


ABSTRACT

Implementation of Hot Electrons in Hybrid Antenna-Graphene Structures

by

Yumin Wang

Graphene, a one-atom-thick sheet of hexagonally packed carbon atoms, is a novel

material with high electron mobility due to its unique linear and gapless electronic

band structure. Its broadband absorption and unusual doping properties, along with

superb mechanical flexibility make graphene of promising application in optoeletronic

devices such as solar cell, ultrafast photodetectors, and terahertz modulators. How-

ever, the current performance of graphene-based devices is quite unacceptable owning

to serious limitations by its inherently small absorption cross section and low quan-

tum efficiency. Fortunately, nanoscale optical antennas, consisting of closely spaced,

coupled metallic nanoparticles, have fascinating optical response since the collective

oscillation of electrons in them, namely surface plasmons, can concentrate light into

a subwavelength regime close to the antennas and enhance the corresponding field

considerably. Given that optical antenna have been applied in various areas such

as subwavelength optics, surface enhanced spectroscopies, and sensing, they are also

able to assist graphene to harvest visible and near-infrared light with high efficiency.

Moreover, the efficient production of hot electrons due to the decay of the surface

plasmons can be further implemented to modulate the properties of graphene.

Here we choose plasmonic oligomers to serve as optical antenna since they pos-

sess tunable Fano resonances, consisting of a transparency window where scattering



is strongly suppressed but absorption is greatly enhanced. By placing them in di-

rect contact with graphene sheet, we find the internal quantum efficiency of hybrid

antenna-graphene devices achieves up to 20%. Meanwhile, doping effect due to hot

electron is also observed in this device, which can be used to optically tune the elec-

tronic properties of graphene.
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Chapter 1

Introduction

Plasmonics is a flourishing field of research on the exotic optical properties of metal-

lic structures at the nanoscale [1]. Induced by electromagnetic wave, free electrons

at the metal surface perform collective oscillations, quantized as surface plasmons,

which in turn can confine the electromagnetic wave in the vicinity of the metals

and enhance its field greatly [2]. Therefore, on the one hand, surface plasmon has

the ability to manipulate light within a region much smaller than its wavelength

which is forbidden conventionally due to the diffraction limit [3, 4]. On the other

hand, its highly intensive local field, also known as ”hot spot”, can assist many op-

tical, physical and chemical processes so as to improve the signals of related devices

and techniques significantly, for instance, surface enhanced Raman scattering, light

emitting diode, surface enhanced chemical spectroscopy and so on [5–7]. Recently,

individual metallic nanoparticles and assemblies thereof have drawn lots of interests

because of their unique optical properties arising from localized surface plasmon reso-

nance (LSPR). At resonant frequency, the scattering and absorption cross sections of

metallic nanoparticles are enlarged so drastically that they are capable of efficiently

harvesting light. Many applications based on that have been demonstrated to improve

the efficiency of photovaltaic devices [8, 9] or potentially cure cancer utilizing ther-

mal effects [10,11]. Moreover, high dependence of resonant frequency on geometries,

materials, background dielectrics, mutual interactions and so on, not only enables

metallic nanostructures to be actively designed for specific LSPR frequencies [12,13],
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but also make them useful for passive sensing [14,15]. Due to the rapid development

of nanofabrication techniques, numerous complex metallic structures have been re-

ported [16] being precisely designed in order to exhibit fascinating phenomena, such

as Fano resonance [13], negative refraction [17], chirality [18] and other unique prop-

erties [19, 20].

The life of surface plasmons is relatively short. It can be ended by either reemitting

photon into the far-field or generating electron-hole pair. In the latter case, surface

plasmons tranfer energy nonradiatively to the electrons, therefore, these electrons stay

far above the Fermi surface of the metal and are more kinetic than the others [21]. In

other words, they are ”hot” electrons. Apparently, they have high possibility to go

across the interface of the metal and eventually be captured by the other materials

next to it. So far, hot electrons or generally speaking hot carriers have been exploited

for many applications in terms of photodetection [22], chemical catalysis [23] and

bolometers [24]. Since electrons are key elements in circuitry, the nonradiative decay

process can be utilized as a natural bridge to connect optical system and electrical

system. To this end, the metallic nanostructures act as a true ”nanoantenna”.

To capture the hot electrons, silicon is usually used although it is not an ideal

material because of its low mobility and small mean free path [22]. Nevertheless,

a recent new semiconducting material, graphene, is believed to partially overcome

this difficulty owning to its high mobility and gapless energy band. The simple con-

figuration of graphene, a one-atom-thick layer of hexagonally packed carbon atoms,

grants it peculiar electronic transport characteristics and superb mechanical flexibil-

ity, which make it a promising candidate for electronic devices [25, 26]. However, its

high transparency, with only 2.3% absorptance in the visible range, makes it no dif-

ference from other ordinary materials. Such inherently low absorption cross section
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along with poor quantum efficiency seriously limits its performance of implementa-

tion in the optical or optoelectronic devices [27]. In order to be efficiently functional

in the visible and near-infrared (NI), graphene has to either be modified through ge-

ometrical tailoring and electronic doping [28, 29], or be integrated into other optical

active materials, such as plasmonic nanoantenna [30,31].

Here we put plasmonic oligomers and graphene together to investigate how the

hot electrons generated influence the properties of hybrid antenna-graphene device.

Since plasmonic oligomers are able to provide tunable Fano resonances, arising from

the interference of superradiant and subradiant modes [13], they can greatly enhance

the nonradiative process. Therefore, a large number of hot electron produced in the

plasmonic oligomer is expected to be injected into the graphene. In Chapter 2, we will

reveal the effect of hot electrons on the photocurrent production of the device [32].

Detailed simulations enable us to see the quantum efficiency due to hot electron as

well as its comparison with direct excitation. In Chapter 3, we focus on how hot

electrons dynamically dope the graphene [33]. We will show the relationship between

the doping efficiency and the parameters of the plasmonics nanoantenna. Moreover,

we will give an estimation on a rough time scale of this doping process. Finally, a

brief conclusion will be given.
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Chapter 2

Light Harvesting Assisted by Hot Electrons

2.1 Graphene

Graphene is a one-atom-thick material consisting of sp2-hybridized carbon atoms

arranged in a honeycomb lattice. Since the structure can be regarded as a triangular

lattice with a basis of two atoms per unit cell, its first Brillouin Zone forms a hexagon,

whose corners are so-called Dirac points. Around the Dirac points, electronic band

structure has an approximate form as follows [25],

E±(q) ≈ ±vF |q|+O[(q/K)2] (2.1)

where q is the momentum relative to the Dirac points and vF is the Fermi velocity,

K is the magnitude of reciprocal vector. Unlike the usual case, that energy has

a quadratic form of momentum: E(q) = q2/(2me), where me is electron mass, the

relationship between energy and momentum is linear in the graphene. Therefore, both

conduction band and valence band have a cone shape and they touch with each other

at the Dirac point, as illustrated in Figure 2.1. The electrons within this regime

behave like massless Dirac particles. Because of this, graphene has high mobility

which usually achieves 10,000 or even higher. Moreover, parallel and antiparallel

directions of pseudospin with respect to directions of the motion of electrons and holes

lead to a universal constant optical conductivity σ = πe2/(2h), where h is Planck’s

constant and e is electron charge [34]. Accordingly, the optical absorption is almost a

constant, depending on the fine-structure constant only, that is, πα ≈ 2.3% [27]. This
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Figure 2.1 : Electronic energy diagram of graphene near Dirac point

is quite remarkable for a single layer material. More interestingly, the absorption can

be tuned effectively with suitable doping by either introducing ions or applying gate

voltages [35,36].

2.2 Surface Plasmons

Plasmons are quasi-particles existing in metals and semiconductors, which repre-

sent the collective oscillations of electron density. For a bulk metal, the free elec-

tron gas can oscillate coherently at a certain frequency, noted as bulk plasmons,

ωB =
√
ne2/ε0me, where n is the density of electrons and ε0 is the permittivity of

vacuum [37]. Because of this, metals have strong response to the external optical field

which can be expressed in terms of Drude formula:

ε(ω) = ε∞ −
ω2
B

ω(ω + iγ)
(2.2)

where ε∞ characterizes the background permittivity. This density oscillation can

also exist at the interface of metal and dielectrics, which is so-called surface plasmon
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(SP). The frequency of SP has strongly geometrical dependence of metal surface, for

instance, ωB/
√

2 for an infinite planar surface and ωB

√
l/(2l + 1)(l is an integer) for

a sphere [2, 38]. According to spatial properties, SP can be distinguished into two

types. One is surface plasmon polariton (SPP) which propagates along the extended

surface such as film or nanowire [3]. The other is localized surface plasmon resonance

(LSPR) whose oscillation is localized within nanoparticles [12]. Both plasmons are

capable of confining optical field into a region whose dimension is much smaller than

the wavelength and meanwhile enhancing its magnitude about 10 to 100 times. The

lifetime of plasmon, usually within femosecond, is quite short. Basically, it has two

dominant decay processes. One is radiative decay, where the plasmons reemit photons

into far-field giving rise to the scattering of the system. The other is non-radiative

decay, which corresponds to the absorption or heat generation of the system. During

this process, electron-hole pairs are created after plasmons decay and these electrons

possess more energy than the rest, so they are regarded as hot electrons.

2.3 Graphene-antenna Hybrid Structures

Our graphene-antenna hybrid device consists of plasmonic clusters sandwiched be-

tween two single layers of graphene, shown in Figure 2.2. The fabrication process

contains several steps: first, transferring a graphene monolayer onto a SiO2/Si sub-

strate; then, depositing the source-drain electrodes on the graphene; later, fabricat-

ing cluster arrays using e-beam lithography; at last, transferring a second graphene

monolayer onto the structures. Figure 2.3 demonstrates the real structures in optical

microscopy image and scanning electron microscope (SEM) image. Three different

pattern, dimer, heptamer and nonamer, are fabricated for comparison. Raman spec-

troscopy has been performed for the confirmation of graphene layer by detecting
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Figure 2.2 : Schematic illustration of graphene-antenna hybrid device

Figure 2.3 : Optical microscopy image and scanning electron microscope (SEM) image
of graphene-antenna hybrid device

its characteristic modes (D, G, 2D) with different incident lasers (514nm, 633nm,

785nm), as shown in Figure 2.4 (a) ,(c) and (e). Raman mappings at G mode in

Figure 2.4 (b), (d) and (f) have already revealed that plasmonic structures are able
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Figure 2.4 : Raman spectra of graphene with plasmonic structures

to selectively enhance the Raman signal from graphene. The quality of graphene

is assessed by characterizing its electrical transport properties (Figure 2.5) through

four-probe measurement at a vacuum of ∼ 10−5 Torr. The observed dependence of

resistance on gate voltage infers that the Dirac point is obtained at VG ∼ 30V. Based

on the linear I − V curve, the device mobility is estimated to range from 350 to 1300

cm2V−1s−1 with formula [39]:

µ =
dIDS

dVG

L

WCiVDS

(2.3)

where the channel length L ∼ 50µm, the channel width W ∼ 10µm and the real

capacitance per unit area between the channel and the backgate Ci ∼ 1.2×10−8F/cm2.
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Figure 2.5 : Electrical transport characteristic of graphene at a drain bias of 1 mV

2.4 Photocurrent Generation

To characterize the performance of light harvesting of this device, a series of local

photocurrent measurements have been carried out to offer a spatial mapping of pho-

tocurrent production. The excitation laser is focused into a spot of 1 µm in order

to only cover a single optical antenna. By scanning the laser from drain to source,

the distribution of photocurrent production with respect to position is registered as

shown in Figure 2.6. It has an obvious antisymmetric lineshape and indicates the

performance of phtocurrent generation is more efficient at certain distance away from

the electrodes while it is less efficient at the midpoint of the whole device. Besides,

the lineshape can be further tuned by applying a gate voltage. As we can see from

Figure 2.7, a negative gate voltage improves the photocurrent generation while a pos-

itive one reduces it or even changes its sign, which means the photocurrent flowing in

an opposite direction. To better understand the mechanism of photocurrent genera-

tion as well as its dependence on gate voltage, we refer to the band structure of our
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Figure 2.6 : Local photocurrent measurements for different patterns at 785nm exci-
tation laser

Figure 2.7 : Measured photocurrent for different gate biases

device, as depicted in Figure 2.8. Here, only half of the band is plotted because of the

symmetry. The solid line indicates the Dirac point of graphene while the dash line

represents its Fermi level. Within the Ti electrode regime, the Fermi level is lifted

up slightly toward the Dirac point since the work function of Ti (4.33 eV) is lower

than that of graphene (4.5eV). The corresponding energy difference ∆φ between the
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Figure 2.8 : Schematic of the surface potential

doped graphene band and the Fermi level is defined as a Schottky barrier. Since the

Fermi levels of doped graphene and graphene channel are different, the band will bend

in the region extending from the electrodes even for zero gate voltage. An internal

electric field is formed accordingly and separates the electron-hole pairs created by

incident light. As a result, a photocurrent is generated and flows into the electrodes.

Its magnitude is proportional to the magnitude of the slope of the band so a maxi-

mum photocurrent always occurs at the some distance away from the source or drain

which approximately corresponds to the midpoint of bending region . Meanwhile,

the direction of photocurrent is determined by the sign of the slope which accounts

for asymmetric lineshape since the band is bending in the opposite way at the other

side. Now, if a gate voltage is taken into account, it only changes the Fermi level, or

Dirac point equivalently, of graphene in the channel. For a negative gate voltage, the

energy difference between graphenes near the electrode and in the channel is increased

therefore the photocurrent goes up and the position of its maximum shifts close to

the electrode. Similarly, it is not difficult to imagine that the photocurrent reduces

and the maximal position shifts far from the electrode when a positive gate voltage is
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applied. The photocurrent can be tuned to be negligible if the voltage VG = +20V.

In this case, the band is almost flat, as shown in Figure 2.8. Above that voltage,

the bending of the band will change into the opposite direction resulting in a flip in

the lineshape of photocurrent. After that, as the voltage increase further, the energy

difference will be enlarged and the photocurrent will go up consequently.

2.5 Plasmonic Enhancement

The comparison of photocurrents between graphene-antenna hybrid devices and bare

graphene device Figure 2.6 obvious indicates that optical antenna dramatically im-

proves the performance of light harvesting, especially for heptamer, which can achieve

up to 800% enhancement. Such significant enhancement can be attributed to two ba-

sic processes related to LSPs excitation in the optical antenna. One is the intense

near-field provided by the plasmons boosts the direct excitation (DE) of electron-hole

pair in the graphene. The other is hot electrons (HE) resulting from the plasmon de-

cay transfer directly from antenna to the conduction band of graphene. The latter

process is the key factor that makes the heptamer capable of providing much larger

enhancement than dimer since heptamer possesses Fano resonance [13].

Fano resonance, first discovered by Ugo Fano in his study of the autoionizing

states of atoms [40], exhibits a unique asymmetric shape described as [41],

(Fγ + ω − ω0)
2

(ω − ω0)2 + γ2
(2.4)

where ω0 and γ denote the position and width of the resonance, respectively; F is

Fano parameter. Basically, Fano resonance is a result of the interference of a broad

spectral continuum with a narrow discrete resonance. This interference can be either

constructive or destructive, depending on F , which controls the degree of asymmetry
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of the line shape [42]. For a plasmonic system, usually, the spectral continuum is

associated with a superradiant mode which is very broad because of its large radiative

damping while the discrete resonance is related to a subradiant mode whose line width

is very narrow due to its lack of radiation.

In order to demystify the characteristics of Fano resonance in heptamer, we per-

form a numerical simulation with commercial software COMSOL Multiphysics based

on finite element method (FEM). All the disks are set 130 nm in diameter and the

interparticle gap is set 15 nm. The material of disks is gold whose optical con-

stant is taken from Johnson and Christy’s empirical data [43]. A linearly polarized

electromagnetic plane wave is normally incident on the heptamer and the entire sim-

ulation domain is surrounded by a perfectly matched layer absorbing boundary con-

ditions. The charge distribution is calculated with Gauss’s theorem applying at the

surface of the structures. The scattering spectra are obtained by integrating the inten-

sity of scattered field after performing the near-field to far-field transformation with

Stratton-Chu formula [44]. As we can see in Figure 2.9, the charge distribution shows

that for the superradiant mode of heptamer, the dipole moment in each disk orients

in the same direction so that the total dipole moment of heptamer is very large. It

can efficiently couple to the light and thus leads to a broad spectra. On the contrary,

in the subradiant mode, the dipole moments of disks at the top and bottom orient

antiparallel to that of center disks thus they cancel each other. The resulting small

total dipole moment couples to the light very weakly, so it can only produce a narrow

peak in the spectrum. When these two modes interact with each other, they give rise

to a sharp dip within a broad peak in the scattering spectra, as shown in Figure 2.9,

if the interference is destructive. To some extent, a transparency window is induced

around the Fano resonance, so that it can bring more light to interact directly with
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Figure 2.9 : Fano resonance in clusters

graphene. Meanwhile, the absorption of the system is enhanced at the Fano resonance

since the subradiant mode loses the capability of coupling light. Consequently more

hot electrons can be produced. Based on Figure 2.9, it is not difficult to imagine that

an even greater enhancement can be achieved for the nonamer antenna since it has a

much deeper Fano resonance.

Furthermore, another advantage of plasmonic clusters lies on their selective res-

onance enhancement. By properly designing the size of heptamer, photocurrent is

enhanced only around intended wavelength which is available to be tuned from visi-

ble to near infrared. As demonstrated in Figure 2.10, we observed the shift of pho-

tocurrent enhancement from 650 to 950 nm linear if the size of device fabricated is

varied from 80 to 180 nm in diameter. The calculated absorptions show the same

tunability. Since Fano resonance of heptamer is mainly owing to the subradiant mode,

the width of resonance is relatively narrow in comparison with the resonance arising
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Figure 2.10 : Selective resonance detection for different sizes of heptamers

from the dimer. Therefore, to some extent, this hybrid device with heptamer antenna

may provide high sensitivity in wavelength that makes it of great promise for optical

detectors.

2.6 Quantum Efficiency

Now that we have qualitatively known the photocurrent enhancement results from

both direct excitation and hot electrons, it will be even better to quantitatively know

the exact contribution from each part. Unfortunately, the exact HE contribution

cannot be calculated explicitly since our knowledge of the potential barrier at the gold

graphene interface is insufficient. To circumvent this issue, the HE contribution should

be inferred from the DE contribution because the total contribution is already known.

Therefore, more realistic simulations are performed with commercial finite-difference

time-domain (FDTD) software Lumerical FDTD Solution. The configuration, as
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illustrate in Figure 2.11, consists of a optical antenna on a graphene film with silica

substrate. Here, the thickness of graphene film is set as 2 nm although strictly

Figure 2.11 : Configuration of FDTD simulation

speaking it should be 0.5 nm. We have tested the cases for other thicknesses and find

the ultimate results are consistent as long as the product of the conductivity (σ) and

the thickness (d) of graphene equals the universal constant conductance. That is,

σ =
σ2D
d

=
e2

4~d
(2.5)

where ~ is Planck’s constant. According to Fermi’s golden rule, the number of carrier

by local DE is proportional to the local intensity of the electric field (E2). So the

corresponding photocurrent can be expressed in terms of an integral of local field

intensity over the volume of the surrounding graphene,

IDE = CDE(λ)

∫
E2(r)dV (2.6)

where the coefficient CDE(λ) contains the information of matrix element and density

of states. Here we assume CDE(λ) is an intrinsic property of graphene and indepen-

dent of the electric field intensity. It can be straightforwardly extracted from the
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experimentally measured photocurrent (10 nA) for the pristine graphene case with

its field enhancement illustrated in Figure 2.12. Therefore, for the case of 180 nm

Figure 2.12 : Integral of local field intensity for graphene with and without plasmonic
heptamers

disk, the photocurrent generated from DE is estimated to be 7 times larger than that

of pristine graphene according to their individual field enhancement. The DE contri-

bution to the photocurrent for different sizes of clusters are plotted with solid blue

triangles in Figure 2.13 when each cluster is illuminated at its resonant wavelength.

For the HE contribution, principally, it is proportional to the optical absorption

of the heptamer SABS(λ), that is,

IHE = CHE(λ)SABS(λ) (2.7)

where the coefficient CHE(λ) should decrease with increasing wavelength since it re-

flects the electron transmission across a gold-graphene interface. However, the lack of

interface information along with carrier multiplication prevents it from being obtained
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Figure 2.13 : Measured photocurrent and its different contributions

directly. Once hot electrons are exited, their distribution spans the energy interval

[εF , εF + ~ω]. The initial hot electron may lose some energy by exciting another hot

electron just like in an Auger process [21]. As a result, one hot electron can multiply

to more than one hot electrons. So the only way to get the HE contribution (solid

red triangles in Figure 2.13) is EHE(λ) = IEXP (λ) − IDE(λ), where IEXP (λ) is the

measured photocurrent. Consequently, the CHE at 785nm corresponds to 113% hot

electron production efficiency. Assuming this efficiency holds for all the wavelength,

the value of photocurrent IHE can be estimated from the absorption, as plotted in

hollow red triangles in Figure 2.13. As we can see, it is well consistent with EHE. By
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comparing these two contributions, it is easy to notice that HE plays a more impor-

tant role in photocurrent production, especially for small size heptamer. As the size

of heptamer increases, the ratio between HE and DE contributions becomes lower,

which is comprehensible since the absorption tends to be less predominant in a large

system [45].

No matter whether DE or HE dominates the system, quantum efficiency is the

figure of merit to evaluate the overall performance of the graphene-antenna device.

Basically, there are external quantum efficiency (EQE) and internal quantum effi-

ciency (IQE) [46]. For EQE, it is defined as the number of carriers produced per

incident photon,

ηe =
Iexp/q

Sinc/hν
(2.8)

where Iexp is the measured photocurrent, q is the elemental charge, Sinc is the incident

optical power, and ν is the optical frequency. While for IQE, it is defined as the

number of carriers produced per absorbed photon,

ηi =
Iexp/q

Sabs/hν
(2.9)

where Sabs is the absorption. Since IQE relies more on its intrinsic optoelectronic

properties, we implement IQE to assess the performance of our devices. The results

in Figure 2.14 show the efficiency is very remarkable. It has 5-10% on average and

reaches up to 22% for a device with a disk diameter of 80 nm at its resonant wavelength

630 nm.

2.7 Summaries

In this chapter, we show the optical antenna increases the quantum efficiency of

light harvesting process significantly by either the plasmon-enhanced direct excitation
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Figure 2.14 : Internal quantum efficiency

or plasmon-induced hot electron transfer. With the help of theoretical calculation

and numerical simulation, we manage to separate these two factors and find the hot

electrons play the predominant role. Beside we notice this hybrid-antenna device has

high tunability.
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Chapter 3

Optical Induced Doping with Hot Electrons

3.1 Doping and Dirac Point Shift

The most attractive feature of graphene lies in its tunable optical and electrical prop-

erties due to the tunablity of its Fermi level. As we have already seen in Figure 2.8,

once graphene is connected to the voltage supply, the electrons will inject into or flow

out of the graphene, resulting in either electron doping or hole doping based on the

sign of the gate voltage. Aside from applying a gate voltage, denoted as electrostatic

doping, hot electrons generated from antennas are also able to dope the graphene

although most of them preferentially flow into the electrodes without relaxation. To

shred some light on this process, we pay attention to the variation of Dirac point with

different conditions. The fundamental method to characterize the position of Dirac

point is measuring the drain current with respect to different gate voltages at a fixed

source-drain voltage 1mV, as shown in Figure 3.1. When we apply a positive gate

voltage to the graphene and gradually increase it, we observe a decrease followed by

a increase in the measured current. It can be explicit understood from the energy

diagram of graphene, as illustrated in the left panel of Figure 3.2. Initially, for a

pristine graphene, it is p-doped due to the substrate and fabrication process. So the

majority carriers are holes and its Fermi surface stays in the valence band below the

Dirac point. By applying a gate voltage, electrostatic doping offers free electrons

to recombine with holes in the graphene. As a result, the Fermi level increases and



22

Figure 3.1 : Electrical transport characteristic I − Vg curve

Figure 3.2 : Schematic of electrostatic doping and hot-electron doping in graphene

the carrier density decreases, leading to a drop in current. The current continuously

decreases with increasing gate voltage until the Fermi surface is lifted up to the Dirac

point. After that, the Fermi surface enters the conduction band and thus the ma-

jority carriers change into electrons. As gate voltage increases, the electron density

increases and the current starts to rise back. At that turning point, the graphene is

completely neutralized, consequently, its carrier density should approach zero except

for thermal fluctuation. A minimum current occurs and the corresponding voltage



23

VD is regarded as a signature of Dirac point, which is usually around 30 V.

Now, if the optical antenna is shined by a laser, hot electrons will be generated

and directly transfer into the conduction band of graphene. Most of them swiftly flow

out through source and drain, however a few ultimately residue in the graphene and

recombine with holes, as shown in the right panel of Figure 3.2. Consequently, the

original Fermi surface is lifted up by those photo-induced dopants. By performing the

same measurement of drain current with respect to gate voltage, a similar minimum

can be obtained, but the corresponding voltage is smaller since the initial Fermi

surface is higher than that without laser. This observed voltage change is defined

as Dirac point shift, which has been found in hole doping process with quantum

dots [47].

The amount of Dirac point shift can be estimated semi-quantitatively. Assuming

the electrostatic (ES) doping process is similar to charging a parallel-plate capacitor,

the number of electrons NES doped into the graphene is proportional to the gate

voltage Vg like this,

NES =
CgVg
e

(3.1)

where Cg = 2.4× 10−14F is the capacitance between the graphene and the back gate.

Without laser, the total number of electrons doped into the graphene equals to that

arising from electrostatic doping. However, if the laser is on, that total number should

be divided into two parts, one from electrostatic doping as before and the other from

hot electron (HE) doping. Apparently, the number owning to HE (NHE) should be

proportional to the rate of HE generation (RHE). So, the total number is written as,

N =
CgV

′
g

e
+ τRHE (3.2)

where τ is a coefficient representing a time scale. Since the initial state of graphene is
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the same for both cases with and without laser, the total number of electrons doped

should be invariant. This implies the gate voltages Vg and V ′g in two respective cases

are different. The voltage difference, corresponding to Dirac point shift, is closely

related to the rate of HE production in the following way,

∆V = |Vg − V ′g | ∝ RHE (3.3)

It is easy to imagine that such Dirac point shift is proportional to the absorption

cross section SABS of the optical antenna due to the fact that SABS determines the

RHE, as we will notice in the following experimental results.

3.2 Observation of Dirac Point Shifting with Absorption

In order to demonstrate hot electron doping, gold nonamers are fabricated on the

graphene to serve as optical antennas. For the nonamer, the central disk has 190 nm

in diameter while eight surrounding disks have 112 nm in diameter. The separations

of disks are all kept as 15 nm and all the disks have 30 nm thickness. It gives rise to

a pronounced Fano resonance around 785nm, as illustrated in Figure 3.3.

Figure 3.3 : Characteristics of Fano resonance in a plasmonic nonamer
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The source-drain current with respect to gate voltage is measured under the laser

illumination of wavelengths ranging from 550 nm to 1064 nm. The obtained data

plotted in Figure 3.4 (a) clearly reveal the Dirac point shifts to a lower gate voltage.

This behavior exactly confirms that the new carriers doped into the graphene are

Figure 3.4 : Dirac point shift with respect to wavelength of incident laser

electrons. Besides, the amount of shift varies with wavelength and it reaches a maxi-

mum ∆V ≈ 9V around 785 nm. More data related to wavelength have been extracted

and plotted in Figure 3.4 (b). They are very close to the absorption cross section of

the nonamer and the maximum Dirac point shift coincides with the plasmon reso-

nance. So the physical origin of the Dirac point shift should be hot electron doping

resulting from the nonradiative plasmon decay. Moreover, the hot electron doping

process exhibits high tunability in terms of the antenna sizes, as shown in Figure

3.5. Here, the diameter of central disk varies from 170 to 270 nm and the diameter

of the peripheral disks is changed accordingly to keep the gap size at 15 nm. The

results show clearly the Dirac point shift increases with enlarging disk sizes, which

is consistent with the fact that nanoantennas of lager size are capable of providing
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Figure 3.5 : Dirac point shift with respect to antenna size

more absorption cross-section.

3.3 Efficiency of Hot Electron Doping

Aside from the obvious Dirac point shift, more information concerning the graphene,

such as the Fermi surface and the efficiency of hot electron doping, can be inferred

from the data of electrical transport characteristic in Figure 3.4. Given that the

Fermi surface is across the Dirac point at voltage VD, the Fermi energy at other gate

voltages can be calculated in terms of their difference from VD by formula [35],

EF = ±~vF

√
πCg|Vg − VD|

eA
(3.4)

where A is the device area. Correspondingly, the carrier density associated with that

gate voltage can be also expressed in terms of voltage difference as follow,

n =
Q

eA
=
Cg|Vg − VD|

eA
(3.5)

Usually, the larger the carrier density, the larger the source-drain current will be. So

the difference of current from any gate voltage to the Dirac point is proportional to
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the total carrier density. To get the carrier density change due to the hot electron

doping, all the I-V curves with laser should be displaced vertically so that their Dirac

points locate at the same height as that of the curve without laser. Then, the voltage

difference between with and without laser excitation reflects the variation of the

carrier density based on Eq.(3.5). The extracted carrier density change with respect

to Fermi energy, determined from the I-V curve without laser, is shown in Figure 3.6.

Obviously, plasmons can greatly assist doping process since a maximum of carrier

Figure 3.6 : Optical induced carrier density change with respect to Fermi energy for
several wavelengths

density change achieves at resonant wavelength. Besides, it can be noticed that the

carrier density changes more for n-type graphene, which shows n-type graphene has

larger hot electron doping efficiency than p-type one. A possible explanation for that

is the intraband relaxation where hot electrons dope the n-type graphene is much

faster than interband relaxation where hot electrons dope p-type graphene [48]. The

corresponding short relaxation time for intraband transition leads to a high efficiency
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for the doping in n-type graphene. Moreover, the time scale τ , representing the

inverse recombination rate of the hot electron-doped charge carriers, can be estimated

approximately according to carrier density change. For p-type graphene τ ∼ 2µs

while for n-type graphene τ ∼ 3µs. This estimation is very coarse and the time

scale characterizes the total time of three distinct processes, namely (i) hot electron

generation arising from plasmon decay; (ii) hot electron transfer from the gold antenna

to the graphene; and (iii) the injection of hot electron into the band of graphene.

However, compared to reports on hole doping process (10 ms) induced by quantum

dots [36,47], hot electron doping is comparably faster and expected to be a promising

candidate for fast optoelectronic devices.

3.4 Saturation of Hot Electron Doping

The Dirac point shift also depends on the power of incident laser since the absorption

of optical antenna is proportional to it. By tuning the power of 785 nm laser from

0 to 50 µW, the Dirac point shifts are recorded in Figure 3.7. As we can see, the

Figure 3.7 : Dirac point shift varies with incident laser power
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Dirac point shift changes linearly with the power at first until 5 µW. Above that, this

linear relationship no longer holds and an apparent nonlinear characteristic appears.

For even higher incident power, the Dirac point shift tends to saturate. Two possi-

ble explanations may account for this. First one is regarding to the recombination

process, as shown in the left panel of Figure 3.8. As the power goes up, more hot

Figure 3.8 : Schematics of recombination and scattering processes

electrons are generated and thus dope into the graphene. The large number of hot

electron dopants in graphene causes negative charge accumulation there while leaves

many holes in the gold to form positive charges. These positive and negative charges

build up an internal electrostatic field that prohibits the hot electrons from further

transferring into and doping the graphene. The other explanation is related to the

electron-electron scattering as depicted in the right panel of Figure 3.8. Since there

are excessive electrons residing in the graphene, they will repulse the new injected hot

electron according to the Coloumbic interaction. As a result, the scattering between

electrons prevents hot electrons doping the graphene. Eventually, both processes

make doping process exhibit saturation properties.
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3.5 Optically Induced Electronics

By patterning graphene with metallic antenna and quantum dots, two different hot

carriers, electrons and holes, can be injected into the graphene respectively to form n-

type and p-type materials. Since p-type and n-type semiconductors are two building

blocks for electronics, simple electronic elements can be constructed by incorporating

these two types of hybrid materials. More importantly, these electronic elements are

capable of optical controlling, as illustrated in Figure 3.9. As we can see for the

Figure 3.9 : Optical induced diode and transistor

diode, the graphene is just like homogenous semiconductor without light excitation

and the current can pass through it from any direction. But, if the light of specific

wavelength is shined on it, graphene sheet changes into inhomogenous material with

a p-n junction in the middle. Accordingly, current is allowed in only one direction

while forbidden in another. So the device is actually switched on and off by light. It
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is the same for a transistor.

3.6 Summaries

In this chapter, we have demonstrated hot electrons generated from optical antenna

can dope the electronic band of the graphene. The efficiency of doping process is

controlled by various parameters such as size and resonant frequency of the antenna,

power of the light, and Fermi energy of graphene as so on. Moreover, the short dop-

ing time makes this hybrid structure very competitive in optoelectronic application

especially when it is combined with hole doping materials to build complex optical

circuitry.
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Chapter 4

Conclusion

In the thesis, we investigated the optoelectronic properties of a hybrid device consist-

ing of pristine graphene sheet and optical antenna. We found the plasmons excited in

optical antenna could significantly affected the properties of graphene, especially by

means of hot electrons arising from plasmon decay. The metallic oligomers we used as

optical antenna, on the one hand, exhibited great tunability across the near-infrared

to the visible regime. On the other hand, they provided fascinating Fano resonance

which not only enhanced optical near-field but also gave large hot electron production

by a increase in optical absorption.

In comparison with antennaless graphene device, we observed optical antenna

could give rise to an 800% enhancement of the photocurrent generation, correspond-

ing to internal quantum efficiency ranging from 5 to 20%. The numerical simula-

tions with FEM and FDTD method enable us to attribute the improvement of light-

harvesting efficiency to plasmon-enhanced direct carrier excitation in graphene as

well as plasmon-induced hot electron transfer from optical antenna. Furthermore, we

calculated individual enhancement for each part and found the hot electron process

accounted for two thirds of the total enhancement, dominating the overall photocur-

rent generation.

Meanwhile, we also showed the plasmon-induced hot electron transfer could dope

the graphene so as to make its electronic property change. Measurement of its electri-

cal transport characteristic revealed the plasmon-induced doping could shift the Dirac
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point as much as 10V corresponding to electrostatic doping. Besides, this Dirac point

shift bore nonlinear characteristic with respect to the power of incident laser. And we

found the n-type graphene had a larger doping efficiency than p-type one. Moreover,

the doping time of hot electrons was estimated to be about microsecond which is

much faster than hole doping with quantum dots.

Since the hybrid graphene-antenna device possesses good tunibility, its optical

performance could be even better after further optimization. It may be implemented

as active tuning and switching optoelectronic devices in future.
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[18] M. Hentschel, M. Schäferling, T. Weiss, H.-G. Kuball, N. Liu, and H. W. Giessen,

“Three-dimensional chiral plasmonic oligomers,” in Quantum Electronics and



36

Laser Science Conference, Optical Society of America, 2012.

[19] M. I. Stockman, “Nanoplasmonics: The physics behind the applications,”

Physics Today, vol. 64, p. 39, 2011.

[20] M. L. Brongersma and V. M. Shalaev, “Applied physics the case for plasmonics,”

2010.

[21] C. Frischkorn and M. Wolf, “Femtochemistry at metal surfaces nonadiabatic

reaction dynamics,” Chemical Reviews-Columbus, vol. 106, no. 10, pp. 4207–

4233, 2006.

[22] M. W. Knight, H. Sobhani, P. Nordlander, and N. J. Halas, “Photodetection

with active optical antennas,” Science, vol. 332, no. 6030, pp. 702–704, 2011.

[23] S. Mukherjee, F. Libisch, N. Large, O. Neumann, L. V. Brown, J. Cheng, B. Las-

siter, E. A. Carter, P. Nordlander, and N. J. Halas, “Hot electrons do the im-

possible: Plasmon-induced dissociation of h2 on au,” Nano letters.

[24] J. Yan, M. Kim, J. Elle, A. Sushkov, G. Jenkins, H. Milchberg, M. Fuhrer, and

H. Drew, “Dual-gated bilayer graphene hot-electron bolometer,” Nature Nan-

otechnology, vol. 7, no. 7, pp. 472–478, 2012.

[25] A. C. Neto, F. Guinea, N. Peres, K. Novoselov, and A. Geim, “The electronic

properties of graphene,” Reviews of modern physics, vol. 81, no. 1, p. 109, 2009.

[26] K. Novoselov, A. Geim, S. Morozov, D. Jiang, Y. Zhang, S. Dubonos, I. Grig-

orieva, and A. Firsov, “Electric field effect in atomically thin carbon films,”

Science, vol. 306, no. 5696, pp. 666–669, 2004.



37

[27] F. Bonaccorso, Z. Sun, T. Hasan, and A. Ferrari, “Graphene photonics and

optoelectronics,” Nature Photonics, vol. 4, no. 9, pp. 611–622, 2010.

[28] F. H. Koppens, D. E. Chang, and F. J. Garca de Abajo, “Graphene plasmonics:

a platform for strong light–matter interactions,” Nano letters, vol. 11, no. 8,

pp. 3370–3377, 2011.

[29] C.-F. Chen, C.-H. Park, B. W. Boudouris, J. Horng, B. Geng, C. Girit, A. Zettl,

M. F. Crommie, R. A. Segalman, S. G. Louie, et al., “Controlling inelastic light

scattering quantum pathways in graphene,” Nature, vol. 471, no. 7340, pp. 617–

620, 2011.

[30] T. Echtermeyer, L. Britnell, P. Jasnos, A. Lombardo, R. Gorbachev, A. Grig-

orenko, A. Geim, A. Ferrari, and K. Novoselov, “Strong plasmonic enhancement

of photovoltage in graphene,” Nature Communications, vol. 2, p. 458, 2011.

[31] Y. Liu, R. Cheng, L. Liao, H. Zhou, J. Bai, G. Liu, L. Liu, Y. Huang,

and X. Duan, “Plasmon resonance enhanced multicolour photodetection by

graphene,” Nature Communications, vol. 2, p. 579, 2011.

[32] Z. Fang, Z. Liu, Y. Wang, P. M. Ajayan, P. Nordlander, and N. J. Ha-

las, “Graphene-antenna sandwich photodetector,” Nano letters, vol. 12, no. 7,

pp. 3808–3813, 2012.

[33] Z. Fang, Y. Wang, Z. Liu, A. Schlather, P. M. Ajayan, F. H. Koppens, P. Nord-

lander, and N. J. Halas, “Plasmon-induced doping of graphene,” ACS nano,

2012.

[34] A. Grigorenko, M. Polini, and K. Novoselov, “Graphene plasmonics,” Nature

Photonics, vol. 6, no. 11, pp. 749–758, 2012.



38

[35] Z. Li, E. Henriksen, Z. Jiang, Z. Hao, M. Martin, P. Kim, H. Stormer, and D. N.

Basov, “Dirac charge dynamics in graphene by infrared spectroscopy,” Nature

Physics, vol. 4, no. 7, pp. 532–535, 2008.

[36] F. Wang, Y. Zhang, C. Tian, C. Girit, A. Zettl, M. Crommie, and Y. R. Shen,

“Gate-variable optical transitions in graphene,” Science, vol. 320, no. 5873,

pp. 206–209, 2008.

[37] N. Ashcroft and N. Mermin, Solid state physics. Holt-Saunders International

Editions: Science : Physics, Holt, Rinehart and Winston; Saunders, 1976.

[38] E. Prodan and P. Nordlander, “Plasmon hybridization in spherical nanoparti-

cles,” The Journal of chemical physics, vol. 120, p. 5444, 2004.

[39] F. Schwierz, “Graphene transistors,” Nature nanotechnology, vol. 5, no. 7,

pp. 487–496, 2010.

[40] U. Fano, “Effects of configuration interaction on intensities and phase shifts,”

Phys. Rev., vol. 124, pp. 1866–1878, Dec 1961.

[41] B. Luk’yanchuk, N. I. Zheludev, S. A. Maier, N. J. Halas, P. Nordlander,

H. Giessen, and C. T. Chong, “The fano resonance in plasmonic nanostructures

and metamaterials,” Nature materials, vol. 9, no. 9, pp. 707–715, 2010.

[42] A. E. Miroshnichenko, S. Flach, and Y. S. Kivshar, “Fano resonances in nanoscale

structures,” Reviews of Modern Physics, vol. 82, no. 3, p. 2257, 2010.

[43] P. B. Johnson and R. W. Christy, “Optical constants of the noble metals,” Phys.

Rev. B, vol. 6, pp. 4370–4379, Dec 1972.

[44] J. Jackson, Classical Electrodynamics. Wiley, 1998.



39

[45] H. C. van de Hulst, Light scattering by small particles. Dover publications, 1981.

[46] C. Scales and P. Berini, “Thin-film schottky barrier photodetector models,”

Quantum Electronics, IEEE Journal of, vol. 46, no. 5, pp. 633–643, 2010.

[47] G. Konstantatos, M. Badioli, L. Gaudreau, J. Osmond, M. Bernechea, F. P. G.

de Arquer, F. Gatti, and F. H. Koppens, “Hybrid graphene-quantum dot photo-

transistors with ultrahigh gain,” Nature Nanotechnology, vol. 7, no. 6, pp. 363–

368, 2012.

[48] J. I. Pankove, Optical processes in semiconductors. Courier Dover Publications,

1971.


	title_page
	thesis

