conduction

channel and the light absorption layer (utilizing heterojunction photo-gating effect) but

also the gate-biasing layer. Due to the all-graphene heterostructure design, the

photodetector is highly transparent. With proper stacking along the light propagation

direction, all-graphene transparent heterojunction photodetectors may serve as excellent

building blocks for future development of three-dimensional (3D) image sensor array and

light-field ranging.

6.2 All-Graphene Transparent Heterojunction Photodetector

The schematic of our all-graphene transparent heterojunction photodetector is shown

in Figure 6-1(a). On transparent glass substrate, we repeatedly transfer/pattern graphene

then put down metal contacts for three times with conventional photolithography
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processes, serving as bottom gate, middle channel, and top absorption layer respectively.

Between bottom gate and middle channel, we deposit 40 nm Al,O3; with atomic layer

deposition (ALD) technique; between middle channel and top absorption layer, we

sputter 6 nm Ta,Os instead. Here we deposit different dielectrics between graphene layers

in order to make high performance bottom-gated (BG) field-effect transistor (FET)

incorporated with double-layer graphene heterojunction on top, utilizing the photo-gating

effect for high responsivity photodetection. Figure 6-1(b) shows the actual fabricated

all-graphene transparent heterojunction photodetectors on a sheet of paper with Univ. of

Michigan “M” logo printout. With our bare eyes, we can obviously see through the whole

device and confirm its high transparency, except some metal pads for measurement

wire-bonding purpose.

(@) (b)

Figure 6-1 (a) The schematic of all-graphene transparent heterojunction photodetector. (b)
Actual fabricated all-graphene transparent heterojunction photodetectors on a sheet of
paper with Univ. of Michigan “M” logo printout.
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6.3 Broadband Photodetection Characterization

We further investigate the broadband photodetection capability of the all-graphene

transparent heterojunction photodetectors, under the illumination of calibrated pulse-laser

at 1.2 pm (signal) and 2.4 pm (idler) wavelength from custom-built optical parametric

amplification (OPA) system, which is well maintained and operated in Prof. Norris lab at

the University of Michigan.
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Figure 6-2 Photoresponse characterization of the all-graphene transparent heterojunction
photodetector at 1.2 um wavelength (signal). (a) 1-Vy transfer curves and (b)
photocurrents under different laser power illumination. (c)(d) Laser power dependence
photocurrent (c) and photoresponsivitiy (d) at gate bias (Vg) of -6 V.



We first examine the photoresponse at 1.2 um wavelength (signal). Figure 6-2(a)
shows the transfer curves under different laser power illumination and the Dirac points
shift to the left in response to the increasing incident laser power. We calculate the
photocurrents under different laser power illumination by subtracting the dark current
from laser-on current, as shown in Figure 6-2(b). The photocurrents flip signs when
sweeping through the Dirac points, which indicates the n-doping of the channel by the
photo-gating effect. This phenomenon confirms the proposed asymmetric band diagram
schematic shown in Figure 4-2(a), which is resulted from the stronger environmental
p-doping of the exposed top graphene layer. We also calculate the laser power
dependence photocurrent and photoresponsivity, as shown in Figure 6-2(c) and Figure
6-2(d) where we fix the gate bias (Vg) at -6 V. The maximum photoresponsivity at 1.2
um wavelength (signal) can be achieved more than 20 A/W.

We also examine the photoresponse at 2.4 um wavelength (idler). Figure 6-3(a) and
Figure 6-3(b) shows the transfer curves and corresponding photocurrents under different
laser power respectively. Compared with the curves for 1.2 um wavelength (signal), the
Dirac points also shift to the left in response to the increasing incident laser power.
However, the photoresponse is greatly reduced, which agrees with the fact that graphene’

light absorption rate decreases as the wavelength increases. Figure 6-3(c) and Figure
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6-3(d) shows the laser power dependence photocurrent and photoresponsivity at gate bias
(Vg) of -7 V. The maximum photoresponsivity at 2.4 pm wavelength (idler) can be

achieved more than 0.45 A/W.
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Figure 6-3 Photoresponse characterization of the all-graphene transparent heterojunction
photodetector at 2.4 pm wavelength (idler). (a) 1-Vqy transfer curves and (b)
photocurrents under different laser power illumination. (c)(d) Laser power dependence
photocurrent (c) and photoresponsivitiy (d) at gate bias (Vg) of -7 V.

6.4 One-Dimensional Light-Field Ranging

Due to the high transparency of our all-graphene heterojunction photodetector
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design, we can easily surpass the limitation of conventional non-transparent image sensor

array and successfully achieve light-field photodetection for ranging application by

properly stacking photodetector devices along the light propagation direction. Figure

6-4(a) and Figure 6-4(b) show the cross-sectional and top-down views of two stacking

all-graphene transparent heterojunction broadband photodetectors respectively.
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Figure 6-4 (a)(b) Cross-sectional (a) and top-down (b) views of two stacking all-graphene
transparent heterojunction broadband photodetectors along the light propagation direction.
(c) Schematic of one-dimensional (1D) light-field photodetection optical imaging system.

Figure 6-4(c) shows the schematic of the proof-of-concept one-dimensional (1D)

light-field photodetection optical imaging system. We use helium-neon (HeNe) CW laser
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with 632.8 nm wavelength for illumination in visible regime. A30 um pinhole is used to

serve as our point source image object and construct a one-to-one image projection onto

the stacked transparent photodetectors. In order to achieve high power illumination, we

place a focusing lens in front of the 30 um pinhole to ensure most of the beam profile

can pass through. We also build a microscope imaging system with halogen lamp (white

light) to help determine the light propagation, beam focus and the position of

photodetectors. As we move the 30 um pinhole with the focusing lens along the light

propagation direction, we can precisely manipulate the beam profile and control beam

spot to be focused on any device planes. With two individual x-y-z translation stages, we

separate two individual transparent photodetectors by 2 mm distance, serving as focal

plane 1 and 2 respectively, then measure the photoresponse of two individual transparent

photodetectors while we control the focused beam spot position moving between two

focal planes. Here we define 10 beam focusing positions: position #1 is on focal plane 1,

position #10 is on focal plane 2; and position #2 to #9 are equal-space distributed in

between. Figure 6-5(a) and Figure 6-5(b) shows the photoresponse curves for two

individual transparent photodetectors on focal plane 1 (focusing position #1) and focal

plane 2 (focusing position #10) respectively. We also calculate the photocurrents by

subtracting the dark current from laser-on current for 10 different focusing positions, as
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shown in Figure 6-5(c) and Figure 6-5(d).
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Figure 6-5 (a)(b) Transfer curve (a) and photocurrent (b) for the detector on focal plane 1
(focusing position #1). (c)(d) Transfer curve (c) and photocurrent (d) for the detector on

focal plane 2 (focusing position #10).

According to the plots, for the transparent photodetector on focal plane 1 (focusing

position #1), photoresponse decreased as the beam focusing position moves from #1 to

#10, which indicates the focused beam spot goes from most focused to the most

out-of-focus position. On the contrary, for the transparent photodetector on focal plane 2
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(focusing position #10), photoresponse increased instead as the beam focusing position
moves from #1 to #10, which indicates the beam spot goes from most out-of-focus to the
most focused position. Here, we can clearly observe the photoresponse shows totally
opposite trends as the beam focusing position moves from #1 to #10, but they always
increase monotonically as the beam spot goes from the most out-of-focus to the most
focused position, which agrees with our expectations.

To further interpret the trends, we fix the gate bias (V) at -5 V and extract the data
points for both transparent photodetectors, then replot according to the focusing positions,
as shown in Figure 6-6. From the plot, we can strongly conclude that, as the focused
beam spot moves from position #1 to #10, the absolute photocurrent for the detector on
focal plane 1 decreases (in response to the focused beam spot movement from the most
focused to the most out-of-focus condition) while the photocurrent for the detector on
focal plane 2 increases (in response to the focused bean spot movement from the most
out-of-focus to the most focused condition). Based on this unique opposite trends from
stacked transparent photodetectors, we can certainly go further and demonstrate
three-dimensional (3D) light-field applications. For example, with proper design of
optical camera imaging system and transparent photodetectors, we can easily detect the

object moving away from the imaging system if the photocurrent of the detector on plane
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1 increases while the detector on plane 2 decreases, vice versa. That is, we can utilize the

opposite photocurrent trends from transparent detectors to determine the movement,

speed and even acceleration of an object, which is so-called the light-field ranging. Here

we successfully demonstrate the proof-of-concept one-dimensional (1D) light-field

ranging with only two individual transparent photodetectors. We believe, with more

photodetectors on the stacked focal planes, we can even approach not only the light-field

ranging in more dimensionality but also more light-field applications in the future.
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Figure 6-6 Photocurrent versus laser beam focusing position at gate bias (V) of -5 V for
two individual all-graphene transparent heterojunction photodetectors placed along the
light propagation direction separated by 2 mm distance.

6.5 Conclusion

In order to surpass the limitation of conventional non-transparent two-dimensional
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(2D) image sensor array and achieve light-field imaging, we successfully demonstrate a

transparent photodetector design based on multilayer graphene heterostrucures, using

transparent graphene films (~ 97.7 %) as not only the conduction channel and the light

absorption layer (utilizing heterojunction photo-gating effect) but also the gate-biasing

layer. Due to the all-graphene heterostructure design, the photodetector is highly

transparent. In addition, the near-infrared photoresponsivity of the all-graphene

transparent heterojunction photodetector can be achieved more than 20 A/W at 1.2 um

wavelength (signal) and 0.45 A/W at 2.4 um wavelength (idler) respectively. With

proper stacking of two individual all-graphene transparent heterojunction photodetectors

along the light propagation direction, we successfully demonstrate the proof-of-concept

one-dimensional (1D) light-field ranging, which can certainly be utilized to determine the

movement of an image object. Furthermore, we believe, with more photodetectors on the

stacked planes, our all-graphene transparent heterojunction broadband photodetectors

serve as excellent building blocks to approach not only the light-field ranging in more

dimensionality but also more light-field applications in the future.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

In this thesis, we have demonstrated several novel nanostructure and transistor
designs for both electrical and optical applications by exploiting graphene’s unique
properties.

Firstly, we demonstrate the dual-gate graphene ambipolar transistors with capability
of operating under both common and differential modes to realize signal amplification
within one single device, which is not possible in the conventional silicon-based
amplifier circuit configuration. In addition, a common-mode rejection ratio (CMRR) over
80 dB can be achieved, making it possible for future low noise circuit applications.

Secondly, we demonstrate the hyperbolic metamaterials (HMMSs) by using precisely
controlled periodic graphene-dielectric multilayer nanostructures with proper chemical
doping. The graphene HMMs have an optical topological transition at a wavelength of

4.5 pm and maintain good hyperbolic properties up to 8 um. Moreover, we also realize
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the graphene HMMs with the same structure except that the graphene layers are not

chemically doped, resulting in a transition wavelength red-shifted to 7.2 um.

Thirdly, we demonstrate the graphene-SOI heterojunction photodetectors to improve

the device on-off operation speed as well as strengthen the photo-gating effect. Instead of

using amorphous sputtered materials, utilizing the tunneling barrier naturally formed by

the defect-free heterojunction interface between semi-metallic graphene and single

crystalline silicon. The photodetector exhibits room temperature detection from visible to

the near-infrared range, with near-infrared photoresponsivity higher than 20 A/W. This

result not only addresses the key challenge of slow response speed for conventional

graphene-based phototransistor design but also showcases the promise of graphene-based

photodetector integrated on silicon platform.

Lastly, we demonstrate the all-graphene transparent broadband photodetectors based

on multilayer graphene heterostrucures in order to surpass the limitation of

non-transparent two-dimensional (2D) image sensor array and achieve light-field imaging.

The near-infrared photoresponsivity can be achieved more than 20 A/W at 1.2 pm

wavelength (signal) and 0.45 A/W at 2.4 um wavelength (idler) respectively. With

proper stacking of two individual all-graphene transparent heterojunction photodetectors

along the light propagation direction, we successfully demonstrate the proof-of-concept
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one-dimensional (1D) light-field ranging, which can certainly be utilized to determine the

movement, speed and even acceleration of an object. Furthermore, we believe, with more

photodetectors on the stacked planes, our all-graphene transparent heterojunction

broadband photodetectors serve as excellent building blocks to approach not only

light-field ranging in more dimensionality but also more light-field applications in the

future.

7.2 Future Work

Based on the research studies being discussed in this thesis, they certainly serve as

the solid foundation and enable several interesting/promising topics worthy of further

investigation and exploration.

7.2.1 Graphene-SOI Heterojunction Photodetector Image Sensor Array

In Chapter 5, we propose and successfully demonstrate a novel photodetector design

based on graphene-SOI heterostructures. In replacing of amorphous sputtered materials

with the naturally formed defect-free heterojunction interface between semi-metallic

graphene and single crystalline silicon, we successfully reduce the photocarrier trapped

states, not only boosting the photodetector on-off operation speed but also increasing the
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photoresponsivity with stronger photo-gating effect. The single-pixel photodetector
exhibits room temperature detection from visible to the near-infrared range, with
near-infrared photoresponsivity higher than 20 A/W.

With those promising results, we continue to fabricate a 32 x 32 photodetector array
by arranging pixels to share sources in row and drains in column with a global bottom
gate. Figure 7-1(a) shows two 32 x 32 photodetector arrays fabricated on SOl wafer and
Figure 7-1(b) shows the SEM image of graphene-SOI heterojunction photodetectors in
array matrix arrangement. The array is then wire-bonded onto a chip carrier (Spectrum
LCC 8423), as shown in Figure 7-1(c), mounted on a custom designed PCB board with
four digital to analog converters (DACs), which can provide 0-5 V independently.
Moreover, there are 16 matrix switches on board designed to perform 32 x 32 routing and
the matrix data can be collected using a 12-bit analog to digital converter (ADC). The
integrated system is controlled by a Spartan 6 XC6SLX9 field-programmable gate array
(FPGA) through programming tools as Python (array operation and image readout) and
C™ (architecture and PCB/FPGA control). Due to the clean heterojunction interface
between graphene and single crystalline silicon, each pixel’s photoresponse can be
individually read out at less than 1 millisecond, limited only by the external readout

circuitry. Now we are working on building an optical projection setup with the optical
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parametric amplification (OPA) system, trying to demonstrate the array image readout

and characterization as well as further possible applications.

(@)

Figure 7-1 (a) Top view of thirty single-pixel devices and two 32 x 32 photodetector
arrays fabricated on SOI wafer. (b) The SEM image of graphene-SOI heterojunction
photodetectors in array matrix arrangement. (c) Integration of a 32 x 32 array
wire-bonded onto a chip carrier mounted on a custom designed PCB board with 4 DACs,
16 matrix switches and a 12-bit ADC.

7.2.2 All-Graphene Transparent Photodetector for Light-Field Imaging

In Chapter 6, we propose and successfully demonstrate a transparent photodetector
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design based on multilayer graphene heterostrucures in order to surpass the limitation of

non-transparent two-dimensional (2D) image sensor array and achieve light-field imaging.

Moreover, the near-infrared photoresponsivity of the all-graphene transparent

heterojunction photodetector can be achieved more than 20 A/W at 1.2 um wavelength

(signal) and 0.45 A/W at 2.4 pm wavelength (idler) respectively. With proper stacking

of two individual all-graphene transparent heterojunction photodetectors along the light

propagation direction, we successfully demonstrate the proof-of-concept one-dimensional

(1D) light-field ranging, which can certainly be utilized to determine the movement,

speed and even acceleration of an object.

With those promising results, we would definitely like to explore its possibilities in

more dimensionality. Figure 7-2 shows the schematic of the optical measurement setup

with optical parametric amplification (OPA) system, where we can produce and project

images from hollowed Cr-patterned masks onto the stacked photodetector arrays. We can

directly measure the projected images at different focal plane, which is totally not

allowed with conventional non-transparent two-dimensional (2D) image sensor array. All

in all, we believe, with more photodetectors on the stacked planes, our all-graphene

transparent heterojunction broadband photodetectors serve as excellent building blocks to

approach not only light-field ranging in more dimensionality but also more light-field
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applications, especially three-dimensional (3D) imaging, in the future.

Regenerative Halogen Lamp
Amplifier (White Light)

Objective Lens
Image Mask

Optical > WY
Parametric | R
Amplification N :ﬁ

ﬁ CCD Array

Stacked All-Graphene
Transparent Photodetectors

Figure 7-2 Schematic of an optical parametric amplification (OPA) system setup for
light-field photodetection with stacked all-graphene transparent heterojunction
photodetector arrays along the light propagation direction.
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