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Abstract
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Doctor of Philosophy

Adaptive Graphene Electronics and Plasmonics
Jon Gorecki

Graphene, the world’s first two dimensional material, has attracted great
interest in the scientific community due to its unique behaviours such as
the dramatic tunability of its electronic and optical properties, strong light-
matter interactions, and high values of carrier mobility which render graphene
as a fascinating material for photodetection, plasmonic devices, and modu-
lation of terahertz frequency radiation. To realise the next generation of
graphene devices we must find new ways to adaptively control the electronic
and optical properties of graphene and other two dimensional materials.

In this thesis I propose a method to optically control the electronic prop-
erties of graphene in a spatially resolved, non-volatile, yet reversible manner
via the use of photorefractive lithium niobate. The method I propose relies on
the ability of lithium niobate to sustain optically defined charge distributions
which result in large electrostatic fields at the surface of the crystal.

By transferring graphene onto lithium niobate crystals I show that the
optically defined electrostatic surface charges in the substrate are capable of
tuning the DC electrical conductivity of graphene in a behaviour which is
non-volatile yet reversible under thermal annealing.

Further, T utilise this effect in a plasmonic device consisting of a hybrid
graphene-metal metasurface on lithium niobate where the optical tuning ef-
fect is capable of altering the transmissive properties of the device at terahertz
frequencies.

Finally, I show through simulations that by spatially patterning charge
distributions it is possible to create optically defined plasmonic devices on
graphene on lithium niobate. Such devices would not need permanent litho-
graphic patterning of metasurfaces, yet instead would rely on optically de-
fined regions of high and low conductivity graphene to sustain a plasmonic
resonance. If such devices can be experimentally achieved this would allow
for rewritable yet non-volatile plasmonic structures in graphene and open
the doors to a truly reconfigurable plasmonic platform for two dimensional
materials.
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(a) Frequency dependent transmission through Fe:LiNbOj3 (0.1
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plotted against illumination intensity for five select frequencies
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To create a little flower is the labour of ages...

William Blake
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Chapter 1

Physical Background
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1.1 Preface

The world around us has changed drastically in the last century. Techno-
logical advances have pushed us further and further into a science fiction
reality, from the microprocessor powering your smart phone, to the optical
communication devices connecting us globally across the internet, ideas once
unimaginable are now common place. For the most part this technological
revolution has come from our ability to control the manner in which electric-
ity and light pass through objects at ever smaller scales, patterning structures
of increasing complexity into materials to embed new levels of functionality.

Around the turn of the millennium we again took a new step forward
into the unknown, creating a material which had never been seen in nature
before. The world’s first two dimensional material had been produced, with
many unique and extraordinary properties. Now, over 15 years after this
initial discovery scientists have found that graphene is not alone in its two
dimensional world, there are thousands of other thin materials waiting to be
explored, each as bizarre as the next, yet bursting with new technological op-
portunities. We stand at the cusp of a new technological revolution, however
if we are to realise the unexplored possibilities offered by this new class of
materials then it is vital to develop new methods to control their electronic
and optical properties to embed them with structure and functionality.

Two dimensional materials are generally controlled via electrostatic gat-
ing in a 'field effect” configuration however this method offers limited recon-
figurability, and therefore it is advantageous to look towards optical methods
which could allow for spatially resolved patterning. In this thesis I pro-
pose that iron doped lithium niobate can be a platform for reconfigurable
and spatially resolved tuning of 2D materials which may open the doors
towards rewritable electronic interconnects and reconfigurable plasmonic de-
vices defined simply by optical illumination without the need for permanent
patterning of structures.

1.2 Graphene

1.2.1 A Brief History of Graphene

The discovery of graphene is commonly mis-attributed to Geim and Novoselov
et al. [I] for their seminal 2004 publication for which they jointly received
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the Nobel prize in 2010. In truth the history of graphene predates this
publication by over a century when in 1896 the American chemist Acheson
patented a method of creating graphitic layers by liquid exfoliation of sili-
con carbide. Many people point to this discovery as the root of graphene
production, however as this event predated modern crystallographic charac-
terisation techniques such as x-ray diffraction it was impossible for anyone
at the time to realise the 2 dimensional nature of the material that had been
created. In the century after Acheson there followed sporadic research into
graphene production techniques with limited success. In 1947 a theoretical
framework of the electrical properties of graphene was laid out by Wallace [2],
however it was widely believed at the time that due to the atomic thinness
of graphene it would be impossible for such a structure to exist in nature,
and therefore Wallace had developed the band structure equations merely as
a stepping stone towards calculating those for graphite. Finally in 2004, over
100 years after the work of Acheson, graphene entered the mainstream when
Geim and Novoselov developed the ’scotch tape method” which allowed them
to easily create flakes of high quality exfoliated graphene on silicon wafers. At
last this discovery enabled the team to experimentally demonstrate the long-
theorised-at extraordinary electrical properties of graphene, and therefore in
2010 the pair were awarded the Nobel Prize in Physics “for groundbreak-
ing experiments regarding the two-dimensional material graphene”. Now the
floodgates have opened, and new monolayers beyond graphene are being
demonstrated at a staggering rate, creating a family of 2D materials with a
rich diversity in unique optical and electronics properties, of whose prospec-
tive applications surely we are only beginning to scrape the surface [3].

1.2.2 Electronic Properties of Graphene

Graphene is a 2D allotrope of carbon in which the atoms sit in a hexagonal
lattice each bound to three neighbours by covalent m bonds with one unbound
7 orbital pointed out of the atomic plane [4]. The hexagonal graphene lattice
can be described mathematically by two triangular sub-lattices each contain-
ing three carbon atoms as depicted in Figure (a). By using a tight binding
model and the assumption that electrons in graphene can jump to either their
nearest or next nearest neighbouring atom an analytical solution for the en-
ergy dispersion relation was proposed in 1947 by Wallace [2]. The solution of
this model for the first Brillouin zone predicts that there are certain points
at which the valence and conduction bands meet, referred to as the Dirac
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point; around this point the graphene Fermi level is given by Equation
where 1 is the number of charge carriers (either electrons or holes), v is the
graphene Fermi velocity, and % is the reduced plank constant.

Er = hvpy/7|n| (1.1)

Due to the linear dispersion relation (depicted in Figure ) the density
of states in graphene vanishes at the Dirac point. An implication of the
vanishing density of states is that close to the Dirac point a small injection
of charge carriers can dramatically shift the Fermi level and increases the
electrical conductivity; an injection of electrons increases the Fermi level and
electrons become the dominant mechanism for electronic charge transport,
while a decrease in electrons will lower the Fermi level and holes become
dominant for charge transport [5]. This description of the dispersion relation
provides an intuitive understanding of Figure 1(b) which shows that at zero
charge carrier density the resistivity is at a maximum value of pyu, = 1 /
omin While either injection or removal of charge carriers causes a decrease in
resistivity resulting in a bell-shaped curve. The maximum value of resistivity
has been shown experimentally around o,,;,, = 4¢? /hm which is believed to
be caused by rippling deformations in the graphene sheet which alter m bond
overlaps [0].

1.2.3 Plasmonics in Graphene

The optical conductivity of graphene is determined by interband and in-
traband transitions. Interband refers to charge carriers transitioning from
the valence to the conduction band (or vice versa) while intraband refers to
charge carriers transitioning to different energy state while staying within the
valence or conduction band (Figure[L.1k). Due to Pauli blocking the number
of charge carriers occupying a band is limited, therefore to achieve an inter-
band transition from valence to conduction band an electron must be excited
to an available state above those which are fully occupied. A lower limit is
therefore placed on the excitation energy required for an interband transi-
tion of wh = 2K, while below this limit intraband transitions will dominate.
Based on the Drude model a theoretical solution for two dimensional plasma
frequency in graphene can be obtained however due to the massless nature
of charge carriers in graphene the result is different from that of noble metals
in that the plasma frequency of graphene depends on the Fermi level Ep,
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Figure 1.1: (a) Diagram of graphene hexagonal lattice with carbon atoms
depicted by circles. The two repeating triangular lattices are denoted in red
and black with the unit vectors for the A sublattice shown by arrows ay and
as. (b) Example of typical bell shaped curve for resistivity p against carrier
number n for graphene. (¢) Schematic of linear dispersion relation showing
valence and conduction bands intersecting at Dirac point, with example of
forbidden and allowed inter-band transitions. (d) Measurements of graphene
[1] (FET device depicted in inset figure) showing resistivity and Hall coeffi-
cient plotted against gate voltage.
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in other words the plasma frequency can be tuned by controlling the Fermi
level through gating the graphene as shown in Figure[1.2)(a) [7]. Due to high
mobility values in graphene, plasmonic resonances can reach into terahertz
frequencies [8] (Figure [1.2h) and beyond into the infra-red region [9, 10} [T1].
Dirac plasmons in graphene can couple to free-space light provided a suffi-
ciently sharp object to compensate for the momentum mismatch such as an
AFM tip [12] (Figure[l.2b), a periodic grating [13], or nanoscale defects in the
graphene lattice [9]. Due to the relatively low optical absorption of graphene
(~2.3 %) its application for optical modulation is currently limited however
by combining graphene with noble metals it is possible to form hybrid plas-
monic devices in which the metals act to enhance the plasmonic resonance
effects while the graphene allows for tuning the resonance behaviour of the
device (shown in Figure [1.2k) [14, 15 [16].

1.2.4 Graphene Fabrication Methods

There are a range of methods available for producing graphene sheets, each
with distinct advantages and disadvantages. Improving the production meth-
ods of graphene is an important area of research which will be vital to the fu-
ture utilisation of graphene in a range of technological applications [I7]. Cur-
rently the main methods for producing graphene are exfoliation [I], Chemical
Vapour Deposition (CVD) [1§], and the less common epitaxial growth on SiC
[19]. Exfoliated graphene starts with high quality graphite crystals and sepa-
rates the layers to form monolayer graphene. The first demonstrated method
of separation was by peeling layers from the graphite with an adhesive tape
[1], however chemical exfoliation [20] and ball milling [21] have also been
shown to produce monolayer graphene. The crystals produced by exfolia-
tion are the highest quality graphene; they are single crystal domains and
therefore there are no crystal domain boundaries for charge carriers to scat-
ter on and so can exhibit carrier mobilities >200,000 cm?/Vs measured at a
temperature of 5 K [22]. The main drawback to exfoliated graphene is that
the crystals usually have a size of 10-20 pm which limits use of exfoliated
graphene in many applications [23]. Chemical Vapour Deposition (CVD)
graphene begins with a substrate of highly polished metal (usually copper)
placed in a high temperature vacuum chamber; a mixture of hydrocarbon
vapours are fed into the chamber which thermally decompose on the metal-
lic surface forming a graphene monolayer. The metallic substrate is then
dissolved away via a chemical etchant to leave a floating layer of graphene
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Figure 1.2: (a) Tuneable plasmonic device by patterning graphene into
ribbons [8] (b) Coupling of light to graphene plasmon by AFM tip [12] (¢)
Hybrid metal nano-rod with graphene device where resonance frequency is
tuned by graphene conductivity [17).
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which can be transferred to a desired substrate. The CVD method is able
to produce large area graphene films (several tens of square centimetres)
which makes it an attractive method for practical applications however CVD
graphene has poorer electrical properties than exfoliated sheets [24]. The
CVD method produces graphene of multiple crystalline domains and often
once removed from the metallic substrates still experiences some residual con-
tamination of metallic particles and polymers due to the fabrication process
[25]. Due to the multi-crystalline nature of the graphene there is increased
charge scattering from domain boundaries which reduces the carrier mobil-
ity to ~10,000 cm?/Vs, while the residual contamination often results in a
graphene layer which is intrinsically p-doped (excess of holes) and therefore
requires a positive gate voltage to bring the sheet towards the Dirac point
[26].

1.2.5 Optoelectronic Applications of Graphene

Due to the 2D confinement charge carriers in graphene experience low scatter-
ing loss and therefore can exhibit extremely high values of carrier mobility of
hundreds of thousands cm?/Vs [22] (for ballpark-comparison y silicon ~ 1000
cm?/Vs) allowing for graphene to sustain confined plasmonic resonances at
low frequencies into infra-red (IR) and Terahertz (THz) regions [8, 27, 28] 29],
which allows the realisation of miniaturised tuneable devices [30]. In combi-
nation with the inherent high values of charge carrier mobility, the tuneable
electronic properties render graphene an appealing material for applications
such as MEMS [31], flexible touch-screen electrodes [32, [33], chemical sensing
[34, 35], membranes [16], and especially optoelectronic applications [30] [37].
including photodetection [38].

One of the most exciting applications for graphene is as the active element
in photodetector devices as graphene allows for the broadband absorption
over a wide range of wavelengths from UV to IR with a flat spectral response
[39]. The response time of graphene photodetectors has been demonstrated
to reach ultra-fast timescales of few picoseconds [40], however there is an
apparent trade-off between response time and current responsivity which is
highlighted by Wang et al. in Figure [41]. This figure reveals that al-
though graphene can respond on ultra-fast timescales the currents generated
in the photodetectors are generally low in comparison to those demonstrated
with other 2D materials. In efforts to overcome this flaw of graphene pho-
todetectors it has been demonstrated that the current reponsivity can be
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increased by integration with QDs [42], semiconductor substrates [43], and
layered heterostructures [44].
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Figure 1.3: Infographic showing response times plotted against current re-
sponsivity of 2D material photodetectors, reproduced from Wang et al. [{1)].

1.2.6 2D Materials Beyond Graphene

Since the initial demonstration of graphene by Geim and Novoselov et al. [I]
the study of 2D materials has grown rapidly into a thriving field [45],[46] yield-
ing materials with unique properties especially of interest in optoelectronics
[47] such as molybdenum disulphide [48], silicene [49] and black phosphorus
[38]. A big advantage over graphene which many of these materials exhibit
is that they have an electronic bandgap which could allow for high on/off
ratio transistors and optical elements with a large degree of tuneability. In
Figure 3 I have reproduced a chart of 2D material bandgaps [41] to show the
large variation in material properties offered by just a small selection of 2D
materials.
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Figure 1.4: Infographic showing electronic bandgaps of popular 2D materials
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1.3 Controlling Electronic Properties of Graphene

Many mechanisms for controlling the electronic properties of graphene have
been put forward, such as electrical backgating [I], chemical doping [50],
permanent structuring into ribbons [511 52} [53], or by combination with other
2D lattices [54] such as hexagonal boron nitride (hBN) [55], and transition
metal dichalcogenides (TMD’s) [56, [57].

1.3.1 Chemical Doping

There are a wide range of publications on chemical doping on graphene [58],
and in fact it has been noted that contamination with almost any chemical
species will alter the electronic properties of graphene [59]. There are gener-
ally two approaches which fall under the umbrella of chemical doping, which
can be categorised as surface adsorption of a chemical species, or lattice sub-
stitution. In the first case surface adsorption happens when chemical species
such as gasses [60], metals [61], or organic molecules [62] are attracted to
the surface of the graphene layer via electrostatic interactions and modify
the graphene Fermi level [63] (64, [65]. In the second case lattice replacement
refers to a graphene surface in which a portion of the carbon atoms have
been replaced by another atom such as nitrogen [66], boron [67, [68], and
phosphorus [69], where it is believed that lattice replacement doping could
open large bandgaps in the graphene sheet [70], [71].

1.3.2 2D Material Heterostuctures

By creating heterostructures consisting of layers of graphene with various 2D
monolayers it is possible to drastically alter the properties of the graphene
sheet. To this end various researchers have reported devices combining
graphene with MoS, [72) 73], WS, [74], WSe,y [75], phosphorene [76], and
many many other 2D materials [T, [78, [79)].

Another interesting application of heterostrucutres to mention is the en-
capsulation of graphene with hexagonal boron nitride [80, 8I]. This has
proved extremely useful in creating graphene devices as it has shown to
dramatically improve the graphene charge carrier mobility, and protect the
graphene from atmospheric adsorption. The increases to carrier mobility are
thought to come from the matching of the hexagonal boron nitride layer lat-
tice structure to that of the graphene, providing a near-perfectly matched
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lattice layer for the graphene to sit on and therefore minimising out-of-
plane structural deformations in the graphene and electrically insulating the
graphene from its surrounding environment.

Finally, it should be mentioned that graphene heterostructures do not
have to consist of materials other than graphene, in fact it has been shown
that by layering pristine graphene crystals on top of each other at specific
angular orientations reveals bizarre electronic effects which are not observed
in single layers [82] [83, [84].

1.3.3 Electrostatic Control

In the case of electrostatic gating [II, [85], a field effect (FET) is usually
employed, in which an electrically conductive substrate (shielded from the
graphene by a thin insulator layer) is held at a voltage bias with respect to the
graphene, thereby setting up an electrostatic field between the graphene and
the substrate (also known as the gate). In response to the electrostatic field
charge carriers will move within the graphene sheet (either injected or ejected
from the electric ground) in order to counteract the electric field created by
the gate. Graphene FET’s are often comprised of a graphene monolayer on
a conductive silicon substrate insulated by a thin silica layer ~ 100 - 300
nm, with applied gate voltages ~ 4+ 100 V achieving charge injections on the
order of 10¥em =2 charge carriers with Fermi level modulation of hundreds
of meV.

The electrostatic field created by the gate is determined by the dielectric
permittivity and the thickness of the insulator, where a low relative permit-
tivity and a high thickness result in weak electrostatic fields imposed on the
graphene. To enhance the gating effect and thereby reduce the operating
voltages of the device there have been various attempts reported to use ex-
tremely thin insulating layers with high values of relative permittivity, such
as Al,O3 [91,92] and HfO, [93] by atomic layer deposition which can achieve
few nanometer thick layers.

The FET configuration has proved extremely useful for investigating fun-
damental properties of graphene [1] such as the quantum Hall effect and the
observation of the Berry phase [94] however there are a number of limitations
to this approach. Firstly the shape and size of the electric gate must be per-
manently patterned during fabrication process which removes the ability for
reconfiguration of the device. Secondly, if multiple gates were required each
gate must be individually contacted to a voltage source, which requires empty
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Figure 1.5: (a) Representation of graphene on Si/SiOy field effect tran-
sistor with characteristic gate/current measurement [85]. (b) Laser written
photo-oxidation of pentacene leading to charge exchange with graphene sheet
[86]. (¢) Optically induced chemical doping of graphene from gasseous envi-
ronment [87]. (d) Writing of ferroelectric domains via AFM tip to spatially
tune MoSy layer [88]. (e) Raman spectroscopy map of graphene on period-
ically poled LiNbOs revealing spatial variation in Fermi level [89]. (f) Op-
tically induced volatile doping of graphene via pyroelectric effect in LiNbOs

[90]
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space left between the gates to pattern a complicated design of interconnect-
ing conductive tracks. Thirdly the field effect is volatile, therefore requiring
a persistent voltage which requires a continuous power source for the device
operation. Furthermore, the gate devices are often optically opaque due to
being comprised of metallic materials which hinders their use in optically
transmissive graphene based tuning elements. To overcome some of the lim-
itations of FET gating a number of light-assisted approaches have been put
forward.

1.3.4 Optical Control

Optical doping methods are in their infancy and are largely confined to labo-
ratory based demonstrations rather than practical applications. Many optical
methods have been presented, such as photo-oxidation of organic layers re-
sulting in non-reversible charge transfer [86] (Figure [1.5p). In this case Seo
et al. [86] demonstrate that their graphene sample starts as p-doped and can
be altered to n-doped by the chemical by-products of the photo-oxidation of
a pentacene layer. They demonstrate spatial resolution and write features of
a few microns in width. The charge carrier injection to the graphene is large
(7x10"2cm™2) and measured to be stable over a 30 day period however the
effect is non-reversible and always results in n-doping.

Photochemical effects have also been demonstrated [87,95] (Figure[L.5f),
where irradiation leads to exchange of dopants between the atmosphere and
graphene. The mechanism reported in these references is similar in both
cases, where graphene in a gasseous environment is chemically doped by
irradiation with a UV laser. By exposing the graphene to a nitrogen rich
environment and UV exposure the graphene can become n-doped, which can
then be reversed by a similar process in an oxygen rich environment. Both
publications report relatively long process times around 1 hour, however it is
not mentioned whether these times could be decreased by higher illumination
intensities. Igbal et al. [87] mention their process is capable of injecting
3x102em ™2 carriers and the effect is non-volatile, however for Wang et al.
[95] they mention only that their doping effect is stable when the graphene
is held in the gas environment. While this type of photochemical effect
is advantageous as it offers reversible behaviour it is a rather cumbersome
technique as it requires atmospheric control over process gasses which limits
the functionality of the device for remote actuation, and exhibits rather long
processing times.
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In addition, it has been shown that combining light illumination with
an electrostatic gate can lead to charge exchange between graphene and the
substrate [96], 07, [9§]. The doping mechanisms here rely on photoexcitation
of charge carriers within the dielectric which under the applied gate voltage
can be pushed over the potential barrier of the dielectric and be transferred
to the graphene. Once the carriers are on the graphene they no longer have
enough energy to re-cross the potential barrier and leave a net positive charge
in the substrate interface. Such processes are non-volatile yet can be reversed
by suitable application of the gate voltage to allow charges to overcome the
potential barrier and travel between the graphene and the substrate. These
photoexcitation mechanisms have been reported to create large carrier modu-
lation of 1 x 10" cm™2 with graphene on titanium oxide [96] and 3 x 10*2cm ™2
with graphene on boron nitride [97]. While these mechanisms are reversible
and do not require gasseous environments to operate they still utilise elec-
tronic back-gates which can cause additional fabrication issues. Further, the
dielectric layers demonstrated in these devices are of nanometer thickness
and as such they have a limited available charge capacity for their doping
mechanism as they rely on the graphene/dielectric interface rather than bulk
effects.

1.3.5 Ferroelectric Control

There have been various reports of attempts to use bulk ferroelectric sub-
strates to control the electronic properties of graphene. There are a number
of advantages to using ferroelectric substrates; the fields persist without the
application of a voltage bias which therefore reduces operational power con-
sumption; the ferroelectric dipole can be switched in direction allowing for a
bi-stable tuning of the graphene; ferroelectric domains can be spatially pat-
terned; ferroelectric dipoles often respond to external stimuli such as change
in temperature or pressure which allows for additional actuation methods.
In 2011 Song et al. [99] demonstrated graphene on a ferroelectric substrate
(lead zirconium titanate) where the ferroelectric dipole could be flipped by
application of a back-gate voltage, altering the conductivity of the graphene
to create a bi-stable memory device. Manipulation of ferroelectric substrates
via a biased AFM tip to create ferroelectric domains of arbitrary shape has
been demonstrated to locally control the electronic properties of graphene
[100] and MoS, [88] (Figure [1.5{); this method is useful as it allows for spa-
tially resolved domains to be written but is rather slow due to the scanning
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speed of the AFM tips. Periodically poled lithium niobate has also been
demonstrated to induce a periodic variation in the Fermi level of graphene as
revealed by mapping Raman spectroscopy [89, [101] (Figure[1.5k). By placing
graphene on lithium niobate electrical tuning by an optically induced strain
effect has been demonstrated which is attributed to the mismatch in expan-
sion coefficients of the graphene and substrate [102]. Further, by exploit-
ing the pyroelectric effect in which a temperature change causes a transient
change in the magnitude of the ferroelectric dipole the electronic properties
of a graphene layer can be tuned in a volatile manner [103], 90, 104] (Figure

5))
* Here 1 pause the discussion of graphene and 2D materials for the mo-

ment to introduce lithium niobate, a synthetic crystal with many interesting
optical properties.
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1.4 Lithium Niobate

1.4.1 A Brief History of Lithium Niobate

Since the first demonstration of the ruby laser in 1960 [105] there has been
significant interest in the use of ferroelectric crystals for beam modulation via
electro-optic effects. In the search for appropriate materials many novel crys-
talline compounds were investigated, however few of these have had such a
great impact on the field of optoelectronics as the synthesis of lithium niobate
due to its combination of ferroelectric, pyroelectric, piezoelectric, electro-
optic, photo-elastic, and photo-conductive effects [106]. The first growth of
lithium niobate is sometimes reported to come from Matthias and Remeika in
1949 [107] however this publication only appears to mention LiTaO3 growth
and its ferroelectric behaviour. Regardless of this slight mystery, by the
1960’s the knowledge of LiNbOj3 as a promising material for electro-optics
had lead to a multitude of groups growing and investigating the crystal, with
two well cited reports of large crystal growth emerging in 1965 from Fedulov
[108] in Russia and Ballman [109] in the United States. Since the early days
of research into lithium niobate a parasitic effect known as 'photo-damage’
was observed in which the crystals would experience a non-volatile change
in local refractive index in response to optical illumination intensity causing
unwanted defocusing and distortion of the beam [110]. Many attempts were
made to suppress the photo-damage effect by growing crystals with a range
of dopants such as Mg, Zn, In, and Sc [I11], however instead of viewing
the effect as an unwanted phenomena some researchers looked for ways to
use the photo-damage as a platform for optically written charge distribu-
tions which has lead to success in holography [112} 113, 114], nano-particle
trapping [115], [116], and liquid crystal alignment [117].

1.4.2 Physical Fundamentals of Lithium Niobate

The ferroelectric effect of LiNbOj is caused by a charge separation between
the lithium and niobium ions which creates a permanent electric dipole
aligned along a crystalline polar-axis denoted as the z axis (also referred
to as ¢ axis) [I06] as shown in Figure [I.6[(a) [II8]. Due to the symmetry of
the crystal lattice the z axis is also the optic axis; the lattice is uniaxial with
the remaining two orthogonal directions referred to as x and y axis which
are identical to each other in optical properties. Due to the direction of the
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Figure 1.6: (a) Unit cell of lithium niobate showing z axis orientation
determined by Li position within the lattice [118]. (b & c¢) Photorefractive

effect used for patterning of nanoparticles by creation of surface electric fields
in lithium niobate [119].
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ferroelectric dipole the z faces are labelled 4z and —z where the +z (-z) face
exhibits a net positive (negative) surface charge density when in the absence
of adsorbed atmospheric particles which tend to neutralise the net charge.
The direction of the ferroelectric domains can be reversed via application of
a large voltage difference between the two z faces to produce an electric field
higher than the coercive field which acts to shift the positions of lithium and
niobium ions within the crystal lattice. Spatially selective domain reversal
can be achieved by covering one of the polar faces with photolithographically
patterned photoresist to spatially modulate the applied electric field. In this
way the LiNbOj3 can be poled into multiple domains of arbitrary shape even
with sub-millimetre resolution [120]. LiNbOj exhibits a pyroelectric effect
in which the ferroelectric polarisation changes in magnitude as a function of
temperature due to thermal expansion of the lattice leading to an increase in
Li-Nb ion separation. LiNbOj also exhibits an electro-optic effect in which
an applied electric field creates an asymmetric electrostatic potential which
affects the motion of electrons in the lattice creating a change in refractive
index.

1.4.3 Origin of the Photo-Damage Effect

LiNbOj suffers from a photo-damage effect (also known as photo-refractive
and photo-conductive effect) in which Fe ion impurities in the crystal act as
photo-excitation centres, exciting electrons from interband defect states to
the conduction band, which then become free to migrate in the lattice [110].
Depending on their valence state these Fe impurities can act as donors or
acceptors of charge thus allowing for the recording of photo-induced charge
distributions in this material. The effect is capable of producing charge dis-
tributions of arbitrary shape, which are non-volatile yet able to be reversed
by further illumination or thermal annealing that equally redistributes the
separated charge carriers. The effect is not unique to Fe dopants; other
transition metals such as molybdenum and hafnium can be used [121], alter-
natively undoped crystals can also be used with UV or high intensity visible
illumination to access Nb antisites. Generally out of all these methods Fe
dopants are the most used as it is generally agreed Fe results in the largest
photo-induced electric fields. This charge migration effect is well documented
in Fe:LiNbO3 and can produce space charge distributions that are stable in
the dark for long periods of time (years) [122]. The response time of charge
migration is a function of illumination intensity [123] and can reach sub-ps
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time scales under pulsed illumination [124 [125]. Furthermore, the charge
migration effect can create charge distributions of sub-micron dimensions
[122].

1.4.4 Electron Migration Mechanisms

In the absence of an externally applied electric field there can be defined two
electron migration mechanisms, termed as drift and diffusion [126].

Drift The drift mechanism refers to motion of electrons in response to
electric fields. When an electron is excited into the conduction band within
the crystal it will experience a force along the ferroelectric dipole of the
lithium niobate which will drive the electron along the 42 direction. The
drift effect is usually used to create surface electric fields for the manipulation
of nano-object and liquids [I15].

Diffusion The diffusion mechanism is the result of non-uniform illumina-
tion of the crystal which creates a non-uniform distribution of free electrons
which through random scattering motion will diffuse within the crystal, be-
coming trapped in ’dark’ regions of the crystal. The diffusion effect is nor-
mally employed with illumination gratings and interference patterns to create
structured charge distributions within the bulk crystal for holography [112].

1.4.5 Electric Fields in LiNbOQOj;

Despite the relatively long duration of research into photorefractive effects in
lithium niobate the surface profile of the electric fields produced are still not
fully understood. The initial demonstrations of the photorefractive effect
employed bulk charge distributions to create holographic gratings; volume
charge densities create static electric fields between illuminated and dark re-
gions within the crystal which induce a change of refractive index due to
the electro-optic effect. This photorefractive behaviour is capable of creating
refractive index changes of An ~ 1072 which corresponds to internal electric
fields on the order of tens of kV/cm, and can be equated to internal vol-
ume charge densities of kC/m? [127]. Moving on from bulk to surface effects
there have been attempts to investigate surface charge profiles via the use
of atomic force microscopy (AFM). The AFM technique generally has had
limited success due to the electrostatic 'sticking’ of the tip to the substrate
as a result of the large fields created by the ferroelectric dipole and the pho-
torefractive effects, however there has been some achievements by measuring
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in a liquid environment to screen the tip from the electrostatic fields, which
allowed for imaging of the hexagonal lattice [128]. There are few publica-
tions on simulated photorefractive effects in Fe:LiNbO3 however the group of
Carrascossa have developed simulations of optically induced electron migra-
tion with lithium niobate which are coupled with experimental verification
from particle trapping measurements [129] [130]. The photorefractive effect in
Fe:LiNbOj3 has been shown experimentally to produce high strength electric
fields in the 100 - 250 kV /cm range [131), 119 132 133].

1.5 Motivation - 2D Materials on Photore-
fractive LINbOj;

In this thesis I propose the use of photorefractive lithium niobate as a plat-
form for the reconfigurable optical control of 2D materials, with a view to
creating adaptive electronic and plasmonic devices. Owing to the photore-
fractive effect I propose that lithium niobate can allow for optically created
charge distributions which could electrostatically tune a monolayer on the
surface of the crystal. This platform could have a number of advantageous
properties such as: non-volatility which would reduce the need for a persis-
tent voltage or illumination source; reversibility which would allow for any
changes to the monolayer to be undone at will; repeatability which would al-
low for rewriting of the charge distributions, and the spatially defined nature
of the effect allows for individual regions of the monolayer to be addressed by
simply directing the optical illumination to a specific region of the substrate.

In this thesis I demonstrate graphene on lithium niobate as a proof-of-
concept device and determine the strength of the doping effect and rele-
vant incident light intensities involved. This platform is not limited simply
to graphene as it may find richer application in 2D materials exhibiting a
bandgap thereby allowing for optically defined electronic interconnects, non-
volatile optical tuning of transistor devices and spatial control of spontaneous
emission frequencies. Monolayer graphene sheets are transferred onto lithium
niobate crystals. By illuminating the crystals with spatially non-uniform in-
tensity light the photorefractive electron migration creates a non-uniform
charge distribution in the LiNbOj substrate (Figure 6). Due to the elec-
trostatic interaction of the substrate with the graphene there will be an
injection of charge carriers (from an electric ground) into the graphene in or-
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Figure 1.7: Schematic of graphene on photorefractive lithium niobate.
(a) Graphene monolayer with metallic contacts on Fe:LiNbOs where the
Fe:LiNbOs beins with a uniform electron distribution. (b) Under optical
illumination electrons are excited within the Fe:LiNbOs and migrate within
the lattice; here I depict the diffusion mechanism in which electrons migrate
away from regions of high illumination intensity. (c) Once the illumination
source is removed the electrons with the Fe:LiNbOs are ’frozen’ in position;
in response to the electrostatic fields created by the Fe:LiNbOs substrate the
graphene experiences an injection of electrons from the ground to compen-
sate the fields. (d) Characteristic curve of resistivity against charge carrier
number, depicting how an increase in electron numbers results in a decrease
in electrical resistivity.
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der to counteract the photorefractive fields, which therefore alters the Fermi
level of the graphene and its electrical conductivity. By thermal annealing
of the lithium niobate it is possible to redistribute the charge carriers in the
substrate, which should reverse the optical doping effect, and allow for subse-
quent optical charge domains to be rewritten. Further, by employing struc-
tured illumination such as a grating it may be possible to periodically tune the
electrical properties of graphene in a spatially resolved manner. From these
properties of the photorefractive effect it would seem as if lithium niobate is
a tantalisingly versatile platform for controlling the electronic properties of
2D materials; this theme will be explored in the upcoming chapters of this
thesis.
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1.6 Thesis Structure

In this thesis I explore the use of lithium niobate to control the electronic
properties of graphene. By optically patterning regions of electric charge
density into lithium niobate the graphene experiences an electrostatic inter-
action which will modify the charge carrier number in graphene and therefore
alter its Fermi level. I present a variety of research streams investigating the
optical tuning of graphene to create adaptive electronic and plasmonic de-
vices. The work comprises of experimental and numerical investigations.
Due to the diverse nature of the research presented I leave an explanation
of experimental methods to be self-contained in each chapter where necessary.

Chapter 2 experimentally demonstrates the optical doping effect of lithium
niobate to tune the DC electrical resistivity of graphene. The optical doping
effect is shown to increase the resistivity of graphene nearly 3 fold which is
equated to a 0.3 eV shift in Fermi level and a charge carrier modification
of An ~ 5.5 x 102 em~2. This effect is reversed with thermal annealing to
return the graphene to its initial conditions, and the effect is shown to be
repeatable with subsequent illumination cycles.

Chapter 3 utilises the optical doping effect in combination with a metal-
lic metasurface which exhibits a plasmonic resonance at terahertz frequen-
cies. It is shown the optical doping effect can tune the plasmonic resonance
strength, achieving relative transmittance changes up to 35 % in an effect
which is shown to be non-volatile once the illumination source is removed.

Chapter 4 further investigates plasmonic effects via simulations of mono-
layer graphene covering a lithium niobate substrate. Optically defined peri-
odic regions of charge densities within the lithium niobate are used to define
a structured variation in graphene Fermi level via the electrostatic gating
effect. It is shown this periodic pattering is capable of sustaining plasmonic
resonances at terahertz frequencies in an optically defined system without
the need for permanent patterning of structures.

Chapter 5 provides a summary of the work presented and results obtained

in this thesis. Further, there is a discussion of future work which could be
undertaken to extend the research.
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Appendix A: A novel method for extracting THz TDS data is presented
in which internal reflections within a sample of lithium niobate are used to
self-reference the transmitted intensity, thereby removing the need for addi-
tional calibration measurements in air. It is shown this method is capable of
reducing the deviation in refractive index values as compared to the tradi-
tional air method.

Appendix B: Terahertz time domain spectroscopy measurements of lithium
niobate.

Appendix C: Optically driven volatile tuning of THz transmission through
lithium niobate.

Appendix D: Thermally driven volatile tuning of THz transmission through
lithium niobate.
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Chapter 2

Optical Tuning of Graphene
Electronics
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2.1 Introduction

Two dimensional materials offer great prospects for tuneable optoelectronic
devices however there currently exists a lack of methods to control the elec-
tronic properties of these materials in a spatially resolved and non-volatile
manner. Here I investigate the use of photorefractive iron doped lithium
niobate (Fe:LiNbO3) as a platform for the optical control of two dimensional
materials. As a proof-of-concept device I transfer graphene to lithium niobate
crystals and show how optical illumination can result in charge distributions
within the substrate which electrostatically interact with the graphene mono-
layer, resulting in a substantial 0.3 eV shift in Fermi level, which is shown to
be reversed under thermal annealing yet repeatable by subsequent illumina-
tion cycles. Based on the reported properties of the photorefractive effect in
lithium niobate this platform is expected to allow for spatial control where
individual regions of the 2D material can be locally addressed, and to be
optically reversible under uniform illumination. Despite testing the proof-of-
concept on graphene it is expected that this platform can be utilised with
a wide range of 2D materials, where the incorporation of materials such as
MoS; which exhibit an electronic bandgap could pave the way towards opti-
cally controlled transistors or even optically written electronic interconnects.

2.2 Graphene Electronics

Due to the unique electronic band structure of graphene [I] the linear dis-
persion relation centred around the Dirac point implies the density of states
will vanish at the Dirac point, or in other words the number of free charge
carriers will tend towards zero. As a result of this the Fermi level is extremely
sensitive to number of carriers [2], therefore by making small adjustments to
the number of carriers can create a large change in Fermi level (for example:
adding 10'? cm™2 carriers can change Er on the order of 100’s of meV). To
adjust the carrier numbers in graphene a field effect is usually employed, in
which a substrate (separated from the graphene by a thin insulator layer) is
held at a voltage bias with respect to the graphene, thereby setting up an
electrostatic field between the graphene and the substrate (also known as the
gate). In response to the electrostatic field charge carriers will move within
the graphene sheet (either injected or ejected from the electric ground) in
order to counteract the electric field created by the gate.

60



Gating of 2D materials in such a manner has a number of drawbacks
as: the gate is usually a uniform slab of material and therefore offers no
spatial resolution unless patterned into a complicated structure of individual
gates with individual electrical interconnects; the gate is not reconfigurable
as its geometry must be structured during fabrication of the device; the gate
materials are often not optically transparent which limits the operation of the
device as optical tuning elements. Further, gating with an electrical back-gate
is a volatile effect which does not remain once the voltage source is removed
and therefore requires persistent voltages in order to operate. To this end
it is advantageous to look for optically actuated non-volatile mechanisms to
spatially control the properties of 2D materials.

2.3 Graphene on Fe:LiNbO3; Mechanism

Here, I present an approach to optically control the electronic properties of
graphene in a non-volatile yet reversible manner by use of a photorefractive
iron doped lithium niobate substrate. LiNbOj exhibits a photorefractive
effect [3] in which Fe impurities in the crystal act as photo-excited charge
centres, supplying electrons to the conduction band which are free to migrate
in the lattice. Depending on their valence state these impurities can act
as donors or acceptors, thus by non-uniform illumination of the substrate
photoexcited electrons are free to migrate within the crystal lattice where
they become trapped in acceptor Fe™ sites creating a non-uniform charge
distribution which is stable at room temperature over long periods of time
(years) [4]. As described in Chapter 1 there are generally considered to be two
mechanisms responsible for inducing the migration of photoexcited electrons
which are the drift and diffusion effects. A schematic representation of the
device is shown in Figure [2.1] consisting of Fe:LiNbOj3 substrate covered with
monolayer CVD graphene and patterned with an array of metallic electrodes.
Upon illumination the substrate will experience a photorefractive effect in
which electrons migrate within the crystal, defining a non-uniform charge
distribution. In response to the fields created in the substrate a graphene
top layer will experience an electrostatic interaction in which the number of
charge carriers will be altered to compensate any electrostatic fields created
by the substrate.
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Figure 2.1: Diagram of optical doping mechanism depicts photoexcited elec-
trons in Fe:LiNbOs migrating away from the illuminated region to become
trapped in dark regions of the crystal resulting in non-uniform charge distri-
bution. In response to the electrostatic fields of the substrate the graphene will
experience an injection/ejection of charge carriers from the electric ground.

2.4 Experimental Methods

To demonstrate the optical gating of graphene requires fabrication of a device
which in the simplest case includes a graphene monolayer in contact with a
lithium niobate surface to induce a doping effect, and metallic electrodes with
which to electrically probe the graphene (depicted in Figure . Further to
this it is customary to pattern the graphene into strips to define a conductive
channel of known dimensions, and to pattern an array of electrodes into
either a 4 point’ or ’transition line method’ (TLM) configuration in order
to decouple the contact resistance and sheet resistance. By measuring the
electrical current across the graphene channel after successive illumination
periods I determine the change in graphene resistivity as a function of fluence.
Once the graphene shows negligible change in resistivity [ conclude that
the photorefractive effect has saturated and I reset the device by thermal
annealing to restore a uniform charge distribution. I repeat this cycle a
total of three times to investigate the repeatability of the mechanism. In
fact literature suggests the photorefractive behaviour of Fe:LiNbOj3 can be
repeated indefinitely [5].
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2.4.1 Device Fabrication

Monolayer CVD graphene grown on a copper substrate and transferred to
sacrificial polymer substrate is obtained commercially from Graphenea. The
supplier of the graphene states the graphene monolayer is inherently p-type
with a typical resistivity of 450 €2/sq and mobility of 3760 cm?/Vs mea-
sured for a graphene monolayer on silica-on-silicon wafer. From these pa-
rameters it can be deduced that the nominal charge carrier density of the
p-doped graphene is 3.7 x102e¢m~2. The graphene was transferred onto -z
cut Fe:LiNbOj3 (Fe content 0.1 weight %) in a wet transfer process as shown in
Figure[2.2] Metallic electrodes were fabricated via thermal resistance evapo-
ration of a Cr/Au layer (5/100 nm) with a shadow mask to partially obscure
sections of the substrate to create an array of electrode pads as shown in
Figure [2.3

The metallic electrodes were patterned with a varying inter-electrode dis-
tance as required by TLM to decouple the contact and sheet resistivity. The
crystal was a square of 10 mm side length with 1 mm thickness. The shadow
mask utilised the full 10 mm square area, patterning an array of 8 electrode
pairs with inter-electrode spacing (L) from 100 up to 450 pum. The width
of the electrodes (W) was 1 mm. It should be noted that a shadow mask
was used for this procedure instead of the traditional photolithography route
as the graphene is very sensitive to chemical contamination which can cause
chemical doping of the graphene, or even detachment of the graphene and
metal from the substrate due to aggressive solvents used in the photoresist de-
velopment process (see Figure and b). The graphene was not patterned
into channels; this was attempted however it provided many issues during
fabrication such as damage and detachment of the graphene. For future ex-
periments the device was mounted in a printed circuit board with electrical
contacts as shown in Figure (d) to allow electrical probing of the graphene
remotely and therefore reduced chances of damage to the graphene, however
for the experiments presented in this chapter the mounting technique had
not been developed.

Before illumination devices were thermally annealed in a convection oven
at 100°C for 24 hours. By heating the substrate electrons which are bound
at Fet? sites are released and become free to migrate within the substrate,
thereby reversing the optically induced fields and creating a uniform charge
distribution within the Fe:LiNbOs substrate.

63



Graphene on
PMMA

.

Vacuum chamber
103 mbar

IND

(g)

Acetone
1 hour

Figure 2.2: Depiction of the graphene transfer process from sacrificial poly-
mer substrate to lithium niobate. (a) The graphene on PMMA substrate is
floated in a beaker of water, (b) the lithium niobate substrate held with tweez-
ers is introduced from beneath, (¢) and scooped from underneath to catch the
graphene on the substrate surface. (d) Ezcess water is removed via the dry
nitrogen gun, (e) then the substrate is left to dry completely in ambient air
for 2 hours. (f) To promote adhesion the device is then held in a vacuum
chamber for 24 hours. (g) To remove the protective polymer coating the
graphene is soaked in acetone for 1 hour, (h) then IPA for 1 hour, (i) and
finally dried in nitrogen.
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Figure 2.3: Process flow chart for the creation of metallic contacts. (a)
The metallic shadow mask is placed onto graphene on lithium niobate sub-
strate. (b) The assembly is placed into the vacuum chamber of the evapo-
ration chamber and pumped down to 107° mbar. (c¢) Evaporated chromium
and gold are deposited onto the substrate surface in the pattern defined by the
shadow mask, creating an array of contacts.

2.4.2 Raman characterisation

Raman spectroscopy reveals many insights into the chemical and structural
properties of graphene sheets. Figure (a) reproduced from Ferrari et al.
[6] shows the Raman spectrum for pristine and defected monolayer graphene.
For the pristine monolayer there were two main peaks observed, the G peak
around 1600 cm™! and the 2D peaks around 2700 cm ™!, where the 2D peak
is roughly twice the height of the G peak. The 2D peak is an overtone of
the D peak, where the D peak is activated by defects however the 2D peak is
activated by phonons and therefore does not signify the presence of defects.
The G peak corresponds to an in-plane vibrational mode in the graphene.
For the defected graphene there are many extra peaks which are caused by
the defects. In Figure 2.5(b) reproduced from [6] the 2D peak is shown for
various number of graphene layers. It can be seen here that as the number of
layers increases the 2D peak becomes a convolution of multiple components
and forms a more complex shape. Therefore from the shape of the 2D peak
one can infer the number of graphene layers.

Raman spectroscopy was performed by Adam Lewis to characterise the
graphene layer after transfer onto the lithium niobate substrates, using a
632 nm laser source to probe the graphene with a 50x objective lens. The
Raman spectrum is shown in Figure 2.5{c) where the ratio of heights of
the 2D:G peak and the shape of the 2D peak is a characteristic sign of
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Figure 2.4: (a) Graphene surface after photoresist development reveals
detachment from surface. (b) Patterning of metallic contacts after lift-off
procedure show poor adhesion of metal to graphene surface. (c) Contacts
defined by shadow mask reveal no damage and good adhesion. (d) Photograph
of device (graphene on Fe:LiNbOs patterned with contacts via shadow mask
method) mounted into printed circuit board.
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Figure 2.5: (a) Raman spectrum of pristine and defected graphene showing
presence of defect activated D peak and overtones [6]. (b) Comparison of 2D
peak for varying number of graphene layers, where for multiple layers the 2D
peak becomes a convolution of multiple components [6]. (¢) Raman spectrum
of graphene purchased from Graphenea and transferred onto lithium niobate,

suggesting low-defect monolayer graphene.
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monolayer graphene [6]. The broad peak centred around 1750 cm™" is due to
photoluminescence of the Fe:LiNbO3 substrate in response to illumination by
the Raman spectrometer laser. Further it can be inferred from this spectrum
that the graphene purchased from Graphenea was relatively free of defects.

2.4.3 Electrical characterisation

An Agilent 4155¢ electrical parameter analyser is used in a two probe con-
figuration to pass a voltage (sweeping from -0.1V to +0.1V in 200 steps)
while measuring the current passing through the circuit. The transition line
method (TLM) [7, 8, @] is used to determine sheet resistivity; the method
requires an array of electrodes with varying inter-electrode spacing (each
assumed to have identical contact resistance R.). By measuring resistance
across a pair of electrodes (as shown in Figure 2.6h) the total resistance in
the circuit is the sum of two contact resistances and a graphene resistance
equal to the sheet resistivity p multiplied by electrode gap length L divided
by electrode width W.

R =2R.+ pL/W

By plotting the total resistance R against electrode gap length L the sheet
and contact resistances can be decoupled, where contact resistance is half the
value of the Y axis intercept and sheet resistivity is the gradient multiplied
by channel width W. A linear regression analysis is used to calculate the line
of best fit; the standard error of the gradient multiplied by W is used as an
estimate of the error in the sheet resistivity. All measurements are performed
in a cleanroom environment to ensure stable control over temperature and
humidity conditions.

2.4.4 Optical Illumination

To induce a photoresponsive effect in the Fe:LiNbOj3 substrate an illumina-
tion from the top surface of the device is provided by a broadband white
light source, delivering a power of 1 mW /cm? as measured at the surface of
the sample, in the wavelength range 400 - 800 nm. In Figure I present
the emission spectra of the lamp measured with an OceanOptics spectrome-
ter (OceanOptics USB4000-VIS-NIR) overlaid with an absorption spectra of
Fe:LiNbOj3 reproduced from [10]. It can be seen that the lamp emits a broad
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Figure 2.6: (a) Transition line method where metallic contacts with width
W are placed at increasing separation distances L for electrical current mea-
surements of graphene (b) Experimental procedure where graphene current is
measured in the dark with applied voltages of £ 0.1 V to determine resistiv-
ity. After measurement the graphene is illuminated for a 30 minute period at
1 mW/em?. This process of measurement and then illumination is repeated a
total of 10 times at which point the optical effect has saturated and the device
is thermally annealed to return the substrate to a uniform charge distribution.
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range of visible frequencies centred around 600 nm while the Fe:LiNbOj
crystal is mainly sensitive to wavelengths below 450 nm, so although a large
portion of the deposited energy will be ineffective (A > 600 nm) there is still
a significant portion of the emitted light which will induce a photorefractive
effect.

The device is illuminated for 30 minute periods, then with the illumi-
nation source switched off the electrical characteristics are measured in the
dark. This cycle of illumination followed by measurement is repeated un-
til there is negligible change measured in graphene electrical properties at
which point the photorefractive effect is assumed to have reached saturation,
and there should be no further electron migration in response to continued
illumination. This procedure is depicted in Figure [2.6{(b).

Intensity (a.u.)
S~
/

Fe:LiNbO; Absorption
Lamp Emission

300 400 500 600 700 800
Wavelength (nm)

Figure 2.7: Optical absorption of Fe:LiNbOs substrate reproduced from [10)]

overlaid with emission spectra of lamp used for illumination of graphene on
Fe:LiNbOs devices.
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2.5 Results and Discussion

To illustrate the optical gating of graphene on Fe:LiNbOj the device was illu-
minated and then measured intermittently, consisting of 30 minute illumina-
tion periods followed by electrical measurement in the dark. After 10 periods
of illumination and measurement the device is thermally annealed and the
whole cycle is repeated 3 times; this procedure is shown graphically in Figure
2.6(b). By illuminating the device from the top surface the opaque metal-
lic electrodes act as an illumination mask which can create a non-uniform
illumination pattern in the substrate and therefore drive the photorefractive
electron migration effect. The device is not illuminated while voltage is ap-
plied to exclude any effects from voltage induced drift of the electrons within
the substrate.

2.5.1 Resistance Measurements

The measured resistance is plotted against the inter-electrode spacing L. and
a straight line is fitted to the data, as shown in Figure [2.8(a) for three
values of electrode spacing. It can be seen that the current and voltage have
a linear relationship which suggests an Ohmic contact between the graphene
and metal stack. Further it can be seen that as the electrode spacing L
decreases the current increases. The resistance of the circuit is given by the
inverse of the gradient of the current-voltage line.

In Figure (b) the resistance is plotted against electrode spacing for
various illumination conditions. It is possible to decouple the contact and
sheet resistances from each other by using a least squares method to fit a
straight line to the data points, where the sheet resistance is given by the
gradient of the fitted lines multiplied by the width of the electrodes W.
The uncertainty in the contact resistance and sheet resistance is provided
by the uncertainty in the intercept divided by two and the uncertainty of
the gradient multiplied by W, as provided by the least squares method. The
graph shows that with each successive illumination period the gradient of the
line is increased, which suggests an increase of graphene resistivity, while the
vertical axis intercept is close to the zero point for each fitted line suggesting
the contact resistance is relatively small and unchanged by illumination.

Graphene resistivity is presented in Figure (C) plotted against fluence
delivered to the device. It can be seen from the figure the resistivity starts
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around 200 §2/sq and increases with each illumination period, finally reaching
a value of ~600 Q/sq. The initial change in resistivity is rapid however the
rate of change decreases as fluence increases. After a total fluence dose of
18 J/ecm? the changes in resistivity are negligible and the photorefractive
behaviour is assumed to have saturated.
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Figure 2.8: (a) Current against voltage plots taken for three electrode dis-
tances L, where the resistance can be deduced from the gradient of the line.
(b) Resistance plotted against electrode distance for four fluence doses. It
can be seen that after each illumination the gradient of the fitted line in-
creases suggesting an increase in resistivity. (c¢) Resistivity plotted against
fluence for 10 illumination and measurement cycles showing optically induced
mcerease 1n resistivity.
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2.5.2 Resistivity Cycles

Once the device has been illuminated to saturation (a dose of 18 J/cm?) the
device is reset by thermal annealing for 24 hours at 100 °C to redistribute
the charge carriers within the substrate. After the thermal annealing the
experiment is repeated by illuminating and measuring the device. A total
of 3 complete cycles are shown in Figure 2.9(a). The first cycle (consisting
of 10 illumination and measurement stages) is shown in red. After this first
cycle the device is thermally annealed to reset the charge distribution and
remeasured as shown in blue. It can be seen that after thermal annealing
the device returns to similar resistivity as the pre-illuminated values, and
upon further illumination the repeat cycles show a similar behaviour to each
other. For the third cycle there can be seen more fluctuation in the data and
perhaps some level of degradation due to damage of the gold contacts and
the graphene monolayer due to electrically contacting the device with needle
probes for every electrical measurement. Average resistivity of the three
illumination cycles is taken at each fluence dose and the errors propagated
forward as shown by the error bars in Figure[2.9(b). The resistivity p follows
an inverse exponential increase as a function of illumination fluence £ which
can be fitted by p = a(l — exp=F/7)) 4 ¢, where a = 373 Q/sq, Fy =
6.32 J/cm?, and ¢ = 231 Q/sq. This dependence suggests that the effect
saturates to a resistivity value of 604 2/sq reaching e~! of saturation value
at a fluence of 6.32 J/cm? (~ 2.6 fold increase from initial pre-illumination
values). The secondary vertical axis, to the right, in the plot of Figure 2.9(b)
provides the corresponding values for charge carrier density calculated from
the measured resistivity values, electron charge, and using a mobility value
of 3760 ¢m?/V's as characterised by the supplier of the graphene. Carrier
Number n is calculated from n = 1/eup. The graph indicates that the
carrier density decreases by a factor of ~3 (corresponding to a modulation
of carrier density ~ 5.5 x10'? cm™2) with increasing illumination.

2.5.3 Contact Resistance

Contact resistance is measured by the TLM results shown in Figure 2.§(b) in
which the contact resistance is given by half the y axis intercept of the fitted
line (using a least squares method) which also provides an estimate of the
uncertainty of the intercept value. Contact resistance is plotted against flu-
ence dose in Figure|2.10[which show no discernible relationship to each other.
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Figure 2.9: (a) Resistivity measured against illumination for a total received
dose of 18 J/cm?. After this cycle the device is thermally annealed to return
the substrate towards a uniform charge distribution. A total of 3 cycles of
illumination and annealing are presented. (b) Resistivity measurements for
all three cycles are averaged and fitted with an inverse exponential equation
to estimate the saturation value and time scale of the effect.
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The mean value of contact resistance is calculated to be 1.7 €2. From this re-
sult I can conclude that the resistance measured along the graphene/contact
circuit is largely attributed to the graphene (typical circuit resistance around
100 2) and that any change in this value which shows a relationship with il-
lumination can be attributed to changes in the graphene electrical properties
and not due to changes in the contact resistance.
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Figure 2.10: Contact resistance extracted from TLM measurements plotted
against fluence averaged over 8 illumination/anneal cycles. It can be seen
there 1s negligible change except due to noise and that these variation are all
within the uncertainty of the measurement as shown by the error bars.

2.5.4 Thermal Annealing

The thermal annealing of the device is investigated to determine the timescales
involved in the annealing process to reverse the photorefractive doping mech-
anism. The device is mounted onto a printed circuit board (PCB) which al-
lows for permanent electrical contact to one electrode pair. A thermocouple
is mounted onto the PCB close to the device to record temperature. The
device is placed into the oven which starts at room temperature, and then
quickly heated to 100 °C. The electrical conductivity of the graphene channel
and the temperature of the thermocouple are continually measured for the
duration of the annealing cycle.

Figure 2.11](a) presents the graphene channel resistance as a function of
time during the annealing cycle. It can be seen that the resistance starts
around 200 €2 and over the duration of the anneal cycle it tends towards a
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final resistance of 340 €2, reaching this final value after around 12 hours of
annealing, after which there is negligible change in resistance.

It can also be seen that at the start of the cycle there is a dramatic resis-
tance spike once the oven is switched on. This behaviour may be explained
by Figure 2.11|(b) which shows the resistance during the first hour, overlaid
with the oven temperature, and the rate of change of the oven temperature
(both plotted in arbitrarily scaled units for ease of comparison). The oven
temperature data sets are also shifted by 6 minutes delay to aid comparison,
which can be accounted for by the slow thermal response of the lithium nio-
bate which will lag behind that of the thermocouple. It can be seen that the
peak in graphene resistance mimics the rate of change of temperature in the
oven which suggests a transient temperature driven effect such as the pyro-
electric response in lithium niobate is the reason for the resistance spike [11]
in which electrostatic fields on the surface of the lithium niobate build up in
response to temperature changes, and slowly fade away once the temperature
has stabilised.

It is important to note here that the annealing behaviour appears in
opposite magnitude to the results presented in Figure (a) in which it
can be seen that illumination increases the resistance and thermal annealing
returns the resistance is its pre-illuminated values, however in Figure 2.11](a)
I show that annealing also has the effect of increasing the resistance. This
apparent contradiction may be explained by the fact that the measurements
were performed at high temperature so it is natural to assume resistance has
increased as compared to room temperature (according to a positive thermal
coefficient of resistance as has been observed [12]), and that once returned
to ambient conditions the graphene resistivity would again decrease.

2.5.5 Control Measurement

To determine that the optically induced resistance change observed here is in-
deed due to the lithium niobate substrate a control measurement is performed
in which a device consisting of graphene on silicon substrate with insulating
silica layer and identical electrode geometry is optically illuminated. Figure
2.12| presents results from this experiment in which it can be seen that while
indeed there is some variation in the graphene resistivity on silicon this effect
is far smaller than the changes observed on lithium niobate. The mechanism
responsible to the change in graphene resistivity on silica may be from either
thermally induced heating by the illumination lamp or from a charge mi-
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Figure 2.11: (a) Graphene resistance plotted against time while heated in
oven at 100 °C for 24 hours. (b) Graphene resistance during the first hour
of annealing overlaid with oven temperature and rate of change of oven tem-
perature in arbitrary units. The oven temperature and rate of change of
temperature measurements are shifted forward by 6 minutes to aid compari-
son.

gration effect within the substrate. Indeed it has been reported that optical
illumination of graphene on silica and other substrates can result in charge
migration from interface trap sites and defects which result in electrostatic
doping of the graphene [I3], 14], 15]. The measurements presented here re-
veal that the photoinduced changes to graphene on Fe:LiNbOg are ten times
greater than can are achieved on a silica on silicon substrate.

2.5.6 Error Analysis

There are a range of elements to discuss in this chapter which can contribute
to errors in the measured change in electrical properties. To determine resis-
tivity the TLM method is used in which an array of graphene channels with
varying length are measured and the graphene resistivity can be decoupled
from the contact resistance.

Current Measurements: The channel resistance is measured by ap-
plying a 0.1 V bias between two contacts with an Agilent 4155¢ parameter
analyser. Channel resistances were typically 100 2 or smaller, which would
impose a lower current limit of 0.2 A, which is well within the measurement
range of the equipment which is rated to measure down to the pA scale.

INlumination Intensity: The device is illuminated with a broadband
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Figure 2.12: Control test in which graphene on Fe:LiNbOs and graphene
on Si/Si0y are both illuminated and change in resistivity is measured, and
plotted against the absorbed fluence of the device. Linear fits are added to
both data sets, where the gradient for the lithium niobate device is around ten
times greater than that of the control device.

white light source which is measured to emit a power of 1 mW/cm? at a

distance equal to that of the substrate surface. A wavelength spectrum of
the lamp (Figure reveals a wide range of frequencies emitted however the
photorefractive effect is mostly responsive to wavelengths at and below 450
nm (blues and greens [16]) so a large part of the energy released by the lamp
is ignored by the lithium niobate. Therefore the actual energy deposited into
the crystal will be somewhat lower than the quoted values.

Graphene and Contact Uniformity: The TLM method relies on the
assumption that the graphene is uniform over the entirety of its surface,
and that all the contacts have identical resistance. Both these questions
are generally quite difficult to answer individually and it has been shown
that large area CVD graphene can indeed have non-negligible variations in
electrical properties over the surface [I7]. If both these assumptions were
correct then when one plots the channel resistance against channel length
there should be a linear relationship. Indeed when these are plotted for
example in Figure (a) it can be seen that generally there is a high degree
of linearity to the data, with some small variation. To quantify the variation
here a least squares method is used to fit a straight line to the data, where the
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uncertainty in the slope of the fitted line is used to determine the uncertainty
of the resistivity value. These uncertainties are carried forward into the
resistivity plots in Figure [2.8(a) and Figure 2.9 where it can be seen that the
measured change in resistivity is far larger than the uncertainty. The average
uncertainty in sheet resistance is 106 /sq, where the uncertainty value at
each fluence dose and at each repeat cycle is added and divided by the total
number of data points which is 30 (10 fluence doses with 3 repeats), while
the measured change in sheet resistivity is ~ 400 §2/sq.

2.6 Discussion of Photorefractive Mechanism

The experiments in this chapter have shown there is a clear relationship
between illumination of the device and the resistivity of the graphene, in
an effect which is non-volatile yet reversible and repeatable. This effect is
attributed to the photorefractive charge migration in the lithium niobate
which creates electric fields capable of inducing an electrostatic doping effect
within the graphene and alter the graphene charge carrier numbers.

Figure[2.13|depicts the influence of charge distributions in the lithium nio-
bate surface on the monolayer graphene. The figure presents an electrically
grounded graphene layer on the top surface of a lithium niobate substrate
which initially has a uniform charge distribution in the substrate. Upon il-
lumination if the central top surface of the substrate electrons migrate away
from the illuminated region and become trapped in dark regions, leaving be-
hind a positive charge distribution below the graphene sheet. In response
to this positively charged domain in the substrate the graphene will expe-
rience an injection of electrons from the electric ground to compensate for
the electrostatic field of the lithium niobate. Graphically, this increase in the
number of electrons in graphene can be depicted on the Dirac cone diagram
which plots Fermi level on the y axis with density of states (D.O.S) on the
x axis, which corresponds to the available number of charge carriers in the
material. As the graphene is assumed to be inherently p-doped (which means
holes are the dominant charge transport mechanism) an increase in electron
number means the number of charge carriers is reduced, which correlates to
a reduction in electrical conductivity of the graphene sheet.

From these experiments it is unclear what is the main driving force behind
the electron migration within the substrate (drift or diffusion). It is possible
the effect is caused by diffusion (Figure [2.14h) in which electrons migrate
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Figure 2.13: (a) Depiction of the initial state of the device consisting of a
lithium niobate substrate with an electrically grounded graphene layer on the
top surface. The lithium niobate initially has zero charge density. (b) As
electrons move away from the top surface of the lithium niobate in response
to optical Wllumination the top surface has a net positive electric charge. In
response to the positive electrostatic field created by the substrate the graphene
will experience an injection of electrons from the electric ground. (c) The
initial Dirac cone of the graphene layer is depicted for P-doped graphene.
(d) The final Dirac cone of the graphene shows that as the electron num-
ber increases the D.0.S (density of states) is reduced, thereby increasing the
electrical resistivity.
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Figure 2.14: (a) Diffusion mechanism in which electrons diffuse away from
regions of high illumination intensity. (b) Drift mechanism in which elec-
trons migrate towards +z polar face of lithium niobate due to the internal
ferroelectric dipole.

towards dark regions; in this case the electrons would migrate away from the
channel towards the dark regions underneath electrodes, which should create
a net positive field under the graphene channel. Another candidate is the
drift mechanism (Figure [2.14b) in which electrons are excited preferentially
along the +z axis. As the graphene is on the -z face this would also result in
a net positive charge under the graphene channel. Assuming the graphene is
initially p doped (excess holes) then creating a positive electric field in the
substrate would attract excess electrons to the graphene from electric ground
which would have a net effect of reducing charge carrier numbers and increase
resistivity as is seen in the experiments here. Both mechanisms (diffusion and
drift) therefore fit with this theory so it is unclear from this chapter which
mechanism is dominant. In Chapter 3 I investigate this further by creating
devices on both +z and -z faces of lithium niobate which suggests the drift
mechanism is dominant.

2.7 Conclusions

In this chapter I have investigated the use of photorefractive iron doped
lithium niobate as a platform for the optical doping of 2D materials. Graphene
on Fe:LiNbOj3 was illuminated via a broadband white light source achieving a
maximum increase in resistivity of ~370 Q/sq (~ 2.6 fold increase) which cor-
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responds to charge carrier density modulation on the order of 5.5 x 10'2/cm?
in the graphene sheet. The effect is shown to be reversed under thermal an-
nealing of the device however the doping effect can be repeated by subsequent
illumination cycles. By performing a control test in which a device consisting
of graphene on Si/SiOs it is shown that the doping effect on lithium niobate
is ten times greater than measured on the control device.

The experiments performed here utilise a broadband white light source
with low power, and as such the illumination times are rather long (hours)
however it it expected that the speed of this effect will scale with illumination
power. Also, here a thermal anneal is used to reverse the optically induced
charge distributions however literature suggests that this effect can be opti-
cally reversed by uniform illumination. Further, by replacing the graphene
with other 2D materials which exhibit an electronic band-gap it is expected
that such a doping effect could effectively switch a material from insulating
to metallic and thereby realise high on/off ratio optically actuated transistors
and electrical interconnects.
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Chapter 3

Optical Tuning of
Graphene-Metal Metasurface
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3.1 Introduction

Terahertz frequencies show potential for technological applications in a wide
range of areas such as spectroscopy of biological samples [T}, 2, 3], 4], detection
of concealed drugs and explosives [5] [0l [7], imaging of astronomical objects
[8,19], industrial quality control of semiconductor manufacturing [10} [11], and
broad bandwidth telecommunications systems [12, [13]. Despite this wide ar-
ray of applications there is currently a lack of optoelectronic devices for the
tuning of phase, amplitude, and polarisation of terahertz radiation. A va-
riety of techniques based on optical [14] [I5] [16], thermal [I7, 18], electronic
[19] 20, 21], and mechanical [22] 23] actuation have been developed for the
modulation of Terahertz radiation. Optical actuation methods generally offer
an advantage over other approaches in that they readily allow for individ-
ual regions of the modulation device to be addressed locally, although such
mechanisms are typically volatile and therefore require constant illumination
of the active devices. To this end it is advantageous to investigate routes
towards non-volatile optical control of THz tuning devices.

Here I present photorefractive iron doped lithium niobate (Fe:LiNbO3) as
a platform for optically controlled non-volatile tuning of terahertz plasmonic
devices. By combining a metallic metasurface with a graphene layer and
photorefractive substrate I demonstrate that tuning of the terahertz trans-
mission through the device can be controlled by optical illumination. The
effect is non-volatile in the dark however it can be reversed by thermal an-
nealing and repeated by further illumination. Owing to the properties of the
photorefractive substrate it should be possible to locally address individual
regions of the device optically, and also to allow for optical reversal of the
effect via uniform illumination, thereby creating an all-optical non-volatile
spatially resolved terahertz transmission tuning device.

3.2 Modulation of Terahertz Radiation

Optical: Early demonstrations of optical modulation relied on optically
excited charge carriers in bulk semiconductors [14], 15, 16, 24]. Under il-
lumination with a pump laser, electrons are excited from the valence to
the conduction band and consequently act as a free-carrier plasma inter-
acting strongly with THz radiation. Optical modulation by this method has
been demonstrated in silicon [14], [15, [16] and GaAs [16] where the resul-
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tant amplitude modulation is a broad band effect which decays on the order
of the charge recombination time of the semiconductor material (7s; ~100
ns, Tgaas ~1 ns). The effect has also been employed in combination with
structured illumination for wavefront shaping [24] (Figure [3.1) and tunable
plasmonic gratings [25]. Semiconductors have been combined with 2D ma-
terials to enhance the photo-absorption effects, where photoexcited carriers
within the semiconductor diffuse into the 2D material where they experience
a significantly higher mobility and therefore interact more strongly to ab-
sorb the terahertz radiation [26], 27]. Plasmonic: Metamaterials fabricated
on semi-insulating GaAs [28 29], silicon [30, 31}, 32, 33, 34] (Figure [3.1p),
and ErAs/GaAs [35], have been demonstrated where tuning of the substrate
dielectric properties affects the plasmonic resonance of the metamaterial ar-
ray. Further, the combination of 2D materials with metamaterials allows one
to tune metamaterial resonance through optical doping of the 2D material
136, 137] (Figure [3.1k). Phase change materials have also been demonstrated
as a platform for optically tunable plasmonic devices by tuning the dielec-
tric properties of the material, where the crystalline to amorphous transition
can be optically driven by a short intense pulse to raise the temperature
above the melt temperature, or reversed by a lower intensity long duration
pulse to reverse the phase change, however costly pulsed laser systems are
often required, and phase change mechanisms suffer from degradation due to
the repeated melt/quenching of the material which negatively impacts the
repeatability of the device [38, 39] (Figure [3.1d). None of the mechanisms
presented here are non-volatile except for the phase change materials; how-
ever the authors note their device suffers from degradation due to repeated
cycles [38, [39]. To this end it is advantageous to look for optically actu-
ated mechanisms which are non-volatile yet repeatable to tune transmission
of terahertz frequencies. Owing to the photorefractive properties of lithium
niobate which is able to sustain optically induced charge distributions in a
non-volatile yet rewriteable fashion I propose here that lithium niobate in-
corporated with graphene and a metallic metasurface can create an optically
tuneable device to control transmission of terahertz frequencies.

3.3 Experimental Methods

The device consists of Fe:LiNbOj3 substrate patterned with metallic resonator
array and covered with a sheet of monolayer chemical vapour deposition

87



(a) (b)

THz incident Reflected

J" ;
J
y
y

y
ulated
ulse

Photo-induced line grating

(c) (d)

]

Chalcogenide
Meta-switch

E

Figure 3.1: Controlling Terahertz Radiation: (a) Photo-induced grat-
ing on silicon [Z])]. (b) Metamaterial with semiconductor patch (red) in SRR

gap [32]. (c) Metamaterial combined with MoSy [37]. (d) Phase change ma-
terial coating on patterned metal surface [39].
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(CVD) graphene (Figure. Upon illumination it is expected that the pho-
torefractive effect in the substrate will modify the graphene electrical prop-
erties which therefore will alter the electrical losses in the plasmonic system.
The transmittance properties of the device were measured via terahertz time
domain spectroscopy (THz TDS) while under optical illumination. Experi-
mental results were compared to finite element simulations where the Fermi
level (Ep) of the graphene is tuned to fit to experimental results, thereby
gauging the optically induced modification to the graphene sheet achieved

by the Fe:LiNbOj3 substrate.

462 nm
irradiation

THz
probe pulse

Figure 3.2: Schematic of device consisting of metallic metasurface on
Fe:LiNbOs with graphene monolayer. Upon illumination from the blue laser
the photorefractive effect creates non-uniform charge distributions within the
substrate which electrostatically dope the graphene, thereby altering the losses
in the plasmonic system.

3.3.1 Fabrication

A range of devices were fabricated on iron doped lithium niobate crystal
substrates (Fe content 0.01 weight %) with a processing flow chart depicted
in Figure [3.3 The process of transferring the graphene to lithium niobate
substrates is identical to the explanation provided in the previous chapter.
An array of metallic resonators were defined by photolithography of AZ2070
photoresist followed by electron beam evaporation deposition of a Cr/Au
stack (5/100 nm). The geometry of the resonators was designed by Lewis
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Piper. Excess material was removed in a lift-off process in acetone to remove
any metal deposited on top of the photoresist. Care must be taken during
the photolithography procedure to achieve a good adhesion of the metal to
the substrate; Figure [3.4f(a) reveals a low adhesion due to a poorly cleaned
and dried substrate surface. Once the process parameters (such as exposure
and development time) have been optimised a high quality geometry can
be achieved (Figure [3.4p), which provides large scale coverage (Figure [3.4k).
Commercially supplied CVD graphene (grown on copper foil) was transferred
via sacrificial polymer substrate and layered on top of the resonator array
in a wet transfer process. After transfer of the graphene the device was
held under vacuum (107 mbar) for 24 hours to remove moisture under the
graphene layer and promote adhesion before the removal of the protective
PMMA layer via washing in acetone followed by isopropyl alcohol. Due to the
photo-responsive nature of the substrate, the devices were thermally annealed
in a convection oven at 100°C for 24 hours prior to any measurements in order
to thermally erase any non-uniform charge distributions within the substrate.

3.3.2 THz Time Domain Spectroscopy

THz Time Domain Spectroscopy was used to characterise the transmission
spectrum of the devices in the frequency range 0.1 to 1 THz. THz pulses
are created by the optical excitation of a voltage biased photo-conductive
antenna (PCA) via a pulsed femtosecond laser at 800 nm (Figure [3.5). The
laser (Spectra Physics Tsunami) is a Ti-sapphire laser which creates short
optical pulses with a typical length around 100 fs at a repetition rate of 80
MHz. The THz emitter used is Laser Quantum GMBH’s Tera-SED, and for
the detector a Menlo GMBA Tera8 detector is used. Due to the voltage bias
in the emitter the optically excited charge carriers are accelerated, creating
a transient current which evolves over picosecond timescales and therefore
emits a pulse of electromagnetic radiation at terahertz frequencies. The
detector works on a similar principle however instead of relying on a voltage
bias the incident THz pulse accelerates the optically excited charge carriers
which are measured by a lock-in amplifier as a current. The charge carriers
generated in the detector are short lived and so rely on the incoming optical
pulse to overlap in time with the incoming THz pulse. This is achieved by use
of an optical delay stage. Further, by oscillating the position of the optical
delay stage it is possible to intersect the short optical pulse with different
sections of the longer duration THz pulse to build up a temporal map of the
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Figure 3.3: Processing flow diagram of fabrication steps. (a) The graphene
covered substrate is washed in acetone, then IPA, then de-ionised water. (b)
the substrate is dried with nitrogen and then placed on a hotplate at 100 C
for & minutes to remove any remaining moisture. (¢) Photoresist (AZ 2070)
s spin-coated on the substrate by dropping with a pipette and ramping over 5
seconds to a speed of 6000 rpm and holding for 40 seconds. (d) the substrate
is heated on a hotplate at 100 °C for 1 minute. (e) 3.5 second exposure (75
mJ/cm?) in mask aligner. (f) Heating on hotplate at 100 °C for 1 minute.
(g) Develop in AZ762 for 80 sec. (h) Deposit metal in evaporation chamber.
(i) Remove excess material with acetone wash followed by IPA.
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Figure 3.4: Fabrication of THz Metamaterials: (a) Poor adhesion
of metal to lithium niobate after lift-off. (b) Optimised fabrication procedure
results in high quality geometry of structures, with geometry dimensions noted
in red, where the resonators are in a repeating square grid of 50 um. (c)
Large area coverage of resonators achieved with optimised process conditions.
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Figure 3.5: Diagram of THz TDS setup. A femtosecond pulse is emitted by
the 800 nm Ti:Sapphire laser which is split by the beam-splitter. One pulse is
sent to the emitter which creates a pulse of terahertz radiation, while the other
optical pulse is sent to the detector via the delay stage. The terahertz pulse is
collimated and focused onto the lithium niobate sample and then focused into
the detectors. The lithium niobate is illuminated by the 462 nm blue laser to
induce the photorefractive effect.

The components of the THz spectrometer are rated to emit and detect
radiation with a bandwidth from ~ 0.1 - 4 THz however in reality this is pre-
vented by the practicalities of alignment, laser pulse length, and atmospheric
absorption of the THz pulse. The strongest signals can be achieved through
air (in the absence of a sample in the beam path) which can generally achieve
a band-width from 0.1 -2.5 THz before falling to the noise floor, with a peak
signal-to-noise ratio around 50 dB. Once a crystal of lithium niobate is placed
in the beam path the THz pulse is strongly attenuated at high frequencies,
and the pulse has a band-width around 0.1 - 1.0 THz before hitting the noise
floor.

The devices are measured before, during, and after illumination, then
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the frequency domain spectra are normalised with respect to a reference
spectrum taken on with a lithium niobate substrate without metal array
or graphene. The normalisation process removes the effects of frequency
dependent emission of the PCA, propagation in air, propagation in lithium
niobate, and Fresnel reflections from the air/Fe:LiNbOj3 interfaces.

In Figure the raw, non-normalised, transmission spectra are plotted
for scans taken in air, through lithium niobate, and through lithium niobate
patterned with metallic resonators. It can be seen that for the transmis-
sion through air the signal extends beyond 2 THz, however once the lithium
niobate is introduced into the beam path the signal is attenuated at high fre-
quencies, reaching the noise floor around 1.4 THz. Due to the high absorption
of frequencies above 1 THz in lithium niobate the resonantor geometry was
designed to such dimensions that the first three resonances all occur below
1 THz and therefore can all be measured in the spectral region of highest
measurable signal.
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Figure 3.6: THz transmission spectra measured for air, lithium niobate
substrate, and resonators in two orthogonal orientations without graphene.
The transmission intensities do not include any normalisation factor. It can
be seen that for the transmission in air the THz signal extends beyond 2
THz however once the lithium niobate is placed in the beam path the signal
15 strongly attenuated and the bandwidth limited to 1.4 THz. For the two
orientations of the resonator structures there is the clear presence of three
absorption features between 0.2 and 0.6 THz.
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3.3.3 Device Illumination

The devices are illuminated from the top surface, which is covered with the
resonator array and graphene by a 462 nm fibre coupled diode laser at 25 mW
cm? collimated at the fibre output by an aspheric lens resulting in a 10 mm
beam diameter as shown in Figure 3.2l The laser is aligned on the device to
ensure the beam completely covers the region of the focused THz pulse; this
is achieved by using a metallic aperture of 3 mm diameter placed on the rear
surface of the device which is placed at the THz focus and visually overlapping
the laser beam with the aperture. For the duration of all experiments the
emitter, detector, and metasurface device are held in a light-proof box to
avoid ambient illumination of the device. Before illumination THz scans
are taken over a 20 minute period to gauge the drift in the THz system.
The device is then illuminated continuously for a 70 minute period while
measuring the THz transmission. The illumination source is then switched off
and the scans continue in the dark to observe whether any optically induced
transmission change is non-volatile.

3.3.4 Finite Element Analysis

A finite element analysis is performed in Comsol to investigate the effect of
varying the graphene Fermi level on the transmission spectrum of the res-
onator structures. The model consists of a unit cell 50 x 50 pgm in the x-y
direction; linearly polarised electromagnetic radiation is excited from a port
on the upper plane of the unit cell propagating downwards through 300 gm of
air then into a 1 mm thick slab of lithium niobate (depicted in Figure [3.7h).
The incoming port on the top surface of the air has an electric field wave
excitation wave which emits an electric field of 1 V/m uniformly over the en-
tirely measured frequency range. The choice of port excitation field strength
is arbitrary as, similar to the experimental measurements using the THz-
TDS, all transmitted fields are normalised to either transmission through
an unpatterned lithium niobate substrate, or a non-illuminated metasurface
device. Experimental values of the frequency dependent complex refractive
index of the substrate are used for the material properties as measured on my
LiNbOj crystals via THz TDS as presented in Appendix B. A gold resonator
structure is created on the air/lithium niobate interface and modelled to the
2 dimensional geometry of the photolithography mask (Figure [3.7p). The
permittivity values of the gold are taken from a Drude model [40]. Trans-
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mitted power is normalised against a simulation in the absence of graphene
and gold through a LiNbOj slab. The simulation is first performed in the
absence of the graphene layer to compare to experimental spectra before
graphene transfer. The graphene layer is then added to the simulated model
and the Fermi level of the graphene is modified in a parametric sweep to find
convergence with experimental results.

(a) (b)

port 1
25|
air 20_
15
10]
.
/ 0]
metasurface -5] X|
-107
-15] Y
LiNbO, -20]
25 -20 0 20
port 2
z |
X

Figure 3.7: (a) Side-view of unit cell showing air and lithium niobate slab.
(b) Top-view of unit cell with metallic resonator structure.

Modelling Graphene: Graphene is modelled as a 3D sheet of 5 nm
thickness covering the entire unit cell on top of the gold resonator, which
is similar to the fabricated geometry. A 3D wave equation model is ap-
plied to the graphene domain with the graphene material parameters defined
by permittivity. The frequency dependent conductivity and permittivity of
graphene can be represented by Equations and respectively, as a func-
tion of Fermi level E; [41], where 7 is the electron relaxation time given by
Equation 3.3] p is the charge carrier mobility (3760 cm?/Vs), e is the electron
charge, t is the graphene thickness (5 nm), and V; is the Fermi velocity (10°
cm/s).
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The DC conductivity is obtained by multiplying the frequency depen-
dent conductivity by (1 - iwr). The carrier number n is then simply given by
dividing the DC conductivity by electron charge and mobility. The formal-
isation of the frequency dependent conductivity in Equation takes into
account only the intra-band conductivity, while the inter-band conductivity
is ignored. This can be justified when one considers that for inter-band ab-
sorption the incident energy must be greater than 2E; where the energy of
a THz photon is ~4 meV (<2E;) and therefore the inter-band transition is
forbidden at such low frequencies.
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3.4 Results and Discussion

3.4.1 Resonators Before Transfer of Graphene

Transmittance:

The THz transmittance of the metallic metasurface on Fe:LiNbO3 is mea-
sured before the transfer of the graphene layer. The device is measured with
the metasurface at two orientations relative to the polarisation of the THz
electric field, either along (E || §) or normal (E || 2) to the split ring gap.
It can be seen that for the y orientation there is a pronounced resonance
peak at 0.22 THz followed by a broader peak around 0.65 THz which cor-
responds to the fundamental and third-order resonance, respectively (Figure
3.8R). In this orientation the system responds as a split ring resonator. For
the horizontal polarisation (E | #) there is a single resonance peak centred
around 0.45 THz which has a much broader resonance (Figure[3.8b). In this
configuration the system responds as a ring resonator.

Overlaid in the dashed lines are simulated transmittance spectra for an
identical metamaterial unit cell on lithium niobate substrate. It can be seen
that for both orientations there is good agreement between experiment and
simulation however for the ¢ orientation there is some deviation in trans-
mittance away from the resonance frequencies. The simulated results expect
sharper resonance peaks, which may be attributed to imperfections in the
geometry and quality of the metamaterial array which is produced during
fabrication.
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Figure 3.8: (a) Ezperimental and simulated transmittance spectra of res-
onators without graphene in § orientation, with resonances labelled (1) at
0.22 THz and (3) at 0.64 THz. (b) Ezperimental and simulated transmit-
tance spectra of resonators without graphene in & orientation, with resonance

labelled (2) at 0.48 THz.
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Simulated Field Maps:

Figures [3.9 and show simulated electric and magnetic field
maps at a plane 5 pum above the metasurface without graphene. Figure
[3.9] investigates resonance 1 in the ¢ orientation at 0.22 THz, Figure [3.10
investigates resonance 2 in the Z orientation at 0.48 THz, and Figure [3.11
investigates resonance 3 in the ¢ orientation at 0.64 THz.

The absolute electric field |E| is the absolute value of the Z, g, and Z com-
ponents of the electric field which reveals where the regions of high electric
field exist. In the case of Figure[3.9(a) it can be seen that there is strong elec-
tric field in the gap of the split ring. The absolute of the Z component of the
electric field | E'z| relates to regions of high charge density in the metasurface,
where regions of high charge density result in electric field lines pointing in
the 2 direction. From Figure 3.9(b) it can be seen that the regions of high
charge density exist at each side of the split ring gap and are largely confined
to within the metallic resonator. The confinement here is expected as the
material surrounding the metallic resonator is not conductive and therefore
should not contain significant charge densities.

To further investigate the regions of charge density it is useful to plot the
real part of the Z component of the electric field E;. As the real part of E,
oscillates in time it must be multiplied by an arbitrary imaginary component
in order to see how the signs of the charge densities vary over the cycle.
In Figure 3.9(c) it can be seen the charge densities have similar magnitude
to the absolute values however the lobes on each side of the split ring gap
have opposite signs. This can be understood as two regions of high charge
density with opposite signs (i.e. a positive and negative lobe) which will
oscillate between positive and negative sign. These regions of charge density
with opposite sign will create electric fields between them which will result
in currents between the lobes of the electric field.

To infer the electric currents in the metasurface the absolute parts of the
magnetic field are plotted. In Figure [3.9(d) I plot the absolute part of the
¢ component of the magnetic field |Hy | which is related to electric currents
travelling in the Z direction. From this map it can be understood there is
a region of high current density travelling in the & direction along the lower
arm of the resonator structure. A similar analysis can be performed with
the  component of the magnetic field with corresponds to electric currents
travelling in the Z direction as shown in Figure [3.9(e). From there field
maps of magnetic field it can be understood that electric currents run down
the sides and along the lower arm of the resonator structure, confined to
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within the metallic region. The direction of the currents matches to the
interpretation of the charge density regions which confirms that this is the
fundamental resonance mode.

Similar analysis can be understood for resonances 2 in Figure [3.10] and
3 in Figure |3.11] which reveal they do indeed correspond to the second and
third order resonances respectively.
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Figure 3.9: (a-e) Simulated field maps for resonance 1 in g orientation at
0.22 THz which reveal two regions of high charge density connected by one
region of current, therefore demonstrating the first order resonance mode.
(f) Experimental and simulated resonance spectra.
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Figure 3.10: (a-e) Simulated field maps for resonance 2 in & orientation
at 0.48 THz which reveal three regions of high charge density connected by
two regions of current, therefore demonstrating the second order resonance
mode. (f) Experimental and simulated resonance spectra.
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Figure 3.11: (a-e) Simulated field maps for resonance 3 in y orientation
at 0.64 THz which reveal four regions of high charge density connected by
three regions of current, therefore demonstrating the third order resonance
mode. (f) Experimental and simulated resonance spectra.
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Metasurface With Graphene:

In Figure [3.12]1 plot the transmittance spectra measured in the g and &
orientations for the metasurface before and after the transfer of graphene. In
all cases it can be seen that once the metasurface is covered with graphene
the resonance peaks are strongly damped, becoming weaker and wider. It
is also noticed that the resonance peaks appear to become red-shifted to
lower frequencies with the transfer of graphene. For the simulated spectra
the Fermi level of the graphene is modified to achieve a good agreement with
the experimental data. For the ¢ orientation the Fermi level is set to 0.175
eV while for the & orientation the Fermi level is set to 0.170 eV.

The simulated data are fitted to the experimental results by use of a
Mean Squared Error (MSE) approach in which the square of the difference
between experimental and simulated results is summed over the frequency
domain and divided by the number of discrete frequency elements to quantify
the quality of the fit, and define which initial Fermi level provides the best
fit to experimental data. In Figure the MSE is plotted against graphene
Fermi level, where the inferred initial Fermi level is obtained at the minimum
MSE value.
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Figure 3.12: (a) Experimental and simulated transmittance spectra of meta-
surface with and without graphene in y orientation for resonances 1 and 3.
(b) Ezxperimental and simulated transmittance spectra of metasurface with
and without graphene in T orientation for resonance 2.
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Figure 3.13: Mean Squared Error (MSE) between simulated and experimen-
tal results plotted against varying graphene Fermi level for the § orientation
suggests the graphene has an initial Fermi level of 0.175 eV.

3.4.2 Photorefractive Changes to Resonators in y Ori-
entation with Graphene

Figure shows experimental and simulated spectra for the graphene cov-
ered device measure in the ¢ orientation in the dark and then after illumi-
nated with the 462 nm laser source which reveals photo-induced changes to
the resonance spectra.

Figure[3.14[a) plots the normalised transmittance before and after illumi-
nation. The resonance peaks are fitted with Lorentzian functions to extract
the corresponding linewidth, resonance frequency, and Q factor. Upon illu-
mination there is damping of the resonant peaks where the FWHM of the
peak at the fundamental resonance 1 (at 0.22 THz) is increased from 228
to 253 GHz, resulting in a QQ factor decrease from 0.85 to 0.72, while at the
third order resonance 3 the FWHM increased from 358 to 387 GHz resulting
in the  factor decreasing from 1.75 to 1.61 as the Ohmic losses are increased
due to the optical doping effect induced by the substrate. Overlayed to Fig-
ure [3.14(a) are simulated transmission spectra, where the graphene Fermi
level is modified from 0.175 to 0.195 eV. There is generally a good agree-
ment between the shape of the experiment and simulation except for the low
and high frequencies in which there is some deviation; low frequencies are
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very sensitive to phase errors in the THz TDS and diffraction due to the
large wavelength, while high frequencies suffer from low signal to noise ra-
tios. Figure [3.14|(b) plots the same experimental data set where the spectra
have been normalised to transmittance before illumination. Two peaks can
be observed which correspond to the resonant absorption frequencies at 0.22
and 0.65 THz, where the maximum increase in transmittance reaches up to

15%.
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Figure 3.14: (a) Transmittance for vertically polarized (E || §) THz before
(blue) and after (red) illumination (solid lines) overlayed with simulated re-
sults (dashed lines) for graphene Fermi levels of 0.175 eV (blue) and 0.195
eV (red). The experimental spectra are averaged over the “Laser On” and
“Laser Off” periods (see panel (c)). (b) Ezperimental (solid) and simu-
lated (dashed) relative transmittance normalised to the transmittance before
illumination. (¢) Transmittance as a function of frequency and time. The
transmittance is constant before illumination, however once illuminated there
1S a rapid change in transmaission spectra which remains once the illumination
source is removed. (d & e) Simulated change in electric field after illumi-
nation due to photoinduced change of graphene Fermi level at 0.22 (d) and
0.65 THz (e).

In Figure [3.14|c) frequency dependent transmittance values are plotted
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in a colour map as a function of time (on the y axis). All transmission values
are normalised with respect to the “dark” values. The colour map shows that
in the first 20 minutes, while the laser is off, the THz transmittance through
the device is stable in dark ambient conditions, however once the 462 nm
laser source is switched on there is sudden change in transmission localised
to two distinct frequency bands around 0.2 and 0.6 THz. After the laser
is switched off however it can be seen from the graph that these optically
induced effects persist even in the absence of illumination highlighting the
non-volatile nature of the mechanism.

Figures[3.14{d) & (e) plot the simulated change in electric field in a plane
situated 5 pum above the resonator surface for the fundamental (0.22 THz)
and third order (0.65 THz) resonance, where the absolute values of electric
field after illumination are subtracted from before illumination, and presented
as a percentage of the absolute incident electric field. It can be seen that
for the fundamental resonance at 0.22 THz there is a decrease in the electric
field by ~ 1 % located in the gap of the ring. For the third order resonance
at 0.65 THz there is a localised increase in the electric field in the gap while
the field maxima at the two opposite corners show a decrease in electric field,
consistent with an increased loss in the system.
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3.4.3 Photorefractive Changes to Resonators in £ Ori-
entation with Graphene
Figure [3.15] presents the spectral response of the hybrid graphene metasur-

face measured in the Z orientation which corresponds to a ring resonator
configuration.
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Figure 3.15: Transmittance measured with horizontally polarized (E | &)
THz before and after illumination (solid lines) overlaid with simulated results
(dashed lines) where graphene Fermi level is modified from 0.175 to 0.195
eV. (b) Ezperimental and simulated transmittance normalised to the spectra
before illumination. (c) Transmittance versus time colour map. (d) Simu-
lated change in electric field after illumination due to photoinduced change
of graphene Fermi level.

In Figure[3.15|(a) it can be seen that the absorption peak centred around
0.45 THz is dampened after illumination of the device, where the FWHM
(obtained by Lorentzian fitting) of the resonance peak increases from 590
to 630 GHz, resulting in a ) factor decrease from 0.78 to 0.73. For use in
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a practical device it is important to investigate the absolute transmittance
change (non-normalised) which can be achieved by this tuning mechanism.
At 0.45 THz the transmittance change is relatively low as the largest effect
occurs at the resonance frequency where transmittance is at a minimum, and
therefore the modulation depth at 0.45 THz is 1% in response to incident op-
tical energy of ~20 J/cm?, as shown in Figure m(a). Figure presents
relative transmittance changes where it can be seen that at the resonance
peak around 0.45 THz the optical doping effect results in a transmittance
increase of 35 %. Simulated data is fitted to the transmission spectra where
a graphene Fermi level change from 0.175 to 0.195 eV provides a good agree-
ment with experimental data, which relates to a charge carrier modulation of
8.2 x10' /em?. The simulated spectra shows a similar shape to the experi-
mentally measured resonance however the central frequency of the resonance
peak is offset by ~ 45 GHz, which may be attributed to differences between
the modelled resonator and the actual fabricated geometry, and differences in
the refractive index of the deposited gold layer. It is interesting to note here
the carrier numbers calculated are around 10 times smaller than reported
in Chapter 2, which may correspond with the 10 times lower iron doping
content in the lithium niobate crystals used here.

The colour map in Figure plots frequency dependent transmittance
against time, normalised to the transmittance before illumination. From the
figure it can be seen that the system is initially stable in the dark however
once illuminated there is an abrupt change in transmittance centred around
the resonance frequency at 0.45 THz, while at larger wavelengths there is
negligible change. Furthermore the figure shows that once the illumination
source is removed the effect remains in the dark which highlights the non-
volatilty of the photorefractive doping effect.

The electric field map in Figure m(d) presents change in electric field,
where the absolute electric field values after illumination are subtracted from
field values before illumination, and normalised as a percentage of the field
incident on the sample. It can be seen from the electric field map that as the
graphene Fermi level is increased there is a drop in the electric field magnitude
at each end of the resonator as would be expected from the direction of the
electric dipole.
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3.4.4 Device Repeatability

Multiple cycles of illumination followed by thermal annealing of the device
are presented in Figure , where the transmittance at two frequencies (on
resonance, and off resonance) are plotted against time. All transmittance
values are normalised with respect to transmittance before illumination. As
the device is illuminated the transmittance at 0.45 THz (at resonance) in-
creases with an exponential type trend, however far from the resonance (0.80
THz) there is negligible change in transmittance. After the 22 minute illumi-
nation period the device is thermally reset to restore the device to a uniform
charge distribution. This cycle of illumination followed by thermal annealing
is repeated a total of three times. An inverse exponential trend is fitted to
each cycle. The graph highlights there is some degree of degradation of the
device over the repeat cycles. This may be caused by atmospheric doping of
the graphene where either charged particles from the atmosphere or moisture
are attracted to the graphene surface and cause a doping effect. This could
be avoided by either holding the device in a vacuum or inert environment, or
by encapsulation of the graphene with an insulator such as hexagonal boron
nitride.

3.4.5 Investigating the role of LiINbOj3; Ferroelectric Dipole
in Photodoping Mechanism

Figure presents experimental results for two devices (graphene covered
metasurface on -z substrate and +z substrate) measured in the & orientation
to investigate effects of lithium niobate ferroelectric axis direction. All scans
during the illumination period are averaged and divided by the spectra before
illumination to normalise the transmittance values. It can be seen that for
the -z device there is a transmittance peak around 0.5 THz with a trough
centred around 0.2 THz, both changing transmittance by around +10%,
however for the +z device it can be seen there is a peak around 0.2 THz and
a trough around 0.55 THz. The peaks and troughs are of opposite sign yet of
nearly equal magnitude for the plus and minus z devices. It can be reasoned
that if the graphene layer around the resonators increases its conductivity the
resonance peak would be expected to becomes broader and shallower, while if
the graphene conductivity decreases the resonance peak would be expected to
become sharper and deeper. Therefore it can be argued that when graphene
of the +z face of the substrate is illuminated the graphene conductivity is
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Figure 3.16: Transmittance (and modulation depth) at 0.45 THz (circles)
and 0.80 THz (diamonds) measured in the & orientation are plotted against
time while illuminated for three repeat cycles of illumination followed by ther-
mal annealing.

decreased, while for the -z face the graphene conductivity is increased. These
results suggest that with the competing mechanisms of photoconductivity it
is the drift effect (which excites electrons preferentially along the +z axis)
which is making the main contribution compared to diffusion (migration from
regions of high to low illumination intensity).

3.4.6 Control Experiment Without Graphene

The results of a control experiment are provided in Figure [3.1§ where the
transmission through a device consisting of resonators measured in the Z
orientation without graphene is presented. The colourmap in Figure [3.18(a)
reveals that although there is some variation in transmission there is no
discernible relation to the laser illumination. It can be seen that at the reso-
nance peak frequency around 0.46 THz there is some amount of transmission
decrease however again this process is present from before the laser illumi-
nation and may be attributed to drift in the system. In Figure 3.1§(b) I
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Figure 3.17: Optically induced transmittance changes for two devices mea-
sured under illumination with horizontally polarized (E || #) THz ; one with
array patterned on the +z face, and one device patterned on the -z face. Re-
sults show the change in transmittance is of equal yet opposite magnitude for
the £z faces, suggesting the graphene conductivity change is dependent

on the polarity of the £z faces of the substrate.

plot the transmission spectra averaged for before, during, and after laser il-
lumination normalised to the transmission through a sample of unpatterned
lithium niobate. From this figure there is no noticeable behaviour however
when normalised to the transmission before illumination (as shown in Fig-
ure [3.18¢) it can be clearly seen that there is some degree of transmission
change around the resonance frequency. Far from the resonance frequency it
appears as if the transmission decreases uniformly over time which may be
attributed to a drift in laser power. By comparing the result in panel (c) to
that in panel (a) it can be seen that this transmission change at resonance
frequency is not related to laser illumination. Although the photoconductive
effects of the substrate creates free electrons within the Fe:LiNbOj crystal
these are of such low numbers due to the low illumination intensity that they
have no measurable effect on the transmission. Furthermore if any change
was observed it would be a transient effect which would disappear once the il-
lumination source was removed [42]. It could also be argued that due to the
non-volatile electron migration associated with the photoconductive effect
that an optically induced change in electron distribution may (through the
generation of internal electric field and subsequent change in refractive index)
result in a change of transmission, however again if this effect is present it is

114



certainly far below the measurable reaches of my spectroscopy setup.
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Figure 3.18: THz transmittance spectra for ring resonators on -z Fe:LiNbQOg
without graphene as a control experiment. (a) The colour map shows that
despite some drift in the system there is no relation to the laser on/off times.
(b) Transmission spectra normalised to lithium niobate substrate. (c) Trans-
mission spectra normalised to resonator device before illumination.

3.4.7 FError Analysis

To determine the errors involved in a THZ TDS result is a rather complicated
issue as there are many components involved in the spectrometer system such
as the photoconductive antenna (PCA), lock-in amplifier, delay stage, etc,
all of which will introduce various levels of uncertainty into the system.
The strength of the THz electric field can be calculated by Electro-Optic
Sampling (EOS) [43], 44] in which the THz beam and an optical probe beam
both pass co-linearly through an electro-optic crystal such as zinc telluride;
this crystal is generally favoured for electro-optic detection of THz pulses as
it exhibits a strong electro-optic coefficient while also achieving a low velocity
mismatch between the THz pulse and optical probe pulse, which allows the
two pulses to propagate in the crystal together [45]. With accurate knowl-
edge of the electro-optic coefficient on the crystal (e.g. zinc telluride) the
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strength of the incident THz electric field can therefore be deduced. How-
ever, in the experiments performed here the absolute energy at the detector
was not calculated, and instead all measurements are quoted in reference to
normalisation scans taken through air. To assess the errors involved here
I will aim to describe the experimental limitations of the relevant pieces of
hardware which contribution to variations in the system.

Time Domain Step Size: The minimum step distance used determines
the range of frequency features which are able to be calculated from the time
domain data. As the mechanical delay stage oscillates data is continually
collected and split into 1024 bins over a 50 ps range which gives a time
step of 0.049 ps. The spatial resolution of the equipment quoted by the
manufacturer is +4 fs which is one order of magnitude smaller than the bin
size. By multiplying the bin size by the number of spatial points used in the
Fourier transform and taking the reciprocal I obtain the step in frequency
which is achieved which is 0.32 GHz. To put this number into perspective
the width (FWHM) of the smallest resonance line measured is ~ 0.1 THz
which would provide over 300 data points to plot the shape of the feature in
the frequency domain, which is therefore more than adequate.

Laser Stability: By far the largest source of uncertainty in the THz
TDS is the fluctuation of the Ti:Sapphire laser which has been measured in
my group to vary by £5% over a period of several minutes. This effect is es-
pecially a problem if an air reference is taken and then sample measurements
are taken over a long period of time, as is the case here. To investigate this
effect one should refer to Figure in which the transmittance at 0.45 and
0.80 THz is plotted for the ring resonator configuration, where 0.45 THz cor-
responds to the resonant frequency of the plasmonic system, while 0.80 THz
is far from the resonance, where it is expected that there should be negligible
transmittance change in response to optical illumination. By analysing the
average transmittance value off-resonance it is seen the average transmit-
tance is 0.989 +0.013, as calculated by taking the mean of the 28 data points
and the standard deviation. This analysis method can also be applied to the
control experiment presented in Figure [3.18 which measures transmittance in
an illuminated sample without graphene over a 100 minute period, collecting
over 400,000 data points which reveals an average normalised transmittance
value of 1.013 £ 0.023. Therefore I can set a lower limit on the transmittance
value accuracy of £0.023, which is around one order of magnitude smaller
than that of the changes measured via the optically induced effects.

Finite Element Analysis: Quantifying the errors associated in the fi-
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nite element analysis would be a rather convoluted problem to address how-
ever it could be assumed that the most uncertain part of the process happens
when the simulated results with varying graphene Fermi level are compared
to the experimental results. The process was performed by overlaying the
experimental and simulated transmittance spectra for a range of Fermi level
values on the same graph and visually determining the best match, espe-
cially looking for matching spectra around the resonance frequencies. The
Fermi level was swept in steps of 10 meV, where the inferred changes in the
graphene were 20 meV for the y orientation and 30 meV for the Z orienta-
tion. The inferring of the Fermi level values is therefore rather vague and the
values should not be relied upon, however what can be clearly realised from
the simulations is the direction of the Fermi level change.

3.5 Conclusion

In this chapter I have demonstrated non-volatile optical tuning of terahertz
frequency transmittance through a metasurface device. The device consists
of a metallic resonator array sandwiched between monolayer graphene and a
photoresponsive Fe:LiNbOj3 substrate. By illuminating the device with a 462
nm laser the lithium niobate substrate undergoes a photorefractive effect in
which electrons migrate within the crystal creating regions of non-uniform
charge density. In response to these electrostatic fields created by the sub-
strate the graphene will experience a modulation of charge carrier numbers
which alters the graphene electrical conductivity and therefore alters the
losses in the metasurface. The effect is capable of producing up to ~35% rel-
ative transmittance changes in the device at the plasmonic resonance peak
in an effect which is non-volatile yet reversible under thermal annealing. By
simulating the device with a finite element method and matching experimen-
tal to simulated results I determine the photoresponsive substrate is capable
of shifting the Fermi level of the graphene monolayer corresponding to a
charge carrier injection of 8.2x 10 ¢m™2, which corresponds to a resistivity
decrease from 780 to 660 Ohms/sq.

To further investigate this effect it would be advantageous to incorporate
an electrical topgate which could bring the graphene close to its Dirac point
where the Fermi level is most sensitive to changes in carrier density. Further,
by insulating the graphene with hexagonal boron nitride it may be possible to
enhance the graphene mobility which could allow for sharper resonances and
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therefore larger photoinduced changes to transmission spectra. The boron
nitride encapsulation could also reduce degradation of the graphene by pre-
venting atmospheric adsorption. Another route of investigation here would
be to attempt optical erasure of photo-induced doping effects which could
allow for faster operation of the device, taking the erasure time from hours
down to minutes or even seconds if the power can be scaled sufficiently high.
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Chapter 4

Optically Defined Graphene
Plasmonics
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4.1 Introduction

Graphene plasmonic devices show great potential for a wide range of appli-
cations where the inherent ultra-high mobility values [I], extreme plasmon
confinement [2, [3], and tuneable Fermi level [4] render graphene to be a highly
adaptive platform for plasmonic resonance devices [5]. The dependency of
plasmonic resonance frequency on Fermi level can be derived from a Drude
model, where due to the massless nature of the charge carriers the plasma
frequency depends not on the effective mass but instead on the Fermi level,
and has been shown to be tuned by controlling the Fermi level through gat-
ing the graphene [6]. Due to high mobility values of graphene plasmonic
resonances can reach into terahertz frequencies [6] and beyond into infra-red
[7, ] frequencies.

Graphene plasmonic device with patterning of the graphene have been
fairly well investigated and demonstrate some degree of tuning, however such
devices are not truly reconfigurable as they rely on permanent structuring of
the graphene into resonator geometries. On the road towards reconfigurable
devices there have been several theoretical investigations which suggest that
continuous graphene sheets with periodic carrier density modulation are ca-
pable of sustaining plasmonic resonances however there are limited platforms
to achieve such doping profiles in a reconfigurable fashion.

Here T propose that graphene on photorefractive lithium niobate could
act as the necessary modulation method by optically defining charge distri-
butions within the lithium niobate to spatially modulate graphene carrier
density. If such a device can be realised experimentally it would enable res-
onator geometries to be patterned simply by structured optical illumination
of the device, creating non-volatile doping of the graphene which could be re-
versed by uniform illumination of the substrate, allowing resonator structures
to be created and redefined at will.

4.2 Graphene Plasmonics

There are generally two paths taken when employing plasmonic resonances
in graphene, where the graphene can be patterned into a structure such
as a ribbon or split ring to sustain a plasmonic resonance [0], or the less
explored case where a continuous graphene layer can be periodically doped
in order to sustain a resonance mode. The first route mentioned has been
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Figure 4.1: (a) Tuneable resonance frequency in patterned graphene struc-
ture through electrostatic back-grating with Si/SiOy substrate allows for gate
dependent shifting of resonance frequency and strength [9]. (b) Periodic vari-
ation in graphene Fermi level shown via simulations to create ribbon res-
onator type structure to sustain plasmonic resonances [10]. (¢) Graphene
plasmonics by spatially selective gating by patterning organic gate to peri-
odic ribbon structures. By application of the electric back-gate the plasmonic
resonance can be switched “on” or “off” by switching between periodic and
uniform Fermi level pattern in the graphene with the back-gate [11).
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demonstrated for; graphene ribbons on top of a silicon on insulator substrate
to tune the plasmonic resonance absorption strength and frequency by gating
the graphene with an ionic gel [6]; by chemical doping of graphene patterned
into disk arrays [12], and for graphene patterned into split ring resonators
9, 13, 14, 15] (see Figure [4.1j).

The less explored second route towards graphene plasmonics utilises pe-
riodic variations in the Fermi level of a continuous graphene sheet to confine
resonance modes. A theoretical analysis of graphene with a periodic vari-
ation in Fermi level has been presented for ribbons [10] (see Figure [{.1b)
and disks [I6] in which it is shown by patterning graphene with a suitable
Fermi level geometry that plasmonic resonances can indeed be sustained at
terahertz frequencies. However, the question from this research remains as
to how such a periodic Fermi level contrast can be realised practically. One
route suggested is to deposit graphene on trenched silicon substrates which
introduce Fermi level variations which were shown to create wave guiding
conditions [I7]. Another approach is based on graphene sandwiched between
two periodically poled ferroelectric substrates, which is shown via simulations
to create a ribbon type structured Fermi level profile within the graphene due
to electrostatic interactions with the substrates which is capable of sustaining
plasmonic resonances [18]. Such doping techniques have been demonstrated
experimentally on lithium niobate, where spatially resolved Raman spec-
troscopy was used to show a periodic Fermi level shift in graphene on poled
lithium niobate [19] however plasmonic resonances were not investigated. Re-
cently there have been demonstrations of terahertz frequency plasmonics in
devices consisting of a graphene layer on top of transparent metal oxide or
organic gates by Tu et. al in 2018 [1I] (Figure 4.1c) and 2020 [20]. The
gates are patterned into ribbons with periods of several microns which allow
for spatial control of the graphene electronic properties. The authors men-
tion that the use of metal oxide or organic gates allows for high transmission
of terahertz radiation, while also minimising coupling between the graphene
plasmon and the gate.

It should be noted here that such structures (graphene on trenched sil-
icon, periodically poled lithium niobate, or metal oxide gates), while being
able to induce Fermi level profiles in graphene, are not reconfigurable as the
fabrication is permanent. Despite the clear advantages of such reconfigurable
platforms, the art of tuning graphene Fermi level in a spatially defined yet
adaptive and non-volatile manner is still in its infancy. Here I address this
matter by investigating whether photorefractive charge distributions within
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lithium niobate are suitable to create periodic tuning of a graphene layer
to sustain plasmonic resonances. The lithium niobate is an attractive sub-
strate for this application due to the spatially resolved micron scale charge
distributions which can be imprinted on the crystal in response to optical
illumination in a non-volatile yet optically rewritable fashion [21, 22], which
I have been shown to be able to optically tune the electronic properties of
graphene [23].

4.3 Routes of Investigation

I provide four routes of investigation via simulations, where for the discrete
case I consider graphene patterned with two Fermi level values (high and low
Er), while for the continuous case I calculate the continuously varying Fermi
level profile of graphene induced by space charge densities in the substrate.
An example of the Fermi level profiles is depicted in Figure [£.2]

e Discrete 1D Ep Profile (Ribbon)

e Discrete 2D Ep Profile (Split Ring)

e Continuous 1D Ep Profile (Ribbon)

e Continuous 2D Ep Profile (Split Ring)

—Discrete
——Continuous

N

Figure 4.2: FExample of discrete and continuous Fermi level profiles for a
ribbon structure.

Fermi Energy

Spatial Dimension

The results presented in this chapter were produced in close collaboration
with Adnane Noual, who has provided the simulations of the electrostatic
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environments in lithium niobate to determine the Fermi level profiles created
in graphene layers. From these Fermi level profiles I have investigated the
plasmonic resonances of the system which can be achieved.

4.4 Parameter Space

Here I outline the various parameters which are available to play with in the
search for plasmonic devices (Figure [4.3)), and discuss practical limitations
to the available parameter values.

Spatially written laser
charge domains —

Fe:LiNbO3 graphene

Figure 4.3: Schematic of plasmonic device consisting of monolayer graphene
on Fe:LiNbOs substrate. In response to structured illumination (depicted here
as laser writing) the photorefractive effect in lithium niobate will create non-
uniform charge distributions which will electrostatically dope the graphene.
By creating structures of high/low conductivity graphene it is possible to con-
fine plasmonic resonances in the graphene.

Device Size: One of the first limitations on the device comes from the

size requirements; due to the large wavelength of THz frequencies the mini-
mum active area of the device should be on the scale of several square millime-
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ters going up to several tens of square centimeters. This limitation requires
the use of CVD graphene which can reach several tens of centimeters square
even up to square meters [24]. For comparison exfoilated graphene single
crystals are on the order of several microns in diameter [4].

Grating Periodicity: Due to the optical nature of the photorefractive
effect there is a lower size limitation on the period of the optical grating as
it is not possible to structure the illumination pattern at scales smaller than
the wavelength of the illumination source. The photorefractive effect is re-
sponsive in the visible blue/green region of the spectrum [25], and with the
use of a 462 nm laser source it would be difficult to resolve features below
1 micron. At length scales of a few microns it is believed that diffusion is
the main driving force for electron migration, however as the length scales
increase the drift mechanism tends to dominate [26], which has been demon-
strated to create surface charges over large areas of square centimeters and
is believed to not have an upper limit on the length scale of the illuminated
area [27].

Mobility: The mobility of the graphene is an important consideration as
the time period of THz radiation is relatively large (picoseconds) the mobility
of the graphene must be high enough to sustain coherent electron motion over
such timescales. The largest mobility values in graphene can be obtained by
suspended single crystal exfoliated sheets [I], however this is not particularly
practical for a large area device. There are currently many advances in
CVD graphene production methods however for commercially available large
area, CVD films purchased from Graphenea the stated mobility values are
somewhere in the region of 2,000 - 4,000 cm?/Vs on SiO,/Si, and increased
to around 7,000 cm?/Vs on aluminium oxide. This is generally in-line with
reported values of CVD graphene mobility [28] 29], however can be increased
to many tens of thousands by encapsulation with hexagonal boron nitride
monolayers [30].

Fermi level: Based on the experimental findings in Chapter 2 I showed
the photorefractive effect in lithium niobate could alter the charge carrier
density by ~ 5.5 x10'? cm~2 which equated to a Fermi level change of 0.3 eV
in graphene.

Photorefractive Charge Density: To gauge the electrostatic behaviour
of lithium niobate I look to the reported large electric fields ranging from sev-
eral tens up to hundred of kV/em [31], 27, B2, B3], which equate to surface
charge densities in the range from 1072 up to 1072 C/m?. In my simulations
I utilise a volume charge density to represent the photorefractive effect in
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lithium niobate, where the required surface charge density range is achieved
with volume densities of in the range of hundreds up to a few thousand C/m?.
Indeed, the charge carrier migration lengths in doped lithium niobate can be
shown to determine the magnitude of the photorefractive charge densities
which correspond to the above quoted values [34] 35].
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4.5 Discrete 1D E Profile

In this section I create a simple starting point for this investigation where the
graphene Fermi level distribution is considered as a discrete variation, defined
as regions of high and low Fermi level. From Chapter 3.5.3 I estimated that
the photorefractive doping effect in graphene had created a 0.3 eV shift in
the Fermi level, and therefore in this section I investigate whether this Fermi
level shift is capable of creating structures to sustain plasmonic modes. I
begin here with a 2D simulation to investigate ribbon type structures.

4.5.1 Methods for discrete 1D Er Profile

A finite element analysis method is used (Comsol) to investigate the elec-
tromagnetic response of the system. The 2D unit cell show in Figure [1.4)(a)
shows an air slab of width w (taken as 50 pum) with depth 300 wm on top
of a lithium niobate slab of depth 200 pm. At the air / lithium niobate
interface is a graphene monolayer modelled as a transition boundary. The
graphene is split into 3 sections consisting of a region of high conductivity
graphene in the centre of width 25 pm with Fermi level Ex surrounded by
graphene at low conductivity with Fermi level Eps. It should be noted here
that a transition boundary is used in order to negate the meshing of a 2
dimensional thin layer of graphene which would heavily increase the com-
putational time. In order to justify this choice I have compared the two
methods and found they both converge to provide a negligible difference in
electromagnetic interaction, however the transition boundary is far quicker
to solve.

The lithium niobate slab is modelled with frequency dependent values
of complex refractive index which I have measured via THz TDS, where
these values are presented in Appendix B. The graphene conductivity (o)
and scattering time (7) are calculated from the Kubo formulations [36] in
Equations 4.1 and 4.2 respectively,

. 2E
o IEr @)
trh”(w +1/7)
E
r= £k (4.2)
evy
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where e is the electron charge; t is the graphene thickness (1 nm), w is
the radial frequency, u is the graphene charge carrier mobility, and vg is the
Fermi velocity (10® cm/s).

4.5.2 Results of Discrete 1D Er Profile

The transmission spectra in Figure [1.4(b) show THz transmission where Epo
is held at 0.01 eV, which corresponds to low conductivity graphene, while
Ep; is varied up to 0.3 eV. The mobility is held constant at 10,000 cm?/Vs.
The results show that initially when Egq is at low conductivity there is near
complete transmission however as Ep; is increased there appears to be the
presence of a transmission dip centered around 0.3 - 0.4 THz which grows in
strength as Epy is increased, reaching a maximum absorption of 7 %. Further,
as Epy is increased the resonance peak appears to blue-shift towards higher
frequencies.

To confirm the presence of the fundamental resonance mode I plot the
magnetic and electric fields at a plane 5 microns above the graphene layer in
Figure (c) The absolute magnetic field out of plane shows a bell shaped
curve with a maximum located at the centre of the ribbon (0 um &) which de-
cays further from the centre. The absolute magnetic field can be interpreted
as an indication of the electric current strength, as the moving electric charges
will create a magnetic field in the direction perpendicular to the direction of
current flow. I also plot the real part of the electric field in the vertical di-
rection which can be interpreted as an indicator of the charge density, where
high densities of charge will radiate electric field lines in the vertical direction.
From the electric field we can interpret that at the ends of the resonator strip
(at £12.5 um) there is a large localisation of charges of opposite magnitude,
which will create an electric potential difference between these two points (at
+12.5 pum) which drives the electric current. Both the magnetic and electric
fields presented here are consistent with the fundamental resonance mode.

In Figure (d) the mobility of the graphene is investigated to find the
optimum parameters for plasmonic resonance strength. Here the graphene
Fermi energies are set to Epy = 0.3 eV, and Epy, = 0.01 eV. The mobility
is varied from 1,000 to 50,000 cm?/Vs. A color map is presented in Figure
4.4(d) where the color bar represents the transmission value as a fraction
(normalised to transmission through air/lithium niobate). From this color
map we see that initially at low mobility values there is no noticeable plas-
monic effect however even with modest mobility values of 4,000 cm?/Vs the
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slab, with graphene transition boundary at material interface. (b) Trans-
mission spectra varying Er, with Epe held at 0.01 eV. (¢) Magnetic field
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plasmonic effect becomes noticeable. The resonance strength grows as the
mobility is increased up to 7,000 cm?/Vs, however this appears to be a tip-
ping point, at which the resonance strength reverses trend and begins to
diminish again as mobility is increased.

4.5.3 Discussion of Discrete 1D Er Profile

In this section I have demonstrated that a 1D structure of graphene with a
discrete variation in Fermi level is capable of sustaining plasmonic resonances
at terahertz frequencies with a ribbon type resonator structure.

The length of the ribbon resonator here is set to 25 microns inside a
50 micron wide unit cell which results in a resonance peak around 0.4 THz
which provides a useful starting point for the next section in indicating the
perimeter length that I should use for a split ring resonator. The length of
25 microns is easy to access optically in a 1D grating structure, however to
create a similar size split ring structure in 2 dimensions may encounter issues
as the side length of 6 microns will be near the optical resolution limit which
would likely be achieved by a spatial light modulator with a blue laser. It of
course would be possible to scale up the geometry size of a resonator in which
case the resonance peak frequency should decrease, however from practical
considerations it would be beneficial for the resonance peak to stay within 0.1
to 1.0 THz as this is the frequency range which allows for strong transmission
of terahertz frequency radiation through the lithium niobate substrate.

This section has investigated the effects of varying carrier mobility, where
a ’sweet-spot’ is found around 7,000 cm?/Vs. It may appear slightly un-
expected that as the graphene mobility is further increased the plasmonic
resonance strength decreases, however this effect could be caused by the in-
creased losses which the system will likely incur at high mobilities, which
will dampen the plasmonic mode. In any case, this parameter window is
rather fortunate as it sits in line with the typical mobility values which can
be expected from large area CVD graphene which are typically from 1,000
to 10,000 cm?/Vs.
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4.6 Discrete 2D E Profile

In this section I extend the concept of a discrete 1D variation in graphene
Fermi level into a discrete 2D geometry to create a split ring resonator.
I show that it is again possible to create structures sustaining plasmonic
resonances in the split ring resonator configuration, however the resonance
strength appears to be severely diminished here as compared to the ribbon
structure.

4.6.1 Methods for Discrete 2D Er Profile

A 3D Comsol model is used to investigate the split ring resonator structures.
Unless otherwise stated here, the modelling methods used are identical to
those mentioned in the previous section. A top view of the unit cell is pro-
vided in Figure [1.5(a) where a unit cell of width w (15 pm) is covered with
graphene. A split ring resonator geometry (shown in blue) defined with high
conductivity graphene (Ep; = 0.3 eV) is surrounded by low conductivity
graphene (shown in green) with Fermi level Ery = 0.01 eV. The mobility is
set to 7,000 cm?/Vs as this was determined in the previous section to pro-
vide the strongest resonance peak. The outer resonator width (a) is set to
10 microns, with the inner width (b) set to 6 microns. The model is solved
in two orientations (as depicted by the & and g arrows) where the THz elec-
tric field polarised along the Z direction corresponds to a split ring resonator
configuration, while the THz electric field polarised along the y direction
corresponds to a ring resonator configuration.

4.6.2 Results of Discrete 2D Er Profile

Figure [£.5(b) shows the transmission spectra measured in two orientations
which correspond to the split ring and ring resonator configurations. It can
be seen that both orientations display a resonance dip between 0.4 - 0.5 THz.
For the split ring resonator the resonance peak is centered around 0.5 THz
while for the ring resonator the resonance peak is red-shifted to 0.4 THz.
Both resonance peaks observed here a fairly weak in strength, for the split
ring resonator strength reaches nearly 2 % while for the ring resonator this
is increased to 3 %.

To investigate the mode profiles of the resonances for the split ring I plot
the real part of the electric field in the vertical direction (2) in Figure [4.5]c)
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and the absolute part of the magnetic field in the ¢ direction in Figure (d)
From the electric field profile we see two localised lobes of electric field with
opposite magnitude at each side of the ring resonator, which corresponds to
regions of high charge density. Due to the opposite magnitude of the charge
density regions this will create an electric potential across the lower strip of
the resonator which would drive a current along the path of electric potential.
The magnetic fields confirm this behaviour, where a region of strong magnetic
field along the lower strip of the resonator can be seen, which corresponds to
a region of electric current moving the in Z direction.

Figures [£.5(e & f) present mode profiles for the structure excited in the
ring resonator configuration (Erpy, in the gy direction) at 0.4 THz, where
Figures [1.5[e) plots the electric field in the vertical direction (2) and Figures
4.5(f) plots the magnetic field in the & direction. From the electric field
plots it can be seen there is a positively charged electric field region along
the top of the resonator, with a mirror image of negatively charged charge
region at the bottom of the resonator. These two oppositely charge regions
will create an electric potential between them which will drive an electric
current along the path of electric potential. This view is confirmed by the
magnetic field plot which shows two regions of strong magnetic field along
each of the side arms of the resonator structure, where magnetic field in
the z direction corresponds to electric currents along the ¢ direction. From
the plots of electric and magnetic field it can therefore be concluded that
regions of oppositely charged electric potential at the top and bottom of the
structure drive electric currents along the side arms of the resonator along
the ¢ direction.

4.6.3 Discussion of Discrete 2D Er Profile

This section has demonstrated that by patterning a 2D surface of graphene
with a discrete variation in Fermi level a spilt ring resonator structure can be
designed which sustains plasmonic resonances at terahertz frequencies. The
response of the system is probed at two orientations of incident terahertz
electric field, corresponding to a ring and split ring resonator geometry.
The transmission spectra have shown the presence of two resonance peaks
in the region of 0.4 to 0.5 THz (one for the ring, and one for the split ring
resonator). The strength of both these peaks in fairly weak, reaching only a
few percent in absorption. In comparison the 1D discrete structure reached
7 % absorption, however in this section there was no optimisation performed
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with the graphene mobility which may provide further improvements to the
response of the system.

By assessing the field maps of the electric and magnetic fields at a plane 5
microns above the surface of the graphene it can be concluded that the split
ring resonator is sustaining the fundamental resonance mode with a region
of high current density located at the bottom arm of the ring, while for the
ring resonator configuration we see two symmetric regions of high current
density on each of the side arms of the structure.

The Fermi level profiles presented here are fairly simplistic in their view
of a discrete variation in Fermi level, as in reality one would expect a gradual
change in Fermi level instead of a step function. Nevertheless, from this sim-
ple starting point I have gained useful information on the parameter space
in which plasmonic resonances may be sustained. In the next section I as-
sess the more realistic case of smooth spatially varying carrier densities in
graphene created in response to volume charge densities in lithium niobate.
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4.7 Continuous 1D Ey Profile

In this section I move beyond discrete variations in graphene Fermi level,
and instead calculate a spatially varying Fermi level profile by modelling the
surface charge density on lithium niobate which can be achieved by creating
volume charge densities in the substrate. I utilise a 2D model to investigate a
ribbon resonator structure, which reveals a fundamental plasmonic resonance
mode around 0.3 THz. Further, I investigate the effects of mobility and unit
cell size on the resonance peak, and a discussion of the various results.

4.7.1 Methods for Continuous 1D Er Profile

To determine the surface charge profiles created in lithium niobate due to the
photorefractive effect an electrostatic simulation is used. The model assumes
that lithium niobate is capable of producing volume charge densities of several
kC/m? in response to non-uniform optical illumination. A schematic diagram
of the 2D Comsol model is presented in Figure (a) which shows a unit cell
of 50 micron width. At the top of the unit cell is a slab of air, with an
incoming port bounding the top surface. Below is a slab of lithium niobate
cut into two sections, where the left section is given a volume charge density
of +p while the right hand side of the slab is given a volume charge density of
-p. The bottom surface of the lithium niobate is grounded. The electrostatics
module in Comsol is solved to obtain the charge density at the top surface
of the lithium nioabate.

Charge Density Profile of Continuous 1D E, Profile

The charge density profile calculated in Comsol at the top surface of the
lithium niobate is converted into an electron number density per cm? in
order to determine the number of electrons which will be injected into the
graphene sheet in response to the electrostatic interaction with the substrate
(assuming a one to one correlation). Figure [1.6(b) presents the number of
carriers injected into the graphene as a function of spatial dimension z along
the 50 micron wide unit cell for several values of volume charge density p.
It can be seen the carrier density displays a sinusoidal profile across the
Z dimension, and that by increasing the value of p the magnitude of the
sinusoidal profile can be increased. In the inset figure in the top left the
magnitude of the sinusoidal profile (An) is plotted against p revealing a
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Figure 4.6: (a) Schematic of 2D unit cell, consisting of air slab followed
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linear relation, where a volume charge density of several kC/m? is capable
of injecting ~10'®/cm? carriers, which for graphene constitutes a significant
carrier injection.

Fermi level from Carrier Numbers of continuous 1D E; Profile

Figure [4.6]c) presents an example graph showing the relation of Fermi level
to charge carrier numbers, where the Fermi level has a minimum value at
zero carriers and increases sub-linearly with increasing absolute number of
carriers (either electrons or holes). Typical values of Fermi level and carrier
densities for graphene are energies up to 1.0 eV, and carrier densities up to
103 /cm?. The graph shows the example of a graphene sheet starting with n
carriers which experiences an injection/ejection of An carriers, which results
in the creation of two new Fermi level values. The difference in Fermi level
values is termed AEf.

Fermi level Line Profiles of Continuous 1D Er Profile

Figure [4.6{d) presents the Fermi level differences (AEr) plotted against car-
rier injection number which can be achieved for various initial values of Ep.
It can be seen for all three lines that initially as carrier numbers increase the
Fermi level difference also increases (almost linearly), however there is a max-
imum Fermi level difference which can be reached before there is an abrupt
reversal in the trend. This point corresponds to passing over the point of
minimum Fermi level where the carrier type changes from holes to electrons
and the Fermi level once again increases. It can be seen from Figure [4.6{d)
that by increasing the initial Fermi level the maximum AFEr which can be
reached increases, however the sensitivity to An is decreased (depicted by
the decrease in gradient).

Fermi level Map of Continuous 1D Er Profile

Figure (e) develops the idea of Fermi level line profiles further by present-
ing a color map of Fermi level difference (AEF) plotted against initial Fermi
level, and carrier injection (An). It can be seen that for all initial Fermi ener-
gies with zero carrier injection begin in the hole conduction regime, however
as carriers are injected the A Fr increases, and can pass into the regime where
one portion of the graphene is conducting with holes, and one portion of the
graphene is conducting with electrons.
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4.7.2 Results of Continuous 1D Ey Profile

Graphene Fermi level for Continuous 1D Ep Profile

Figure[4.7|(a) presents the graphene carrier number injection (An) and Fermi
level as a function of spatial dimension Z in response to the electrostatic in-
teraction with a lithium niobate substrate, where the substrate in the central
+12.5 micron region is held at a volume charge density of 4+p while the out-
side region is held at -p, where p is set to 1,500 C/m3. It can be seen from
the carrier injection (left hand g axis in red) that in the centre (0 micron)
the graphene experiences carrier injections of 1x10'/cm? holes while at the
edges this behaviour is reversed and there is carrier ejection of 1x10'%/cm?.
In blue I plot the Fermi level of the graphene, where it can be seen that
the addition of holes in the central region raises the Fermi level to near 0.5
eV while at the edges the Fermi level falls to around 0.05 eV, corresponding
to a central ribbon of conducting graphene surrounded by low conductivity
graphene on each side.

Resonance Spectra Varying An of Continuous 1D Ep Profile

In Figure [1.7(b) I present THz transmission through periodically doped
graphene on lithium niobate, where the graphene doping is calculated from
the surface charge density created on the lithium niobate surface. The trans-
mission values are normalised against transmission through an identical air /
lithium niobate unit cell in the absence of graphene. The initial Fermi level
is set of 0.4 eV and the mobility at 10,000 cm?/Vs. Transmission plots are
provided for various values of An. It can be seen from the figure that as An
is increased the transmission through the unit cell increases, and at a An

value of 1.2 x10' /cm? a clear resonance peak can be observed around 0.25
THz.

Resonance Mode Profile of Continuous 1D Er Profile

In Figure (c) I investigate the resonance mode by plotting the electric and
magnetic fields at a plane 5 microns above the graphene layer. The electric
field is the real part of the field in the ¢ axis (vertical) which relates to regions
of localised charges in the graphene. It can be seen from the electric field that
there is a localisation of negative charge at the left side, and a localisation of
positive charge at the right hand side which will create an electric potential
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Figure 4.7: (a) Charge density and Fermi level profile of graphene sheet,
with schematic of unit cell where graphene is indicated by red line. (b) Trans-
mission spectra with varying An. (c¢) Electric and magnetic fields highlighting
fundamental resonance mode. (d) Transmission spectra for varying mobility
values. (e) Transmission spectra for varying unit cell size. (f) Transmis-

siton spectra for incident electric field parallel and perpendicular to plasmonic
grating direction.
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between these two regions. The magnetic field is the absolute part in the out
of plane direction, which relates to electric current passing in the 2 direction.
The figure shows magnetic fields are concentrated in the central region of the
unit cell, which suggests electric currents passing along the & direction. The
single central maxima of magnetic field, and the two electric field localisations
suggest a this is indeed the profile of the fundamental resonance mode for a
ribbon structure.

Resonance Spectra Varying Mobility of Continuous 1D Ey Profile

Figure (d) presents THz transmission spectra for a range of carrier mo-
bility values, from 1,000 to 25,000 cm?/Vs. In this simulation the initial
Fermi level is set to 0.4 eV while the carrier injection value (An is set to 1.2
x 10" /em?, which renders the minimum Fermi level near zero. It can be seen
that as the mobility increases the strength of the resonance is increased and
is also red-shifted to lower frequencies, reaching a maximum peak strength
around 25 % at 0.2 THz when the mobility is a maximum at 25,000 cm?/Vs.

Investigating Unit Cell Size of Continuous 1D E Profile

Figure[£.7)(e) investigates the effect of unit cell size on the resonance profiles.
In this simulation the initial Fermi level is set to 0.4 eV while the carrier
injection value (An) is set to 1.2 x10'3/cm? and mobility at 10,000 cm?/Vs.
It can be seen that as the unit cell size increases the resonance peak grows
in strength and is also red-shifted to lower frequencies. It should be noted
here that in order to increase the unit cell size while maintaining a constant
value of An that the space charge density p would also have to be increased.

Polarisation Dependent Resonance Response of Continuous 1D Eg
Profile

Figure (f ) investigates the polarisation response of the graphene resonator.
To achieve this the model is adapted to a 3D simulation so that the response
parallel and perpendicular to the ribbon direction can be investigated. The
inset figure shows a top down view of the unit cell with two regions of lithium
niobate at high and low space charge density (p), with the parallel (m) and
perpendicular (prp) orientations denoted in the diagram. In the parallel ori-
entation there is no resonance mode excited, while in the perpendicular ori-
entation there resonance mode is excited. For the perpendicular orientation
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where the resonance mode exists it can be seen there is higher transmission,
and the presence of a resonance peak around 0.3 THz. For the parallel con-
figuration where no resonance mode exists it can be seen the transmission is
far lower, and that no resonance peak is observed.

4.7.3 Discussion of Continuous 1D Er Profile

In this section, using the knowledge that iron doped lithium niobate can ex-
hibit volume charge distributions of several kC/m?, T have demonstrated that
periodic regions of volume charge distributions with alternating magnitudes
within lithium niobate are capable of creating surface charge densities on the
order 10'®/cm? carriers. It is shown that a graphene sheet on the surface
of the lithium niobate would therefore would display a sinusoidal variation
in Fermi level which is capable of sustaining a fundamental mode plasmonic
resonance around 0.2 THz.

From Figure [1.7](b) it can be seen that as An increases the transmission
also increases, and the presence of a resonance peak appears. This behaviour
is slightly unusual as it would be expected that adding more free carriers
would decrease the transmission as the free carriers absorb the radiation,
however it should be noted that the graphene begins with a uniform charge
density n (corresponding to Fermi level 0.4 eV) and that some portions of the
graphene experience an injection of An carriers, while come portions of the
graphene experience a An decrease in carrier numbers, so the total number
of carriers in the graphene in this scenario is actually unchanged. In fact, as
carrier numbers do not scale linearly with Fermi level it can be seen that if
one were to start with two regions of graphene both at 0.4 eV, and inject An
carriers from one region and eject An carriers from the other region, that the
average Fermi level would actually decrease (as long as An is not sufficient
to pass over the Dirac point). From this understanding we can therefore
see that as An increases the average Fermi level decreases, and as this has
a linear relation to the conductivity it is therefore not surprising that the
transmission increases.

Furthermore, it could be hypothesised that initially when the graphene
has a low carrier injection (and therefore a low Fermi level contrast) there
is no plasmonic resonance mode. In this scenario the graphene absorbs the
THz radiation due to free carrier absorption where the energy is lost to
the surroundings. As the number of free carriers increases the plasmonic
resonance appears and the graphene resonantly absorbs and re-emits the
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incident radiation, and therefore the transmission is higher for the case of
the plasmonic resonator.

Additional insight into this process can be gained from Figure [4.7](f) in
which the ribbon resonator is excited with THz radiation both parallel and
perpendicular to the ribbon direction, where it is expected that the parallel
orientation should show no plasmonic mode. It can be seen in this figure
that when excited non-resonantly the transmission is far lower than for the
resonant case, and the spectra is very similar to those shown in Figure (b)
for low values of An. From this evidence it therefore suggests that the
main cause of the transmission increasing as An increases is not due to the
average conductivity decreasing, but because of the resonant re-emission of
the absorbed radiation.
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4.8 Continuous 2D Ey Profile

In this section I show how a two dimensional pattern of space charge density
in lithium niobate can create a split ring resonator in graphene, and investi-
gate the effects of varying graphene mobility on the resonance strength.

4.8.1 Methods for Continuous 2D Er Profile

A 3D model is created in Comsol which consists of a slab of air 300 microns
deep, with a square unit cell size of 50 microns. Below the air is a slab of
lithium niobate also of 300 microns depth. At the air-lithium niobate inter-
face is a sheet of graphene defined as a two dimensional transition boundary.
The lithium niobate is split into two sections of positive and negative charge
density, as shown in Figure [4.§]a) which creates a split ring geometry. The
top and bottom faces of the lithium niobate are grounded, and the charge
volume density used here is 1,500 C/m? inside the ring, while the volume
outside the ring is at 1580 C/m?. This subtle balance of the two values of
space charge density is essential to achieve the correct Fermi level profile in
the graphene to create a resonator structure which is electrically ’isolated’
from its surroundings.

The first stage of the simulation uses an electrostatics module which solves
for the surface charge density which is created on the lithium niobate - air
interface. The surface charge density is then divided by the electron charge
to determine the number of carriers (An(z,y)) which will be injected into
the graphene. The initial graphene Fermi level is set to 0.4 eV and the
electrostatics simulation is solved to find the resultant Fermi level distribution
in the graphene.

The second stage of the simulations solves the frequency dependent trans-
mission of the THz wave for a range of mobility values. All transmission spec-
tra are normalised against a similar unit cell in the absence of the graphene
layer.

4.8.2 Results of Continuous 2D Er Profile

Figure [4.8(b) shows a surface map of the graphene Fermi level which is
created in response to the electrostatic charge distributions within the lithium
niobate substrate. The split ring geometry of the lithium niobate is overlaid
in black outlines. Although the graphene initially starts at 0.4 eV it can be
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seen that all regions of the graphene exhibit a reduced value of Fermi level,
where the highest value is 0.18 eV. This global reduction can be understood
by assessing the charge distribution geometry within the lithium niobate,
where an imbalance in the volume of regions at +p and -p will result in a
net non-zero change to the graphene Fermi level. From the figure it can also
be seen there is a region of high conductivity (shown in red) which follows a
split ring shape, bounded outside by lower conductivity graphene.

Figure [4.8[c) presents transmission spectra at terahertz frequencies for
varying values of graphene mobility. It can be seen that with a moderate
value of 10,000 cm?/V's there is the presence of a resonance absorption centred
around 0.3 THz, however this is a fairly weak resonance reaching only a few
percent absorption. As the mobility is increased it can be seen that the
resonance increases in strength and also red-shifts to lower frequencies.

Mobility values are further investigated in Figure (d) where mobility
is swept from 5,000 to 50,000 cm?/Vs. In the color map I plot the absolute
differential of transmission with respect to frequency which highlights the
location of the resonance frequency (which I have emphasised with the white
dotted line). It can be seen that as the mobility increases there is a near
linear decrease in the location of the resonant frequency, which disappears
from within the available frequency window by a mobility value of 30,000
cm?/Vs.

To investigate whether this is indeed the fundamental resonance mode
I analyse the electric and magnetic fields at a plane 5 microns above the
graphene for the resonance frequency at a mobility value of 10,000 cm?/Vs.
In Figure [£.8(e) I plot the real part of the electric field in the 2 direction
which is related to accumulation of charges on the graphene surface. It can
be seen that there are two regions of localised electric field, one positive and
one negative, at each side of the ring of equal but opposite magnitude. This
can be understood as localised regions of charge density within the graphene
of opposite magnitude, where a potential voltage will exist between these
two regions. As this plot shows the real part of the complex electric field
it should be noted that this is a ’snap-shot’ in time and that the regions of
charge density will oscillate between positive and negative.

In response to the potential voltage created between the two regions of
charge density there should exist a flow of current, as charges move in re-
sponse to the potential voltage. To analyse this current flow in Figure (f)
I plot the magnetic field in the g direction, which should be proportional to
current flow in the & direction. it can be seen from this figure that there is a
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region of high magnetic field localised to a horizontal band across the middle
of the unit cell. This could be understood as a current which is flowing from
horizontally across the unit cell (in the & direction).

4.8.3 Discussion of Continuous 2D E Profile

The transmission spectra presented in Figure [£.8{c) shows that as the mo-
bility of the graphene is increased the plasmonic resonance grows in strength
but also is red-shifted to lower frequencies. It could be possible here to sim-
ply decrease the dimensions of the resonator geometry however the geometry
presented here is near the lower limit of what could be achieved with optical
illumination of the substrate. Due to the need for illumination at blue and
green wavelengths this sets a lower limit on the resolution which could be
achieved, with a 'pixel’ size around 1 micron, and therefore to achieve a split
ring pattern comprising of a few pixels would require a unit cell minimum
size at around 10 microns wide.

The achievable modulation depth with this scheme, as shown in Figure
4.8¢c, is able to reach 6% at resonance frequency with a graphene mobility
value of 20,000 cm?/Vs. It is shown in the figure that the modulation depth
increases as the graphene mobility increases, where mobility values are plot-
ted in the range 5,000 — 20,000 cm?/Vs. To provide context in practical
terms, the value of 20,000 cm?/Vs is at the upper end of what is currently
achievable with CVD graphene however it may be possible to utilise large
area exfoliated flakes to extend this upper limit to higher mobility values.

From the map of electric field presented in Figure [£.§(e) it could be in-
ferred that this is a fundamental resonance mode of a split ring resonator.
The maps show an electric potential exist between the two sides of the ring
where the presence of an electric current between these two sides is suggested
by the magnetic field map in Figure (g) The mode is, however, rather
spread out and lacking in confinement which is presumably due to the fact
that graphene is covering the entire surface area of the unit cell. Through
future optimisation of the substrate charge density pattern it may be possible
to further confine this plasmonic mode and in-turn enhance the modulation
depth which is achieved with this tuning mechanism.
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Figure 4.8: (a) Geometry of spatial charge densities in lithium niobate
where a = 6 pm, b = 10 pm, ¢ = 13 pm, d = 20 pym, e = 15 ym, p1 =
1,580 C/m? and py = 1,500 C/m? . (b) Fermi level profile of graphene sheet
in eV. (¢) Transmission spectra for varying mobility values. (d) Color-map
of transmission against frequency and mobility, with red dotted line indicating
location of resonant frequencies. (e) Map of real part of electric field (E;)
at resonant frequency. (f) Absolute part of magnetic field (Hy) at resonant
frequency.
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4.9 Conclusions

In this chapter I have demonstrated via simulations that it is possible to
utilise the photorefractive effect in iron doped lithium niobate to realise
graphene plasmonics by spatially modulating the graphene charge carrier
density. Starting with the assumption that lithium niobate can introduce
a 0.3 eV shift in the graphene Fermi level, I present a simple assumption
of discrete Fermi level profiles (two distinct values of Fermi level) and show
that periodic patterns of high and low conductivity graphene can sustain
plasmonic resonances in ribbon and split ring geometries. I develop this idea
further by modelling regions of volume charge density in lithium niobate via
an electrostatics simulation to determine charge profiles at the surface of
the lithium niobate - graphene interface to infer the spatially varying Fermi
level distributions, and show that such situations are capable of sustaining
plasmonic resonances in ribbon and split ring geometries.

If such devices can be realised experimentally this would open the doors
to a new generation of truly reconfigurable plasmonic devices without the
need for permanent patterning of structures and instead relying on optically
defined carrier density modulations which can be created and redefined at
will simply by structured illumination. To further develop this work the
natural next step would be an experimental verification of the simulated
results, however to obtain high mobility and therefore large scattering times
the quality and encapsulation the of the graphene must be investigated.
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5.1 Summary

Two dimensional materials offer exciting prospects in optoelectronic devices
such as photodetection and plasmonics however there currently exist a lack
of platforms to control the electronic properties of two dimensional materials
in spatially resolved, and non-volatile methods. To this end this thesis has
presented experimental and simulated investigations into the use of photore-
fractive lithium niobate as a platform to optically control two dimensional
materials via optically defined non-volatile charge distributions within the
crystal substrate. Here I have performed investigations with graphene how-
ever this platform is not limited simply to use with graphene and should be
applicable to a whole range of two dimensional materials.

In Chapter 2 I demonstrated how the photorefractive effect could be used
to tune the DC electrical conductivity of a graphene sheet in response to opti-
cal illumination. The effect was capable of inducing a 2.6 fold increase in the
graphene resisitvity which was shown to be reversible under thermal anneal-
ing which returns the lithium niobate substrate to its initial pre-illuminated
conditions with a uniform charge distribution. From these measurements I
calculated the doping effect altered the graphene Fermi level by 0.3 eV which
corresponded to a change injection of 5.5 x 102em ™2,

In Chapter 3 I created a hybrid metamaterial device consisting of a metal-
lic resonator array sandwiched between monolayer graphene and iron doped
lithium niobate. I demonstrated through terahertz transmission measure-
ments how the photorefractive tuning of the graphene resisitivity is able to
alter the losses in the plasmonic resonance system which tunes the transmis-
sive properties of the device. It is shown that this effect is optically induced
however is non-volatile under dark conditions. Further, I create devices on
opposite polar faces of z cut lithium niobate in order to investigate which
charge migration mechanism may be responsible for the photorefractive mi-
gration of electrons, which suggests that the photogalvanic effect is dominant
over the diffusion mechanism.

In Chapter 4 I investigate through use of simulations whether the pho-
torefractive effect in lithium niobate could be used to create optically defined
resonator structures in a un-patterned sheet of monolayer graphene. Using
the results from Chapter 2 in which I determined the Fermi level shift induced
by the lithium niobate substrate I show that by patterning lithium niobate
charge distributions to the correct dimensions indeed results in a graphene
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doping profile which can sustain plasmonic resonances at terahertz frequen-
cies. If such structures can be realised experimentally this would open the
doors to a new platform for truly reconfigurable plasmonic systems defined
by light without the need for permanent patterning of structures.

5.2 Outlook

5.2.1 Optically Controlled Electronics

Throughout the investigations presented in Chapter 2 there remain several
unanswered questions which are essential to probe in order to realise the full
potential of lithium niobate as a platform for optical control of 2D materials.
Firstly, there must be an accurate determination of the Fermi level changes
induced in the graphene sheet in response to the optical illumination. To ac-
curately determine the Fermi level changes induced, and therefore the change
in carrier numbers in graphene, it would be necessary to combine the lithium
niobate with an electrical gate to created a dual gated device. In this man-
ner it would then be possible to compare the optical and electrical gates, and
accurately determine the carrier mobility, and change in carrier numbers as
a function of illumination. Over the course of the PhD many attempts were
made at fabrication of electrical gates via a range of methods however the
devices always appeared to suffer from leakage currents, which may be due
to working with large area graphene sheets which increases the chances of
incurring a defect in the gate dielectric. To overcome this issue therefore it
would be appropriate the pattern the graphene into small channels via pho-
tographically techniques, thereby reducing the area of the active graphene
device from several square millimeters to tens of square micrometers.
Another route of investigation would be to show an optical annealing
of the optical doping effect. Optical annealing has been demonstrated in
holographic experiments in many reports of lithium niobate, and therefore is
known to be technically possible, however has not yet been demonstrated for
reversible control over 2D materials. If this could be achieved here it would
show proof-of-concept for an all-optical system which would dramatically
enhance that capabilities of this platform. Finally, it would be advantageous
to replace the graphene with other 2D materials such as MoS, which exhibits
an electronic bandgap which could allow for the lithium niobate to effectively
switch this semiconducting material from insulating to metallic, which would
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allow for an optical transistor device with much higher on/off ratios than
could be achieved with graphene.

The experiments here are conducted using broadband white light illu-
mination however the writing speed could be improved using blue or green
laser light, or even a pulsed source, as the response time of charge migra-
tion is a function of illumination intensity and can respond on sub-ps time
scales under pulsed illumination. To further investigate the doping effect in
graphene I propose the use of THz TDS to measure the electrical properties
of graphene during illumination. This method has several benefits as the
process is non-contact and therefore non-destructive to the sample, further-
more the electrical properties are averaged over a large area defined by the
THz beam focal spot which may reduce errors caused by local variation in
the properties of graphene.

5.2.2 Optically Controlled Metasurface

For future work it is advantageous to enhance the modulation strength of the
effect which can be achieved in this configuration. In preliminary studies I see
via simulations that the modulation strength can be increased by adjusting
the geometry of the metallic resonators and tuning the initial Fermi level of
the graphene. The geometric adjustment can be achieved through reducing
the distance of the split ring gap which is simple enough by creating a new
photomask. By the fabrication methods presented in Chapter 3 the use of
UV photolithography allows for a split ring gap which could reach down to
~ 0.5um comfortably without extensive fabrication optimisation, however as
the wavelength of the light is on the order of 0.2 —0.3um it would be difficult
to create features less than 0.5 ym. For future work it would be advantageous
to investigate thoroughly the modulation strength which could be achieved
through optimisation of the resonator geometry and to experimentally verify
this with a new set of devices.

Further, if additional reductions to the resonator dimensions are required
it would be possible to replace UV photolithography with electron beam
lithography or focused ion-beam milling which can reliably reproduce fea-
tures with dimensions of tens of nanometers. In addition to this, the use
of electron beam lithography could enable the reproduction of smaller res-
onator geometries with resonance frequencies at shorter wavelengths; it would
be interesting to investigate how this modulation technique fairs at longer or
shorter wavelengths, where the modulation depth may show a dependence
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on resonance frequency, as it is known that graphene electrical properties are
highly dependent on frequency.

The experiments presented in Chapter 3 utilised a large area uniform
sheet of graphene covering the entirety of the active device, however it could
be interesting to pattern the graphene, for example to achieve graphene sit-
ting only in the split ring gaps of the resonator unit cells as this may allow
for enhanced confinement of the plasmonic mode. Alternatively, the metallic
resonators could be removed and replaced simply with graphene patterned
into an array of resonators as depicted in Figure [5.1

front surface back surface

patterned
graphene Fe:LiNbO,

resistive electrical
element contacts

Figure 5.1: Depiction of proposed sensing device incorporating a graphene
resonator array on photorefractive lithium niobate attached to bolometric el-
ement. The device shown here could be fabricated in a large array to create a
spatially resolved sensing grid with graphene-on-lithium-niobate used as opti-
cally controlled adaptive filtering elements over each ‘pixel’.

In Figure[5.1/I present a schematic diagram of a proposed device in which
the optically controlled graphene metasurface acts as an adaptive filtering
element in front of a bolometer sensor. The device would utilise patterned
graphene resonators on the surface of iron doped lithium niobate to optically
control the transmissive properties of radiation at Terahertz frequencies or
perhaps into the infra-red region. A bolometric sensor is fabricated on the
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reverse side of the substrate which consists simply of electrical contacts and
a thin strip of material which changes its electrical resistivity in response
to heating effects from incident photons. By considering the device shown
in Figure [5.1] as a single ’pixel’ it could be possible to create a large ar-
ray of sensing elements with individually addressable filtering elements to
adaptively control the radiation frequencies which are measured.

5.2.3 Optically Defined Plasmonics

The results presented in Chapter 4 reveal that optically defined plasmonic
devices of graphene on lithium niobate may well be possible however one
important issue to overcome is the charge carrier mobility of the graphene
monolayer. Currently through the use of commercially available CVD sheets
the achievable mobility values are at the lower end of the required parameter-
space; manufacturers are continually striving for higher mobility values through
reducing the graphene defect density however these improved crystals may be
a long time to reach market. To overcome this issue of low mobility values I
propose the use of exfoliated graphene flakes instead of a CVD graphene layer
as shown in Figure[5.2] One important issue to note here is that the grating
period of the illumination must be significantly smaller than the diameter of
the exfoliated graphene crystals so that plasmonic resonances can occur. In
this configuration I propose that plasmonic resonances can be sustained in
exfoliated graphene sheets with high values of charge carrier mobility which
will allow optically defined plasmonic devices.
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Figure 5.2: Depiction of proposed plasmonic gratings with exfoliated
graphene on lithium niobate. Structured periodic illumination is projected
onto the lithium niobate substrate to induce spatially resolved charge densi-
ties. FExfoliated graphene flakes on the surface of the substrate experienced
a electrostatic doping effect which creates a periodic variation in graphene
Fermi level.
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Introduction

Terahertz time domain spectroscopy (THz TDS) is a powerful analytical
technique for investigating a wide range of materials such as spectroscopy
of biological samples [I], 2, 3, 4], detection of concealed drugs and explosives
[, 6], [7], imaging of astronomical objects [8,[9], and industrial quality control
of semiconductor manufacturing |10, [11]. The THz TDS method relies on
taking a suitable reference scan by which the sample scans are normalised,
however if the THz pulse is not correctly referenced or the spectrometer
has drifted since the reference scan this can lead to errors in the measured
refractive index.

Here, I address the issue of reference stability by presenting a method to
determine frequency dependent complex refractive index of a sample without
an air reference in transmission mode. The method relies on internal reflec-
tions within the sample to produce echo pulses which can be normalised
to each other, therefore requiring only one measurement scan to obtain all
necessary data. I derive the relevant parameter extraction equations for
referencing the echo pulse to the first transmitted pulse, and present a com-
parative study in which a lithium niobate sample is measured repeatedly over
a 50 minute period and complex refractive index values are compared for the
two extraction methods. It is demonstrated that the echo reference method
can reduce the variation between repeated measurements for the real part of
the refractive index up to 67% at frequencies below 1 THz.

Requirements of Referencing

The THz TDS method relies on taking a suitable reference scan by which
the sample scans are normalised, which is usually achieved by measuring the
THz pulse transmitted through air, and then placing a sample in the beam
path and measuring the THz pulse through the sample. If the THz pulse is
not correctly referenced, or the spectrometer has drifted since the reference
scan, this can lead to errors in the complex refractive index. There are many
practical issues to address when referencing a THz scan such as temporal drift
in the spectrometer power, mechanical drift in the delay stage, atmospheric
moisture, and access to samples to easily insert/remove them from the beam
path. Despite the myriad of THz referencing and extraction methods there
are still issues to overcome in an effort to increase the reliability of TDS data.
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Drift: One major issue to highlight is from the air referencing method is
that a THz spectrometer may experience drift in the laser power between tak-
ing an air measurement and a sample measurement. This effect is especially
compounded when it is required to take repeat measurements of samples over
a long time period such as several hours to investigate a temporally changing
system.

Access: Furthermore, when taking an air reference measurement the
sample must be added/removed to the optical system which may not be
physically possible in some situations, for example with a sample held in a
sealed chamber or other enclosed space.

Moisture: When taking a measurement with an air reference it is gen-
erally assumed the complex refractive index of the air is 1 + 0i, ie. the air
has identical refractive index as that of a vacuum, however in practical cases
there is often atmospheric moisture which can cause absorption of the THz
pulse. After the air reference is taken and the sample is placed in the spec-
trometer the beam is then passing through less water vapour which can skew
the values of imaginary refractive index register in the system as an artificial
gain in intensity.

Echo Reference Method

Here, I address the issue of air referencing by presenting a method to de-
termine complex refractive index of a sample without an air reference. The
method relies on internal reflections within the sample to produce echo pulses
which can be normalised to each other, requiring only one measurement scan
to obtain all necessary data. This method has a number of advantages over
the traditional air referencing method as both measurements can be taken
in a single time domain trace which reduces the drift in the spectrometer
between measurements. Secondly this method allows for the sample to be
held securely in the optical setup at all times which reduces chances of mis-
alignment between repeated sample mountings, and can allow for samples
to be held in difficult-to-access places such as sealed chambers and thermal
stages. Thirdly this ’echo referencing’ method reduces the need for dry inert
gas which is often used to displace atmospheric moisture however requires a
spectrometer system to be fully enclosed which can be costly and difficult to
achieve.
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Theory of Extraction with Separable Solutions
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Figure 5.3: Pulse propagation paths are shown for the first transmitted pulse
(X1) and the first internally reflected, or ‘echo’ pulse (X3) travelling from air,
through a sample, and re-emerging to air.

Figure depicts the optical paths for the first transmitted pulse and
the echo pulse within the crystal sample. By measuring the THz time do-
main the two pulses can be separated and individually converted into the
frequency domain by a Fourier transform. The first pulse enters from air
into the sample in a transformation which can be described by the Fresnel
transmission function. The pulse then propagates through a length d of the
sample, which can be described by a complex Beer Lambert exponential at-
tenuation equation, and finally passes out of the sample into air which can
be described by a further Fresnel transmission equation. The total combina-
tion of these functions describes the transmitted wave termed X; as shown
in Equation , where A is the arbitrary power of the incoming pulse, T;
is the complex Fresnel transmission coefficient passing from material i into
j, and Py is the exponential attenuation from passing through length d of
material with form P; = exp(—inwd/c), where d is the length of material
passing through, and c is the speed of light.

Xi=A Ty Py Th (5.1)
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The echo pulse termed Xy is descirbed by Equation where where R;;
is the complex Fresnel reflection coefficient from inside material i bounding
material j, with form R;; = (n; — n;)/(n; + n;).

Xo=A Ty Py Rpo Py Rpo- Py Tha (5.2)

By dividing the two pulses the arbitrary power of the emitter A is re-
moved, along with the transmission coefficients, leaving the complex transfer
function termed H. This transfer function H can be equated to the experi-
mental data for the complex Fourier transform presented in unwrapped polar
coordinates as |Y(w)| - €, where |Y (w)] is the magnitude, and ¢(w) is the
unwrapped angle of the the complex Fourier transform.

H=P? R =|Y(w)| @ (5.3)

With the assumption that n>>k then the Fresnel coefficients can be
assumed to be real valued which allows for the real and imaginary parts of
the equations to be solved separately by rewriting the propagation constant
in real and imaginary parts where n = n + tk. Firstly the real values of n
can be calculated from Equation [5.4] and then plugged into Equation to
obtain the imaginary k components. For the case of an air referenced sample
a similar deviation is used to calculate n and k as described in literature [12].

e—Qinwd/c — €i¢(w) (54)
2hwdfc  (Ta T Tbya 1y 5.5
e (na+nb) Y (w)] (5.5)

Theory of Extraction with Non-Separable So-
lutions

In the case that n and k are of a similar order of magnitude it is no longer
possible to assume the Fresnel coefficients are completely real. In this case
the real and imaginary parts of the refractive index must be solved simulta-
neously. For this task a Newton Raphson method may be used, which is an
analytical technique to minimise the difference between two functions, where
the two functions are the experimental transfer function, and the theoretical
transfer function. The Newton Raphson iteratively adjusts the theoretical
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transfer function until the difference between theoretical and experimental
falls to an arbitrarily small number (1077 in this case).

To perform the Newton Raphson method it is desirable to use the natural
logarithm of the transfer function H, as this separates the real and imaginary
parts of H, defined as G = In(H) shown in in Equation 5.6l The method also
requires an analytical expression for the derivative of G with respect to n,
as shown in Equation [5.7] T present these equations here for completeness,
however for the rest of this chapter I proceed with the separable solutions
method.

ﬁQ _ﬁl 2
G=In(H)=1 — 2inowd 5.6
() = (202 e 59
_ 4n, ,
dG/dng = i 2iwd/c (5.7)

Experimental Method

A z-cut crystal of congruent lithium niobate of 0.5 mm thickness is mounted
on top of a metallic aperture of 10 mm diameter and placed in the beam
path of a collimated THz source. The THz spectrometer is a commercially
available Zomega spectrometer which detects THz radiation via femtosec-
ond pulse interaction in a non-linear crystal. A reference scan is first taken
in absence of the lithium niobate crystal through the metallic aperture, the
lithium niobate is then mounted in the aperture and THz spectra are record-
ing with an averaging period of 2 minutes, recording a total of 24 spectra
over a 50 minute period.
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Results

Time Domain of Pulses

Figure [5.4] shows the time domain of the THz radiation passing through
the lithium niobate sample, where the first (red) pulse corresponds to the
pulse which passes once through the sample, while the second (blue) pulse
corresponds to the echo pulse which is delayed in time due to the internal
reflections within the sample. It can be seen the echo pulse amplitude is
attenuated in comparison to the first transmitted pulse due to the additional
material interaction of the THz radiation with the sample due to the internal
reflections. The two pulses are separated from each other by multiplying the
time domain by an exponentially damped window, as shown by the dashed
lines, and then converting into the frequency domain by performing a Fourier
transform on each data set. Once the Fourier transforms are performed the
magnitude of the echo pulse is divided by that of the first pulse to obtain
|Y (w)| while the unwrapped phase of the echo pulse is subtracted from that
of the first pulse to obtain ¢(w). The complex refractive index is calculated
with the echo method for separable solutions.

30 =~ ‘
\ first pulse
=20 ‘| / 1
5 | . echo pulse
s i ‘
B 107
2
g
< 0
-10t

Time (ps)

Figure 5.4: THz Time domain of first pulse and echo pulse through lithium
niobate sample with window functions (in dashed lines) overlayed on top of
the pulses.
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Complex Refractive Index

Figure (a) displays the real part of the refractive index z-cut lithium nio-
bate averaged for 24 measurements taken over a 50 minute period, with the
standard deviation shown as the shaded regions. The data is extracted with
two different methods; in the first method labelled ’air reference’ a reference
measurement of THz propogation through air is taken before sample mea-
surements and all subsequent lithium niobate measurements are normalised
to this single air reference. In the second method labelled "Echo Reference’
the data is extracted by referencing the echo pulse to the first transmitted
pulse as described in the theory section. It can be seen from the graph that
the air reference method is capable of providing trustworthy values up to
1.5 THz, while the echo pulse method suffers from large noise above 1 THz,
however in the region of 0.1 to 1 THz it is clear that the echo pulse method
has a much lower standard deviation than the air reference method.

Figure (b) shows the imaginary refractive index extracted by the air
reference and echo reference methods for 24 repeat measurements of lithium
niobate where mean values are plotted as solid lines with standard deviation
plotted as colored error bars. It can be seen that for frequencies below 1 THz
both methods give similar readings however above 1 THz the echo reference
results become unstable. Both extraction methods provide values which are
in general accordance with reported literature [13] 14 [15].
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Figure 5.5: Real and imaginary refractive index averaged for 24 measure-
ments of lithium niobate over a 50 minute period, where the error bars are
given by the standard deviation of the repeat measurements. The red datasets
shows the refractive index calculated by referencing to a measurement in air,
while the blue datasets use the echo referencing method. It can be seen for
the real refractive index the echo method achieves a lower standard deviation
as compared to the air reference method at frequencies below 1 THz, however
the echo method values become unreliable above 1 THz while the air reference
results are stable up to 1.5 THz.
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Standard Deviation Comparison
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Figure 5.6: Fractional change in standard deviation of n and k for 24 mea-

surements of lithium niobate as calculated by air reference and echo reference
methods.

Figure presents a comparison of the variation between the two refer-
encing methods. The standard deviation of n and k for the echo method is
divided by the deviation calculated using the air reference method. It can
be seen that for values of n below 1 THz there is a reduced standard devia-
tion, achieving around 67 % lower standard deviation than the air reference
method. The imaginary part however suffers from greater variation com-
pared to the air method at all frequencies, which is perhaps due to the lower
signal-to-noise ratio of the echo pulse as compared to the first transmitted
pulse.

Material Suitability

The method presented here requires a suitably strong echo pulse in order to
obtain useable data from the THz measurements. The strength of the echo
pulse can be estimated from Fresnel coefficients. Figure plots the echo
pulse power obtained from Equation [5.2] against varying real refractive index
n (where the arbitrary power A is set to 1, and the attenuation coefficients
are ignored). It can be seen that as the refractive index increases from 1 the
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echo power increases (plotted in red). This is understood as the reflection
coefficient (blue) growing from zero when n equals 1. At a value around 6 the
echo power reaches a maximum before starting to decrease. This decrease
comes from the fact that as n increases the transmission coefficient (black)
decreases, and so there is a sweet-spot around n = 6. This is a rather
fortunate value as it coincides nicely with the refractive index of lithium
niobate.
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Figure 5.7: Transmission, Reflection, and Echo coefficients plotted against
refractive index.

Conclusions

In conclusion I have presented a novel 'echo reference’ method to determine
complex refractive index from THz TDS data in absence of an air reference
measurement. [ present a benchmark test in which a test sample of lithium
niobate is measured 24 times over a 50 minute period and the data extracted
for by both echo reference, and air reference methods. It is shown that
for frequencies below 1 THz the echo reference measurements achieve 67
% lower standard deviation in real refractive index values as compared to
the air reference method, however the useable frequency bandwidth for the
echo reference is lower than that of the air reference method. I argue the
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echo reference method has a number of advantages over a traditional air
referencing method such as reduced effects of power drift, reduces the need for
purging of the spectrometer chamber with inert gas, and allows the sample to
be held securely in the optics setup without the need for removing the sample
between measurements which reduces chances of optical misalignment.
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Introduction

The refractive index of lithium niobate at terahertz frequencies is measured
via THz TDS in transmission mode. A reference measurement through
air is taken with an empty metallic aperture mounted into the spectrom-
eter. A sample of undoped z cut lithium niobate with 0.3 mm thickness is
mounted into the metallic aperture and placed into the spectrometer beam
path. Transmission scans are averaged over a 2 minute period, with the de-
lay stage scanning at ~ 2 Hz. After the two minute period the scan data is
saved, and the scan process repeated a total of 24 times over a 50 minute
period.

Results

Each of the 24 THz scans is used to extract a complex refractive index for
the sample, and the mean values for real and imaginary index are plotted
in Figure[5.8] The standard deviation obtained over the 24 measurements is
plotted as the shaded region. The data are untrusted outside the frequency
range of 0.2 to 1.5 THz as the signal to noise ratio drops to unusable levels.

The real part of the refractive index is measured to be around 6.6 at low
frequencies (0.2 THz) and increases superlinearly to around 6.9 at 1.5 THz.
The imaginary part of the refractive index begins near 0 at 0.15 THz, and
decreases to near -1.25 at 1.5 THz. These values are in line with previously
reported values of the refractive index [11, 2} [3].

Discussion

Similar measurements were performed with iron doped lithium niobate at
0.1 and 0.01 weight %, which obtained identical refractive indexes within
experimental error. In other words, the THz transmission properties through
lithium niobate appear unaltered by the iron doping within the sensitivity of
the spectrometer.

It can be seen from the real part of the refractive index that there appears
to be a sudden increase below 0.2 THz, which may highlight the presence of
a phonon resonance mode of some other physical phenomena. Unfortunately
the frequency range below 0.2 THz is subject to high levels of error due to
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Figure 5.8: Frequency dependent refractive index of lithium niobate at ter-
ahertz frequencies.

diffraction as the free-space wavelength of the radiation becomes on a similar
order of magnitude as the size of the sample and the detector, and so no
conclusion can be drawn from this data. It would be useful here to refer
to previous reports of the refractive index in this region to look for similar
peaks at low frequencies, however many reports of refractive index of lithium
niobate cut the frequencies below 0.5 THz to avoid spurious looking results
[T, 2, 3].
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Introduction

In this section I present changes in the refractive index of doped lithium
niobate due to optical illumination of the crystal with a 462 nm laser source.
The initial motivation for this set of measurements was to use the optical
illumination to excite free carriers within the crystal to attenuate the THz
transmission, and by fitting to a Drude model thereby calculate the total
number of optically excited carriers within the lithium niobate. During anal-
ysis of the measurements it became clear that I could not fit the data to a
Drude model for free carriers, which I now believe is due to the existence of
strong phonon mode peaks which dominate the materials transmission prop-
erties at terahertz frequencies. Regardless of this shortcoming, the results are
presented in this appendix as reference material for future work. The mea-
surements were performed by Sophie Blundell during a summer internship
in her undergraduate degree, and I have performed the analysis.

Results

In Figure 1(a) I present frequency dependent transmission through 1 mm
thick crystal of iron doped lithium niobate (0.1 weight %) under five illu-
mination conditions. Transmission is measured via the THz TDS setup in
transmission mode. All transmission values are normalised with respect to
the transmission measured through the crystal in dark conditions. It can be
seen from the figure that as the crystal is illuminated the transmission de-
creases, where this effect is especially pronounced at higher frequencies, while
at low frequencies below 0.2 THz there is negligible transmission change.
Further, the figure shows that as the illumination intensity is increased the
transmission decreases more strongly.

In Figure 1(b) I plot the transmission values at five select frequencies
against the illumination power incident on the crystal from the blue 462 nm
laser source. It can be seen that for each frequency there is generally a linear
relation with transmission and illumination power, so I have therefore fitted
each data set with a linear line. Further, the absolute value of the gradients
appear to increase as the THz frequencies increase.

In Figure 1(c) I plot the gradient of the linear fit of transmission against
power for each frequency from 0.1 to 1.0 THz for three crystals ( 0.1% doped
LiNbO3, 0.01% doped LiNbOj, and undoped LiNbOj), where the shaded
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Figure 5.9: (a) Frequency dependent transmission through Fe:LiNbOs (0.1
wt %) crystal for 5 illumination conditions. (b) Transmission plotted against
illumination intensity for five select frequencies with linear fits. (¢) Trans-
mission vs illumination power gradients are plotted against frequency, with
the error bars given as the standard error of the fitted gradients. (d) The
complex refractive index for Fe:LiNbOs (0.1 wt %) plotted against illumi-
nation intensity. (e) Real refractive index for Fe:LiNbOs (0.1 wt %). (f)
Imaginary refractive index for Fe:LiNbOs (0.1 wt %).
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error bars come from the standard error in the fitted gradient. It can be seen
in the green line (for highly doped crystal) that indeed the transmission effect
is especially pronounced at high frequencies, and the effect is far larger than
the systematic error, however for the case of the low doped and undoped
crystal the results reveal no transmission change in response to illumination.

In Figure 1(d) I extract the complex refractive index for the highly doped
crystal as a function of illumination intensity. The complex refractive index
values presented are taken at a frequency of 0.4 THz. It can be seen that the
real part of the refractive index (n) begins around 6.9 however as the illu-
mination is applied there is a sudden drop to around 6.87 (0.4 %), yet with
further illumination intensity this trend reverses and n begins to increase
again, ending slightly higher than it start point at 6.905. For the imaginary
part of the refractive index the trend is slightly different as the effect ap-
pears to be generally linear with illumination intensity, however it the data
is slightly noisy so it is difficult from these few data points to draw a precise
conclusion. Regardless, we can see that the imaginary part (k) experiences
a roughly 25 % increase in response to illumination at 12 W/cm?.

Discussion

The results presented in this section reveal that optical illumination can alter
the complex refractive index of lithium niobate, however the effect is only
measurable for the highly doped crystal. It could be expected that the lower
concentration doped crystal would also show a similar effect however with
a 10 times smaller magnitude due to the difference in doping concentration.
For the highly doped crystal there is a 30 % drop in transmission so for the
lower concentration doped crystal this would scale to 3 % (assuming a linear
correlation with doping concentration) however 3 % transmission changes are
difficult to measure with THz TDS due to power fluctuations of the system,
so it is highly likely that if they are present they would not be detected.

In an effort to find whether the low concentration doped substrate does
exhibit an optically induced effect is may be possible to enhance the sensi-
tivity of the measurement by performing a lock-in technique, where the blue
laser is modulated with a beam chopper, and the mechanical delay stage
held at the maximum peak of the terahertz pulse. This may be able to show
optical modulation of average transmission, however would not retrieve any
frequency dependent information.
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The method of actuation here is not fully understood as is was not pos-
sible to fit the complex conductivity to a model for free carrier absorption
such as the Drude model. A key issue here is that the real refractive index
decreases and then increases, which when interpreted by the Drude model
would suggest that one had moved over the resonance frequency, however
the refractive index (and conductivity) both show a monotonic relation to
frequency, and no resonance peak is measured in the available frequency
range.

Similar trend reversal behaviour has been observed in Mg and Ce doped
lithium niobate samples, in which optical illumination has been shown to
create a refractive index change which decreases and then increases, where the
turning point happens at similar levels of light intensity to those mentioned
here [1} 2, B]. In these publications (all from the same group) it is argued
that the trend reversal is attributed to a light induced domain reversal in the
crystal, however there arguments for this process are rather vague and the
illumination intensities seem extremely low to allow for a domain reversal.

Therefore, I hypothesise that the effects observed here cannot be (fully)
attributed to absorption by optically excited free carriers, and perhaps may
be a thermal effect due to heating of the crystal by the laser source. This
hypothesis is investigated in the next appendix section.
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Introduction

In this section I investigate the degree to which thermal effects may tune
the refractive index of lithium niobate. This study is motivated on the back
of the previous section (Appendix B) in which I show optical illumination
is capable of tuning the refractive index of lithium niobate, however there
appears to be more than one mechanism responsible as the real part of the
refractive index first decreases, then increases with illumination intensity.

During the optical illumination with the 462 nm laser source I measured
temperature increases up to 12 °C via a thermocouple mounted to the surface
of the crystal. In the experiment presented here I mount a crystal of iron
doped lithium niobate onto a temperature controlled ceramic heating element
which has a 5 mm diameter hole in the centre for which a THz pulse may
pass through allowing transmission measurements. The crystal starts at
room temperature and is slowly heated, taking measurements at a range of
temperatures up to 32 °C.

Results

In Figure 1(a) I present transmission through 1 mm thick iron doped lithium
niobate crystal (0.1 weight %) measured at increasing temperatures. The
transmission measurements are normalised to the transmission measured at
room temperature. It can be seen from the graph that as the temperature
is increased the transmission decreases at all frequencies, where the effect is
most pronounced at higher frequencies. At a maximum temperature increase
of 12 °C the transmission drops by around 10 % at 1 THz, while at 0.1 THz
there is negligible change measured.

In Figure 1(b) I present the phase of the pulse travelling through the
crystal, measured at various temperatures, where the phase is subtracted
from the phase of the pulse travelling through the crystal at room tempera-
ture. From this graph it can be seen that initially at low temperatures the
phase increases with heating for the first few degrees, however this trend then
reverses and the phase drops for higher temperatures.
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Figure 5.10: Thermally induced changes in LiNbOs crystal (a) transmis-
sion and (b) phase. The green arrow highlights the trend reversal where the
phase initially increases at low temperatures and then begins to decrease at
higher temperatures.

Discussion

The behaviour of the transmission and phase in response to thermal heating
(transmission decreases at higher frequencies, and trend reversal in phase)
are consistent with the results obtained by optical illumination of the crystal.

It is known that the refractive index of lithium niobate can be tuned
thermally. This effect has been demonstrated to monotonically increase the
refractive index, and no trend reversal was reported [I, 2], however both
investigations were performed with undoped crystals whereas here I use iron
doped lithium niobate which may exhibit additional behaviours.

It should be noted here however that this does not provide a conclusion
to the actuation mechanism as it is known that thermal energy delivered to
the Fe:LiNbOj3 crystal can release electrons from Fe trap sites in the pho-
torefractive effect similar to optical illumination. To investigate further it
would be advantageous to reproduce the experiment presented here with an
undoped crystal as this may reveal that the trend reversal in refractive index
is caused by the iron content in the crystal.
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ABSTRACT: We demonstrate experimentally nonvolatile,
all-optical control of graphene’s charge transport properties
by virtue of an Fe:LiNbO; photoconductive substrate. The
substrate can register and sustain photoinduced charge
distributions which modify locally the electrostatic environ-
ment of the graphene monolayer and allow spatial control
of graphene resistivity. We present light-induced changes of
graphene sheet resistivity as high as ~370 ©/sq (~2.6-fold
increase) under spatially nonuniform light illumination.
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The light-induced modifications in the sheet resistivity are stable at room temperature but can be reversed by uniform
illumination or thermal annealing (100 °C for 4 h), thus restoring graphene’s electrical properties to their initial,
preillumination values. The process can be subsequently repeated by further spatially nonuniform illumination.

KEYWORDS: graphene, two-dimensional materials, reconfigurable electronics, field-effect, photoconductive, lithium niobate

raphene, demonstrated to be the world’s first truly

two-dimensional monolayer material in 2004 by

Novoselov and Geim,' has attracted intense research
interest owing to its unique electrical and optical properties.
Consisting of carbon atoms arranged in a two-dimensional
hexagonal lattice, graphene exhibits a linear dispersion for
electrons with the density of states vanishing at the Dirac point.
This allows altering significantly graphene’s electronic proper-
ties by injecting relatively small numbers of charge carriers.” In
combination with the inherent high values of charge carrier
mobility, these properties render graphene an appealing
material for applications such as microelectromechanical
systems (MEMS),” flexible touch-screen electrodes,” chemical
sensing,”’ membranes,® and especially optoelectronic applica-
tions,” including photodetection.'” Graphene has been shown
to support strongly confined plasmonic excitations in the
terahertz (THz)/infrared spectral (IR) range,'' which allows
the realization of miniaturized tunable devices.">”"*

The charge transport properties of graphene are typically
controlled through chemical doping,'® by electrostatic gating'
or by structuring. In the latter case, for example it is possible to
create a band gap in graphene nanoribbons by patterning or
unzipping of carbon nanotubes'®™** or by combination with
other 2D lattices'” such as hexagonal boron nitride (hBN)>’
and transition metal dichalcogenides (TMDs).*"** In the case
of electrostatic gating, a field-effect transistor (FET) config-
uration is usually employed, where graphene is placed on a Si/
SiO, substrate acting as an insulated electrical backgate; the
current transmitted through the device can then be altered by
applying a gate voltage, which regulates the number of available

i i © 2018 American Chemical Society 5940
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charge carriers into graphene, thus modifying the sheet
resistivity. However, such doping mechanisms require addi-
tional processing steps and/or do not provide substantial
control over the spatial distribution of charge carriers. To this
end, a number of light-assisted approaches have been put
forward including photochemical effects,”*~* where irradiation
leads to exchange of dopants between the atmosphere and
graphene, and photo-oxidation of organic layers, resulting in
nonreversible charge transfer.”® In addition, it has been shown
that combining light illumination with an electrostatic gate can
lead to charge exchange between graphene and the
substrate.”” > Finally, depositing graphene on substrates with
ferroelectric and pyroelectric properties allows control either
through local electrostatic fields’>*" or laser heating,*”
respectively. Here we present an approach toward spatially
resolved control of the charge transport properties of
monolayer graphene that is both reversible and nonvolatile,
allowing for electrostatic charge distributions to be written or
erased in an all-optical fashion.

Our approach is based on an Fe-doped lithium niobate
(Fe:LiINbO;) substrate, an electro-optic photoconductor that
has been studied extensively in the past as a holographic storage
medium.” LiNbO; is an artificial dielectric crystal that has
found a multitude of uses in optoelectronics due to its
combination of ferroelectric, pyroelectric, piezoelectric, electro-
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optic (Pockels), photovoltaic, and photoelastic effects.”*
LiNbO; exhibits a photorefraction effect;”> Fe ion impurities
in the crystal act as photoexcited charge centers, supplying
electrons to the conduction band, which are free to migrate in
the lattice. Depending on their valence state, these impurities
can act as donors or acceptors; thus by nonuniform
illumination of the substrate photoexcited electrons diffuse
away from the irradiated area to dark regions, where they
become trapped in acceptor Fe®* sites, creating a nonuniform
charge distribution that is stable at room temperature over long
periods of time (years).*® This ability to store photoinduced
charge distributions locally, combined with the electro-optic
effect that is inherent to the material, enabled the use of
Fe:LiNbO, for the nonvolatile recording of holograms,®
optoelectronic tweezers for manipulating nano-objects,”” and
optically aligned liquid crystal devices.** Here, we employ the
photorefractive properties of Fe:LINbO; to define the local
electrostatic environment at the substrate surface using light.
The schematic in Figure 1(a) illustrates the optical doping
mechanism; nonuniform illumination of the substrate causes
electron migration away from illuminated regions, creating a
nonuniform surface charge distribution. This effect is capable of
producing nonvolatile charge distributions of arbitrary shape,
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Figure 1. (a) Schematic illustration of the electrostatic environment
in a graphene/Fe:LiNbO; composite under illumination. In the
substrate, electrons photoexcited from Fe®* centers to the
conduction band are free to migrate in the lattice until being
trapped by Fe®* centers in the dark regions. This results in a
nonuniform charge distribution in the substrate and subsequently
in a spatially inhomogeneous electrostatic environment for the
graphene layer, which in turn leads to inhomogeneous doping of
the graphene layer. (b) Raman spectrum of graphene on a
Fe:LiNbO; substrate exhibiting the graphene G peak at ~1580
cm™! corresponding to an in-plane vibrational mode, the 2D peak
at ~2700 cm ™" attributed to an overtone of the defect activated D
peak (not pictured here), and the 2E lithium niobate peak at ~1750
cm™'. Inset: Reflection mode optical microscopy image of the
sample surface with deposited metallic electrodes. The dark regions
between the electrodes correspond to the exposed parts of the
(nonreflecting) graphene layer.
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which can however be erased by uniform illumination or
thermal annealing, which redistributes evenly the separated
charge carriers. A graphene sheet on the surface of the substrate
will experience an injection of charge carriers in response to the
electrostatic environment of the Fe:LINbOj; as the charge
carriers are injected, the Fermi level of the graphene is
significantly altered, modifying its electrical properties. Here,
we demonstrate a nonvolatile ~2.6X increase of the sheet
resistivity of chemical vapor deposition (CVD)-grown mono-
layer graphene, which is subjected to the electric field of the
substrate’s local charge distributions. We show that the changes
in the electrical properties of graphene are reversed by thermal
annealing, and in fact literature suggests this behavior of
Fe:LiNbOj can be repeated indefinitely.”> We propose that the
optical doping mechanism demonstrated here will enhance the
potential of graphene for remote sensing applications and
rewritable electrical interconnects and will allow the realization
of plasmonic devices defined by structured illumination,
removing the need for lithographic patterning of graphene.
Moreover, the doping method demonstrated here is expected
to be compatible with a wide range of TMDs and other 2D
materials and hence will be of interest for numerous electronics
and optoelectronics applications, including light emission and
detection, optically controlled FETs, and sensing.””~**

RESULTS AND DISCUSSION

For the purpose of our investigation we fabricated devices that
consist of a uniform monolayer of CVD graphene, transferred
to one of the polar surfaces (—z) of Fe:LiNbO; substrates. An
array of gold metallic electrode pairs with varying spacing
between them (see Methods) was fabricated on the graphene
film. An optical microscopy image of the electrode arrangement
is shown in the inset of Figure 1(b). Raman spectroscopy was
used to characterize the graphene layer. The (~2:1) 2D/G
peak ratio, observed in a Raman spectrum (Figure 1(b)), which
has been obtained in a position between the electrodes,
indicates the presence of a single graphene monolayer.

To illustrate the optical gating of graphene on Fe:LiNbOj;,
the device was illuminated intermittently with alternating
“bright” and “dark” periods (corresponding to “on” and “off”
intervals in Figure 2, respectively). The resistance was
measured at the end of each “bright” period and was monitored
continuously during “dark” periods. The graphene-on-Fe:LiN-
bO; devices were illuminated uniformly using a low-intensity
broadband light source (1 mW/cm?). However, the metallic
electrodes are opaque, leading to a nonuniform irradiation of
the Fe:LINbO, substrate. Here the area between electrodes was
irradiated while the area under the electrodes remained dark.
Current was not measured during illumination periods to avoid
the applied potential voltage difference from influencing the
migration of photoexcited electrons in the substrate (see Figure
2). During the measurement, a voltage of 0.1 V was applied
across the electrodes and the current was recorded over a 300 s
period while the device was kept in a light-proof box. The
shaded areas of the graph correspond to the “bright” irradiation
periods, while the clear sections correspond to “dark” periods.
The graph shows that the resistance increases after each
illumination period, and eventually, the effect reaches saturation
with additional illumination producing negligible changes in the
resistance as the photoelectron donor sites in Fe:LiNbO; are
being depleted. Over the “dark” periods we observe negligible
resistance changes (<1% or 2 Q). After saturation the device is
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Figure 2. Light-induced changes in the charge transport properties
of graphene on Fe:LiNbO;. The sample is intermittently
illuminated by a white light source with illumination periods of
varying duration (shaded regions) being interrupted by 300 s
periods (nonshaded regions) over which the device is stored in the
dark. Measurements are obtained only during the latter periods,
when the sample is not illuminated (solid black lines). Dashed lines
over the illumination periods serve as a guide to the eye.

thermally annealed in a convection oven at 100 °C for 4 h to
reset it to its initial state.

The observed light-induced resistance changes can be
associated with changes in the graphene layer, but also to
changes in the contact resistance between the electrode pads
and the measurement probe tips. To evaluate the effect of
illumination on the graphene resistivity and decouple it from
the contact resistance, we employed the transmission line
method (TLM),”~* where measurements are taken between
electrodes with varying interelectrode spacing (see Methods).
The measured resistance is plotted against the interelectrode
spacing, and a straight line is fitted to the data, as shown in

Figure 3(a). The slope of each line is used to calculate the
resistivity of graphene, while the intercept with the vertical axis
corresponds to the contact resistance. The TLM measurements
were performed in the dark following irradiation. Successive
irradiation/measurement steps were taken to generate a family
of lines, as shown in Figure 3(a), each corresponding to a
specific irradiation fluence. The graph shows that with each
successive illumination period the gradient of the line is
increased, which suggests an increase of graphene resistivity,
while the vertical axis intercept is close to the zero point for
each fitted line, suggesting the contact resistance is small and
unchanged by illumination. The average contact resistance is
determined to be 1.7 Q. Thermal annealing of the device (100
°C for 4 h) resets the device to its initial state, and the
resistivity measurement sequence can be performed again. We
repeated the illumination/annealing cycle three times.

The resistivity change as a function of the illumination
fluence is shown in the plot of Figure 3(b). The sheet resistivity
values in Figure 3 were calculated from the slope of the linear
fits, shown in Figure 3(a), where the standard error of the linear
fitting is used to calculate the errors in resistivity values. Data
from all three cycles showed similar behavior, and each time
resistivity returned to initial preillumination values after
annealing (see Supporting Information Figure S1, where
three individual cycles are shown). Average resistivity of the
three illumination cycles is taken for each fluence dose and the
errors propagated forward as shown by the error bars in Figure
3(b). The resistivity, p, follows an exponential increase as a
function of illumination fluence, F, which can be fitted by p =
a(l — exp(_F/F")) + ¢, where a = 373 Q/sq, F, = 6318 m]/cm?,
and ¢ = 231 Q/sq. This dependence suggests that the effect
saturates to a resistivity value of 604 €/sq (~2.6-fold increase
from initial preillumination values), reaching e™' of saturation
value at a fluence of 6318 mJ/cm? The secondary vertical axis,
to the right, in the plot of Figure 3(b) provides the
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Figure 3. (a) Resistance measured across electrode pairs with varying interelectrode distance d, for four different values of irradiation fluence.
Red squares: nonilluminated; blue triangles: 1800 mJ/ cm?; black diamonds: 3600 mJ/ cm?; green circles: 5400 mJ/ cm?. Error bars are omitted
because the standard error was 4 orders of magnitude smaller than the resistance. The straight lines in the plot correspond to linear regression
fits. The slope of the lines is used to calculate the sheet resistivity, while the vertical axis intercept corresponds to 2 times the contact
resistance. Standard error of the gradient is used to quantify the error in the calculated resistivity value. (b) Graphene sheet resistvity is
measured via the TLM method as a function of illumination fluence for three independent illumination cycles. Each illumination cycle
provides the device with a total fluence dose of 18 000 mJ/cm?, at which point further changes in resistivity are negligible. The sample is then
reset via the thermal annealing process. The average resistivities of the three cycles are plotted against fluence, showing an inverse exponential
trend. An inverse exponential curve is fitted via a regression method, revealing the effect saturates at a final resistivity of 604 /sq, reaching
¢! of saturation value after a fluence dose of 6318 mJ/cm’. Errors in resistivty at each fluence value are calculated using the standard error of
the fitted gradient, as illustrated in (a) for each illumination cycle and propagated forward to account for averaging between the three
illumination cycles.
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corresponding values for charge carrier density calculated from
the measured resistivity values, electron charge, and using a
mobility value of 3760 cm> V™' s, as characterized by the
supplier of the graphene monolayer. The graph indicates that
the carrier density decreases by a factor of ~3 (corresponding
to a modulation of carrier density ~5.5 X 10'> cm™) with
increasing illumination. A control device consisting of graphene
on a Si/SiO, substrate with an identical (to the Fe:LiNbO,
sample) electrode array was used to confirm that the changes in
graphene resistivity are substrate-specific (see Supporting
Information Figure S3), as a negligible increase of the resistivity
was observed in the control sample as a function of irradiating
fluence.

The experimental errors in resistivity values as plotted in
Figure 3(b) are due in part to the TLM method, which
combines measurements across different pairs of electrodes in
different areas of the sample and therefore assumes identical
contact resistance across the whole array of contacts and a
uniform graphene sheet resistivity. However, we expect that
both factors are subjected to spatial variation across the
substrate, especially with polycrystalline CVD graphene.
Furthermore, the deposition of electrodes and electrical
probing can be detrimental to the graphene layer. Literature
suggests accurate measurements of graphene sheet resistivity
and charge carrier mobility can be obtained via terahertz time
domain spectroscopy,” and the process is noncontact and
therefore nondestructive to the sample.

The observed change in the resistance as a function of
nonuniform illumination is attributed to photoexcited electrons
in Fe:LINbO;, which diffuse and become trapped in the dark,
nonilluminated, regions (see schematic illustration of Figure
1(a)). This charge migration effect is well documented in
Fe:LiNbOj; and can produce space charge distributions that are
stable in the dark for long periods of time (years).”® The
response time of charge migration is a function of illumination
intensity’’ and can reach sub-picosecond time scales under
pulsed illumination.***’ Furthermore, the charge migration
effect can create charge distributions of sub-micrometer
dimensions.*® In particular, as we illuminate the Fe:LiNbO,
crystal, we are moving electrons away from the illuminated area
and under the electrodes where they become trapped. When
the illumination stops, this process creates a positive region
underneath graphene, which due to its metallic behavior draws
electrons from the electrodes. Because CVD graphene generally
exhibits residual hole doping due to the fabrication process,”””"
the injection of electrons due to the illumination will result in a
net decrease in charge carrier density, and therefore the
resistivity is expected to increase with increasing fluence.
Assuming the graphene sheet follows a typical behavior where
resistivity reaches a maximal value when charge carrier
concentration is zero and decreases as carriers are injected,1
then starting with hole-doped graphene and a sufficiently strong
optical doping effect, it may be possible to pass over the point
of maximum resistivity and therefore begin to decrease the
resistivity. The experimental results presented here suggest the
optical doping method was not of sufficient strength to shift the
graphene entirely from the hole to the electron-doped region.
Practically this may be achieved by the use of an electrical top-
gate as an additional method to control the charge carrier
density of the device and bring the graphene sheet closer to its
charge neutrality point. A top-gate could also be used to bring
the graphene to the point of maximum rate of change of
resistivity with respect to charge carrier concentration, thereby
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allowing the optical gating effect on resistivity to exhibit
maximum responsivity. The photorefractive sensitivity of
Fe:LiNbO; increases in blue and green regions of the visible
spectrum, so it is reasonable to assume that if repeated with
blue laser irradiation the experiment would achieve lower F,
values than with broadband white light. Furthermore, the
response time of the effect could be reduced by increasing the
intensity of the irradiation, i.e., using a pulsed source.

The optical method to locally control the graphene doping
that is introduced in this work can be readily extended to the
control of graphene plasmons. Indeed, our results indicate that
illumination can be employed to change the charge carrier
concentration of graphene by a factor of 5.5 X 10'* cm ™2, which
in the absence of intrinsic doping corresponds to a change in
the graphene Fermi level of 0.3 eV. Such effects are sufficient to
practically switch “on” and “off’ plasmonic excitations in
graphene microstructures over the microwave and THz spectral
ranges.' "> Moreover, the optical control of the graphene
spatial doping profile could allow the definition of graphene
plasmonic resonators simply through nonuniform illumination
of continuous graphene layers, alleviating thus the requirement
for patterning.

We propose that the optical doping mechanism presented
here is not limited to application with only graphene and would
be a versatile tool for investigating doping effects in a wide
range of emerging 2D materials. Since the initial identification
of graphene by Geim and Novoselov, the study of 2D materials
has grown rapidly into its own field,””* yielding materials with
unique properties especially of interest in optoelectronics®
such as molybdenum disulfide,*® silicene,”” and black
phosphorus,®® where a primary motivation for moving to 2D
materials beyond graphene is to find materials that exhibit a
band gap while still maintaining high values of charge carrier
mobility. We expect that our approach will enable sensing
applications, rewritable electrical interconnects, and the
possibility of reconfigurable plasmonic structures defined by
structured illumination.

CONCLUSIONS

We have demonstrated nonvolatile control of graphene
electrical resistivity by virtue of optically driven charge
redistribution in iron-doped lithium niobate. Graphene on
Fe:LiNbOj; was illuminated via a broadband white light source,
achieving a maximum increase in resistivity of ~370 Q/sq
(~2.6-fold increase), while a control sample of graphene on Si/
SiO, showed a negligible change in electrical properties after
illumination. For graphene on Fe:LINbO; we calculated that
the charge migration within the substrate can induce charge
carrier density modulation on the order of 5.5 X 102/cm? in
the graphene sheet. We have conducted our experiments using
broadband white light illumination; however the writing speed
could be improved using blue or green laser light. The ability to
optically control the electrical resistivity of graphene in a
spatially resolved, nonvolatile, reversible manner will enable the
investigation of the electronic properties of graphene and other
emerging 2D materials.

METHODS

Fabrication. Monolayer CVD graphene grown on a copper
substrate (obtained commercially from Graphenea) was transferred via
a sacrificial polymer layer onto z cut Fe:LiNbO; (0.1 wt %). Metallic
electrodes were created via thermal resistance evaporation of a Cr/Au
layer (5/100 nm) with a shadow mask to partially obscure sections of
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the substrate to create an array of electrode pads. The metallic
electrodes were patterned with a varying interelectrode distance as
required by TLM to decouple the contact and sheet resistivities. A
similar procedure was followed for the fabrication of a control sample
consisting of a graphene monolayer deposited on a Si/SiO,substrate.

Raman Characterization. Raman spectroscopy is used to
characterize the graphene layer after deposition onto the substrate,
using a 632 nm laser source to probe the graphene with a 50X
objective lens. The Raman spectrum is shown in Figure 1(b), where
the high ratio of heights of the 2D:G peak is a characteristic sign of
monolayer graphene.” The broad peak centered around 1750 cm ™ is
due to luminescence of the Fe:LiNbO; substrate.

Electrical Characterization. An Agilent 4155c electrical param-
eter analyzer is used in a two-probe configuration to pass a voltage
(sweeping from —0.1 V to +0.1 V with a step of 1 mV) while
measuring the current passing through the circuit. The transition line
method is used to determine sheet resistivity; the method requires an
array of electrodes with varying interelectrode spacing, and each is
assumed to have identical contact resistance. By measuring resistance
across a pair of electrodes the total resistance is the sum of two contact
resistances and a graphene resistance equal to the sheet resistivity
multiplied by electrode width divided by electrode gap. By plotting the
total resistance against electrode gap the sheet and contact resistances
can be decoupled, where contact resistance is half the value of the y
axis intercept and sheet resistivity is the gradient multiplied by channel
width divided by electrode length. A linear regression analysis is used
to calculate the line of best fit; the standard error of the gradient is
used as an estimate of the error in the sheet resistivity. All
measurements are performed in a cleanroom environment to ensure
stable control over temperature and humidity conditions. A broadband
white light source is used for illumination of the substrate, delivering a
power of 1 mW/cm” as measured at the surface of the sample, in the
wavelength range 400—800 nm.

Thermal Annealing. After illumination devices are thermally
annealed in a convection oven (100 °C for 4 h) to restore the
Fe:LiNbO; substrate to a state of uniform charge distribution.
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ABSTRACT: We demonstrate, experimentally, nonvolatile optical control of terahertz metasurfaces composed of a metallic split-
ring resonator array sandwiched between monolayer graphene and a photoconductive Fe:LiNbO; substrate. We demonstrate
frequency-selective tuning of THz transmission amplitude, and our results pave the way toward spatially resolved control of THZ
metasurfaces for beam steering, imaging, and sensing applications. The substrate (Fe:LiNbO;) supports nonvolatile yet reversible
photoinduced charge distributions, which locally modify the electrostatic environment of the nano-thickness graphene monolayer,
altering the graphene electrical conductivity and therefore changing the resonance spectra of the metamaterial array. We present
light-induced normalized transmittance changes up to 35% that are nonvolatile and persist after the illumination source is removed
yet can be reversed by thermal annealing.

KEYWORDS: tunable, metamaterials, plasmonic, lithium niobate, terahertz, 2D materials, nonvolatile

1. INTRODUCTION where the resultant amplitude tuning is a broad band effect,
which decays on the order of the charge recombination time of
the semiconductor material (zg; ~100 ns, 7,4, ~ 1 ns). The
effect has also been employed in combination with structured
illumination for wavefront shaping”* and tunable plasmonic
gratings.”® Semiconductors have been combined with two-
dimensional (2D) materials to enhance the photoabsorption
effects, where photoexcited carriers within the semiconductor

Terahertz frequencies show potential for technological
applications in a wide range of areas, such as spectroscopy of
biological samples,'™* detection of concealed drugs and
.57 . . . . 89 . .

explosives,”” " imaging of astronomical objects,”” industrial
quality control of semiconductor manufacturing,'”"" and
broad bandwidth telecommunication systems.'”'> Despite
this wide array of applications, there is a lack of optoelectronic . . . .

. Y O" app ’ : proetec diffuse into the 2D material where they experience a
devices for the tuning of phase, amplitude, and polarization of

. : . . . significantly higher mobility and therefore interact more
terahertz radiation. To this end, a variety of tuning techniques st%on I t(})’ ab;gorb the TIEIYZ radiation®?” To implement
based on 0ptical,14_16 thermal,'”'® electronic,'”™*' and &Y ) P

) . further functionality into tuning devices, it can be desirable to
mechanical’>*® actuation methods have been developed. . &y int & ’
. . incorporate metamaterials as they have been demonstrated to
Optical actuation methods generally offer an advantage over . . . .
. : allow for strong absorption with highly frequency selective
other approaches in that they readily allow for large areas of 28-32 . . i .
! : ; : ; spectra. Metamaterials fabricated on semi-insulating
the tuning device to be addressed in parallel and with micron-
scale spatial resolution, although such mechanisms are typically
volatile. Early demonstrations relied on optically excited charge
carriers in bulk semiconductors."*™'*** Under illumination
with a pump laser, electrons are excited from the valence to the
conduction band and consequently act as a free-carrier plasma
interacting strongly with THz radiation. Optical tuning by this
method has been demonstrated in silicon'*™'® and GaAs'®
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GaAs,>*** silicon,™>? and ErAs/GaAs* have been demon-
strated where tuning of the substrate dielectric properties
affects the plasmonic resonance of the metamaterial array.
Further, the combination of 2D materials with metamaterials
and semiconductors allows us to tune metamaterial resonance
through optical dopiné of the 2D material by the semi-
conductor substrate.*”** Such mechanisms based on photo-
excited charge carriers are volatile and do not persist once the
illumination source is removed; it is therefore advantageous to
look toward optically actuated mechanisms that are non-
volatile. Phase-change materials have been demonstrated as a
platform for tunable nonvolatile plasmonic devices, where the
crystalline-to-amorphous transition results in substantial
refractive index changes. However, optical control of phase-
change media requires typically complex configurations based
on pulsed, high-intensity laser systems.”*~*” The crystalline-to-
amorphous transition of a phase-change material results in a
substantial refractive index change, which can tune a resonant
structure by controlling its electromagnetic environment. This
mechanism does not involve electrical doping and therefore
cannot control in a direct manner the properties of a 2D
material, and furthermore phase-change materials are notori-
ously difficult to combine with metals as they suffer from
interdiffusion, which can destroy plasmonic resonant sys-
tems.*® The mechanism proposed here can allow a platform for
nonvolatile control of other semiconducting 2D materials
beyond graphene to enable devices with tunable frequency and
strength of emission.

Here, we present a nonvolatile optical doping mechanism for
2D and few-atomic-layer nanomaterials based on iron-doped
lithium niobate (Fe:LiNbOj). Fe:LiNbO; exhibits a photo-
refractive effect,” ' where Fe impurities act as photoexcited
donor/acceptor sites for electrons, allowing the formation of
optically defined charge domains within the crystal. Upon
illumination, electrons are excited from Fe** donor sites to the
conduction band within which they are free to migrate in the
crystal lattice. Under nonuniform illumination, electrons will
migrate from areas of high to low illumination intensity due to
diffusion, becoming trapped at Fe™ acceptor sites in dark
regions. Along with diffusion, there is also a drift mechanism in
which the photoexcited electrons are released from the donor
sites with a directional preference along the direction of the +z
crystal axis.”"*> There is an interplay between the two
mechanisms with the drift mechanism dominating at length
scales above a few microns.”””* Nonuniform illumination
results in an optically written spatial charge distribution of
arbitrary shape that depends on the illumination pattern. The
spatial charge distribution is nonvolatile at room temperature
for long periods of time (years);> however, it can be reversed
by either thermal annealing or uniform illumination, which
evenly redistributes the charges within the crystal. The
photoresponsive mechanism in lithium niobate is extremely
versatile to implement as it is responsive to a wide frequency
range in the visible spectrum (depending on the choice of
dopant™) and can be actuated by both incoherent and
coherent, pulsed or continuous wave light sources. Further, the
speed of the photorefractive effect scales with illumination
intensity"” and can reach sub-picosecond time scales.””** The
ability to create photoinduced nonvolatile charge distributions
has led to the use of Fe:LiNbO, for recording of holograms,*”
optoelectronic tweezers for nano-objects,”” and optical align-
ment of liquid crystals.”’ Recently, we suggested that iron-
doped lithium niobate can be employed as an optically

9495

responsive substrate for the tuning of the electrical properties
of monolayer graphene®® and demonstrated a nonvolatile and
reversible 2.6-fold increase of graphene resistivity under white
light illumination. Here, we use this material platform to
demonstrate optical control of the properties of monolayer
graphene at terahertz frequencies. The system under study
consists of a hybrid graphene—metal metasurface comprising
an array of split-ring resonators (SRR) on an Fe:LiNbO,
substrate (see Figure 1la). We optically define charge

(a)
462 nm
writing

Transmittance

THz

Figure 1. (a) Schematic of an Fe:LiNbO, substrate patterned with a
gold resonator array and covered in graphene. Upon illumination,
electrons within the substrate are excited into the conduction band,
which are then free to migrate in the crystal, thus creating nonuniform
charge distributions. In response to the electrostatic field created in
the substrate, the graphene becomes electrostatically doped, altering
the Ohmic losses in the metamaterial system, altering the resonance
spectra. (b) Experimental and simulated transmittance spectra of
metallic resonators at two orientations without graphene. (c—e)
Simulated electric field maps at 0.22, and 0.65 THz for the y
orientation and at 0.45 THz for the x orientation. The electric field is
normalized to the amplitude of the incident field. Green arrows
represent the current density in the metallic split rings.

distributions in the substrate to locally tune the conductivity
of the graphene monolayer, which controls the damping of the
resonator system and thereby tunes the metamaterial
resonance strength. We observe nonvolatile light-induced
changes in the metasurface spectral response, which are
reversed by thermal annealing of the substrate. By fitting finite
element calculations to the experimental results, we estimate
an optically induced change in graphene charge carrier density
of the order of 8 X 10" cm™. We propose that the spatially
addressed frequency-dependent transmission through such a
device could be an invaluable tool for a reconfigurable control
of THz optics in applications such as wavefront shaping of
beam steering. Further, we propose that the photoconductive
lithium niobate platform presented here can allow for
nonvolatile control of a range of low-dimensional semi-
conducting materials such as transition-metal dichalcogenides,
which exhibit gate-dependent electrical conduction and

P 63
€mission.

2. RESULTS AND DISCUSSION

The hybrid graphene—metal metasurface is fabricated on a z-
cut iron-doped lithium niobate (Fe:LiNbO;) single crystal
substrate, and a resonator array is photolithographically
defined by deposition of a 5/100 nm Cr/Au film and the
subsequent lift-off process. The resonance behavior of the
metallic structure can be described well by analogy with an
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inductor—capacitor electrical circuit.’* In broad terms, the
capacitance is inversely proportional to the split-ring gap, while
the inductance is related to the square of the resonator width.
The device (depicted in Figure 1a) is illuminated from the top
surface using a 462 nm laser source to create a nonuniform
illumination within the Fe:LiNbO; substrate, which results in
optically induced space—charge distributions. THz trans-
mittance through the device is measured by time domain
spectroscopy (TDS) before, during, and after illumination to
investigate the optical tuning of the plasmonic resonances.
Figure 1b shows the transmittance spectrum of the device
before the transfer of graphene on top of the metasurface,
measured for different polarizations of the THz wave, either
parallel (y) or perpendicular (x) to the split-ring gap. The
transmittance values are divided by transmittance through a
lithium niobate substrate without metal or graphene. In the
former case, we observe a pronounced resonance dip at 0.22
THz followed by a broader dip at around 0.65 THz, which
correspond to the fundamental and third-order resonances,
respectively, while in the case of perpendicular to the gap
polarization (x), the metasurface presents a broad resonance
dip centered at 0.45 THz, which is the second-order resonance.
Experimental measurements are in good agreement with finite
element simulations for both polarizations (see dashed lines in
Figure. 1b). Overlaid on the plot are dashed lines showing
simulated transmittance spectra corresponding to a similar
metamaterial unit cell on the lithium niobate substrate. There
is a deviation between the simulated and measured trans-
mittance at higher frequencies, which is attributed to
fabrication imperfections. Figure 1c,e shows simulated electric
field maps (without graphene) at a plane S um above the
metamaterial surface for the parallel to the gap polarization (y)
at 0.22 and 0.65 THz, indicating magnetic dipole and electric
quadrupole field configurations, with the electric field
presented as a percentage of the absolute electric field
propagating through air (in the absence of substrate and
metal). Figure 1(d) presents similar data for 0.45 THz for the
perpendicular to the gap polarization (x), where the system
supports an electric dipole resonance.

Figure 2 shows experimental and simulated spectra revealing
photoinduced changes in the response of the hybrid
graphene—metal metasurface measured with polarized THz
along the y-axis (y) radiation. Figure 2a plots the transmittance
before and after illumination. The resonant transmittance dips
at 0.22 and 0.65 THz show significant damping as compared to
the spectra in the absence of the graphene layer (shown in
Figure 1b). The resonance dips are fitted with Lorentzian
functions to extract the corresponding line width, resonance
frequency, and Q factor. Upon illumination, there is additional
damping of the resonant dips where the full width at half-
maximum (FWHM) of the fundamental resonance (at 0.22
THz) is increased from 228 to 253 GHz. To assess the shape
of a resonance feature, the Q factor is commonly quoted,
which is defined by the central frequency divided by the
resonance width (Q = fo/Af), where the FWHM of the
resonance peak is used for the resonance width Af. As the
resonance width increases at the fundamental resonance, the Q
factor decreases from 0.85 to 0.72, while at the third-order
resonance, the FWHM increases from 358 to 387 GHz,
resulting in the Q factor decreasing from 1.75 to 1.61 as the
Ohmic losses are increased due to the optically induced gating
effect induced by the substrate. Overlaid in Figure 2a are
simulated transmittance spectra, where the graphene Fermi
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Figure 2. (a) Transmittance for THz radiation polarized in the y-axis
(y) before (blue) and after (red) illumination (solid lines) overlayed
with simulated results (dashed lines) for graphene Fermi levels of 0.18
eV (blue) and 0.20 eV (red). The experimental spectra are averaged
over the “Laser On” and “Laser Off” periods. (b) Experimental (solid)
and simulated (dashed) transmittance normalized to the trans-
mittance before illumination. (c) Normalized transmittance measured
at 3rd resonance mode (0.65 THz) during illumination, fitted with
the inverse exponential equation. (d) Normalized transmittance as a
function of frequency and time. The transmittance is constant before
illumination; however, once illuminated, there is a rapid change in
transmittance spectra, which persists once the illumination source is
removed. (e, f) Simulated change in electric field |E| after illumination
due to photoinduced change of the graphene Fermi level at 0.22 (d)
and 0.65 THz (e).

level is modified from 0.18 to 0.20 eV. There is good
agreement between the experiment and simulation except at
the low frequencies, where transmittance measurements in the
THz TDS become sensitive to phase errors and diffraction, and
high frequencies, which suffer from low signal-to-noise ratio.
Figure 2b presents the transmittance spectra of Figure 2a
normalized to transmittance before illumination. Two peaks
can be observed that correspond to the resonant frequencies of
0.22 and 0.65 THz, where the maximum increase in
normalized transmittance reaches up to 15%. Figure 2¢ plots
the normalized transmittance at the third-order resonance
mode (0.65 THz) while the device is under illumination. The
transmittance values are normalized to transmittance before
illumination, and the data points are fitted with an inverse
exponential equation”’ of form T = a(1 — e7/%) + 1, where T
is the normalized transmittance value, a is the scaling factor =
0.19, F is the energy deposited, and F, is the energy required to
reach to 67 % of saturation value, which here is equal to 11.1 J/
cm? The saturation value s = a + 1, which therefore reveals the
saturated normalized transmittance change of 1.19. In Figure
2d, frequency-dependent normalized transmittance values are
plotted in a color map as a function of time (on the y-axis). All
transmittance values are normalized with respect to the “dark”
values. The color map shows that in the first 20 min, while the

https://dx.doi.org/10.1021/acsanm.0c02243
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laser is off, the THz transmittance through the device is stable
in dark ambient conditions. However, once the 462 nm laser
source is switched on, sudden changes in transmittance occur,
which are localized to two distinct frequency bands at 0.22 and
0.65 THz. After the laser is switched off, the optically induced
effects persist, in the absence of illumination, highlighting the
nonvolatile nature of the mechanism. Figures 2e,f presents the

_—

corresponding simulated change of the electric field (I Eg, .l

=1 Ej; evl)/lfo)l above the metasurface for the first (0.22
THz) and second (0.65 THz) resonance. At the fundamental
resonance (0.22 THz), the main change takes place in the
vicinity of the split-ring gap, where the electric field decreases
by ~19%. At the third-order resonance (0.65 THz), in Figure 2f,
the electric field minimum in the gap increases, while the field
maxima at the two opposite corners show a decrease in electric
field, which shows a reduced contrast in electric field values.
The field maps presented in Figure 2e,f can be understood in
the following manner: as the Fermi level of the graphene is
increased, the graphene conductivity also increases, which
leads to a decrease in confinement and increase in Ohmic loss.
Electric fields in regions that were previously high will be
decreased, while fields in regions which were low will be
increased as the plasmonic mode loses confinement. Therefore,
Figures 2e,f shows almost the inverse color profile to Figures
lc and e (which display the electric field maps without
graphene).

Figure 3 presents the spectral response of the hybrid
graphene metasurface measured with polarized THz along the
x-axis (x). Here, the resonance centered at 0.45 THz is
damped after illumination of the device, which leads to an
increase of the FWHM (obtained by Lorentzian fitting) from
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Figure 3. (a) Transmittance measured with THz radiation polarized
in the x-axis (x) before and after laser illumination (solid lines)
overlayed with simulated results (dashed lines) where the graphene
Fermi level is modified from 0.17 to 0.20 eV. (b) Experimental and
simulated transmittance normalized to the spectra before illumination.
(c) Normalized transmittance versus time color map. (d) Simulated
change in electric field after illumination due to photoinduced change
of the graphene Fermi level. The electric field map is obtained by
simulating the resonator covered with graphene at 0.20 and 0.17 eV,
calculating the absolute value of the electric field |El, subtracting the
electric field before the change (0.17 €V) from the electric fields after
the change (0.20 eV), and then normalizing all values with respect to
the incident electric field.
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590 to 630 GHz and results in a Q factor decrease from 0.78 to
0.73. The corresponding normalized transmittance change (see
Figure 3b) presents a resonance peak at around 0.45 THz,
where the optical doping effect results in an increase of 35%.
Simulated data are fitted to the transmittance spectra where a
graphene Fermi level change from 0.17 to 0.20 eV provides a
good agreement with experimental data. The simulated spectra
show a similar shape to the experimentally measured
transmittance. However, the central frequency of the resonance
peak is offset by ~45 GHz, which may be attributed to
differences between the modeled resonator and the actual
fabricated geometry and differences in the refractive index of
the deposited gold layer. The color map in Figure 3c indicates
that the normalized transmittance change is localized at around
0.45 THz and that once the illumination is removed the effect
persists, while the device is held in the dark. The simulated

—
| Eg7ev))/I Egl in Figure
3d indicates that as the graphene Fermi level is increased, the
electric field magnitude decreases at each end of the resonator
as would be expected from the direction of the electric dipole.
The results presented in Figures 2b and 3b show that when
measured with x and y polarized THz (corresponding to
electric dipole and magnetic dipole configurations) the
illumination creates distinct peaks of increased transmittance,
which correspond to the resonant reflectance peaks of the
metasurface. Therefore, it can be understood that upon
illumination the reflection resonance becomes weaker, which
relates to an increase in transmittance. The normalized
transmittance change is highest for THz polarization in the
x-axis (x), which is perhaps unexpected as it could be
presumed that small changes in the graphene conductivity
would result in large changes to the capacitance of the
resonator gap, therefore altering the y polarization by a greater
degree. Our simulations indicate that the change in doping is
significantly larger for the former case, which can be attributed
to adsorption of atmospheric particles and moisture that can
screen the electrostatic field of the substrate and dope the
graphene. The measurements at different orientations are
separated by several days and several thermal annealing cycles,
which are likely to induce changes to the graphene layer, which
is responsible for the different initial Fermi levels between the
two polarizations measured here. When repeat cycles of
illumination followed by thermal annealing are investigated
(Supporting Information, Figure S1), we find that the
normalized transmittance changes decrease with repeat cycles.
Since we know that LiNbO; can be reused without
degradation,®”®" this behavior suggests a possible degradation
of the graphene layer, where changes to the electrical
properties of graphene devices on ferroelectric substrates
have previously been reported due to adsorption of charged
atmospheric particles.65 To overcome this issue, future
experiments will involve encapsulating the graphene with a
protective layer such as hexagonal boron nitride (hBN), which
could increase the long-term stability of the device. Graphene
covered with hBN has been demonstrated to allow for high
values of charge carrier mobility®® and provide isolation from
atmospheric chemical doping.”” Furthermore, in recent years,
hBN monolayers of several square centimeters have become
commercially available on sacrificial polymer substrates for
routine transfer processes, which indeed makes hBN
encapsulation compatible with the device we present here.

electric field change (I Eg, . —

https://dx.doi.org/10.1021/acsanm.0c02243
ACS Appl. Nano Mater. 2020, 3, 9494—9501



ACS Applied Nano Materials

www.acsanm.org

Our experimental measurements (see Figures 2c and 3c)
indicate that the change in resonance spectra occurs within the
first few minutes of illumination. In fact, the speed of the
photorefractive effect in Fe:LINbOj is directly proportional to
the intensity of the illumination source® and can reach sub-
picosecond time scales.””*® However, the limiting factor for
the speed of the process here is associated with the THz data
collection system, which takes some minutes to collect
accurate data, and as such, the device is illuminated at low
intensity. Moreover, once the illumination source is removed,
the spectral response does not revert back to pre-illumination
conditions, highlighting the nonvolatility of the effect. Small
variations in the resonance spectra in the absence of
illumination can be attributed to the adsorption of atmospheric
particles that compensate the electric field of the lithium
niobate substrate. In Supporting Information Figure S4, we
plot normalized transmittance during the illumination period
and for a subsequent period of 3 h in the dark, which
demonstrates the nonvolatility of the mechanism. There are
visible fluctuations in transmittance; however, when a moving
average is overlaid (blue line) on the figure, we see that the
moving average in the post-illumination period for the two
frequencies follows largely the same behavior, suggesting that
this effect is due to the spectrometer.

A control experiment is performed in which a device
consisting of Fe:LINbO; with a metallic metasurface array
without graphene is illuminated while the THz transmittance
properties are measured. The results of this control experiment
(provided in Supporting Information Figure S2) reveal that in
the absence of graphene there are no optically induced
transmittance changes. Further, the standard deviation of the
control experiment normalized transmittance is +0.023, which
demonstrates that the spectrometer fluctuations are lower than
the measured normalized transmittance changes in the
graphene—metal metasurface devices. Finally, our results
indicate that there is a significant contribution to the observed
photoinduced effects from the drift mechanism in the
substrate.”>* This is illustrated in Supporting Information
Figure S3, where we show reversal of the effects in
metasurfaces on oppositely charged +z Fe:LiNbOj; faces.
The magnitude of the transmittance changes presented here is
currently limited by the design of the metallic resonator
structure (which could be optimized to produce a higher Q
factor resonance) and the quality of the graphene. Further, by
use of an independent electrical top gate, we propose that the
graphene could be brought toward the Dirac point where the
graphene electrical resistivity is most sensitive to changes in
charge carrier numbers. To investigate the potential for device
optimization, we perform finite element simulations in which
the split-ring gap is reduced to 0.5 ym and the initial Fermi
level is reduced to 0.03 eV. By injection of 8 X 10" cm™
charge carriers into the graphene, it is shown in Supporting
Information Figure S5 that the optically induced normalized
transmittance changes reach ~90% for the y polarization and
up to 80% for the & polarization. We see that in the optimized
device the largest transmittance changes that can be achieved
for the y orientation are at 0.3 THz where the transmittance
decreases from 0.26 in dark conditions to 0.16 when
illuminated.

3. CONCLUSIONS

We have demonstrated nonvolatile optical tuning of a
plasmonic resonator array sandwiched between monolayer
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graphene and a photoresponsive Fe:LiNbO; substrate. The
effect is capable of producing normalized transmittance
changes up to ~35% in the device at the plasmonic resonance
peak in a nonvolatile manner and reversible under thermal
annealing. Finite element method simulations determine that
the photorefractive effect results in a charge carrier injection of
8 X 10" cm™ into the graphene. In subsequent work, optical
erasure methods will be investigated to remove the reliance on
thermal annealing. To improve the switching capabilities of
this device, we propose future optimization of the resonator
geometry and the fabrication of an electrical top gate to bring
the graphene near to the Dirac point where it is most sensitive
to electrostatic gating. The ability to locally control the
electrical loss in a plasmonic resonator array via optical
illumination can allow for reconfigurable sensing and tuning
applications in graphene. Further, we propose that the ability
to locally tune the graphene Fermi level will allow for
nonvolatile, yet reversible, optically defined plasmonic
resonators of a graphene/Fe:LiNbO; device by optically
patterning regions of high and low conductivity graphene,
removing the need for permanent lithographic patterning of
metallic structures. Finally, we propose that the Fe:LiNbOj;
substrate is not limited to use only with graphene but will be
applicable to tuning of a wide range of 2D or low-dimensional
nanomaterials such as transition-metal dichalcogenides, which
exhibit electronic band gaps to allow for high on—off ratio
tuning of electronic conductivities.

4. METHODS

4.1. Fabrication. Devices are fabricated on iron-doped lithium
niobate (Fe:LiNbO;) crystal substrates. An array of metallic SRRs is
defined by photolithography of an S1813 photoresist followed by
electron beam evaporation deposition of a Cr/Au stack (5/100 nm).
Excess material is removed in a lift-off process in acetone to remove
any metal deposited on top of the photoresist. Commercially supplied
chemical vapor deposition (CVD) graphene (grown on copper foil) is
transferred via a sacrificial polymer substrate and layered on top of the
SRRs in a wet-transfer process. After transfer of the graphene, the
device is held under vacuum (10 mBar) for 24 hours to remove
moisture under the graphene layer and promote adhesion before the
removal of the protective poly(methyl methacrylate) (PMMA) layer
via washing in acetone followed by isopropyl alcohol. Due to the
photoresponsive nature of the substrate, the devices are thermally
annealed in a convection oven at 100°C for 24 h prior to any
measurements to thermally redistribute any nonuniform charge
distributions within the substrate.

4.2, THz Time Domain Spectroscopy. THz TDS is used to
characterize the transmittance spectrum of the devices in the
frequency range 0.1—1 THz. THz pulses are created by the optical
excitation of a voltage-biased photoconductive antenna (PCA) via a
pulsed femtosecond laser at 800 nm. The devices are measured
before, during, and after illumination, and then the frequency domain
spectra are divided by a reference spectrum that was obtained before
illumination. The division removes the effects of frequency-dependent
emission, propagation in air, propagation in lithium niobate, and
Fresnel reflections from the air/Fe:LiNbOj interface.

4.3. lllumination. The devices are illuminated from the top
surface, which is covered with the resonator array and graphene by a
462 nm fiber-coupled diode laser at 25 mW cm ™, collimated at the
fiber output by an aspheric lens, resulting in a 10 mm beam diameter
as shown in Figure la. The laser is aligned on the device to ensure
that the beam completely covers the region of the focused THz pulse;
this is achieved using a metallic aperture of diameter 3 mm at the rear
surface of the device, which is placed at the THz focus and visually
overlapping the laser beam with the aperture. For the duration of all
experiments, the emitter, detector, and SRR device are held in a light-
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proof box to avoid ambient illumination of the device. Before
illumination, THz scans are taken over a 20 min period to gauge the
drift in the THz system. The device is then illuminated continuously
for a 70 min period while measuring the THz transmittance. The
illumination source is then switched off, and the scans continue in the
dark to observe whether any optically induced transmittance change is
nonvolatile. As the optical beam is larger than the device, we assume
that the illumination intensity of the area of the device is uniform;
therefore, the photorefractive effect will be driven by drift (along the
z-axis) and diffusion (to dark areas under the metallic resonators).

4.4. Charge Carrier Calculations. Charge carrier numbers can
be extracted from the Fermi level values,”® where the frequency-
dependent conductivity is calculated from the Fermi level and the DC
conductivity is obtained by multiplying by (1 — iwt). The carrier
number # is then simply given by dividing the DC conductivity by
electron charge and mobility. From this calculation, we find that for a
Fermi level change from 0.17 to 0.20 eV there is a carrier injection of
8 x 10" cm™ in response to the optical gating effect of the substrate
under illumination.

4.5. Finite Element Analysis. A finite element analysis method is
performed to show the effect of varying graphene Fermi levels on the
transmittance spectrum of the resonator structures. The model
consists of a unit cell 50 X 50 pm? in the x—y direction; linearly
polarized electromagnetic radiation is excited from a port on the
upper plane of the unit cell propagating downward through 300 ym of
air and then into a 1 mm deep slab of lithium niobate. Experimental
values of the frequency-dependent complex refractive index of the
LiNbO; substrate are measured in our THz TDS. A gold resonator
structure is created on the air/lithium niobate interface and modeled
to the two-dimensional geometry of the photolithography mask. The
permittivity values of gold are taken from a Drude model.”” Graphene
is modeled as a 3D sheet covering the entire unit cell on top of the
gold resonator, which is identical to the fabricated structure.
Graphene permittivity and conductivity are dependent on the Fermi
level and frequency, and mobility is taken as 3760 cm® V™' 57" as
quoted by the graphene manufacturer. Transmitted power is
normalized against a simulation in the absence of graphene and
gold through a LiNbO; slab. The simulation is first performed in the
absence of the graphene layer to compare to experimental spectra
before graphene transfer. The graphene layer is then added to the
simulated model, and the Fermi level of the graphene is modified in a
parametric sweep to find convergence with experimental results.
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Terahertz time-domain spectroscopy (TDS) is a powerful characterization technique which allows for the
frequency-dependent complex refractive index of a sample to be determined. This is achieved by comparing
the time-domain of a pulse transmitted through air to a pulse transmitted through a material sample; however, the
requirement for an independent reference scan can introduce errors due to laser fluctuations, mechanical drift, and
atmospheric absorption. In this paper, we present a method for determining complex refractive index without an
air reference, in which the first pulse transmitted through the sample is compared against the “echo”, where the
internal reflections delay the transmission of the echo pulse. We present a benchmarking experiment in which the
echo reference method is compared to the traditional air method, and show that the echo method is able to reduce

variation in real refractive index.
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1. INTRODUCTION

Terahertz time-domain spectroscopy (THz-TDS) is a powerful
analytical technique for investigating a wide range of materials
such as spectroscopy of biological samples [1-4], detection of
concealed drugs and explosives [5-7], imaging of astronomical
objects [8,9], and industrial quality control of semiconductor
manufacturing [10,11]. THz-TDS is unlike many spectroscopy
methods, as it allows for both the real and imaginary parts of the
refractive index to be determined due to the ability to measure
the electric field in the time-domain at the sub-picosecond res-
olution [12]. The THz-TDS method relies on taking a suitable
reference scan by which the sample scans are normalized, which
is normally achieved by measuring the THz pulse transmitted
through air, placing a sample in the beam path, and measuring
the THz pulse through the sample. If the THz pulse is not
correctly referenced, or the spectrometer has drifted since the
reference scan, this can lead to errors in the complex refractive
index which could, for example, cause the misidentification
of an explosive security sample or failure to detect changes in a
temporally evolving biological system.

There are many practical issues to address when referencing
a THz scan in order to obtain reliable material characterization.
One major issue to highlight from the air referencing method
is that a THz spectrometer may experience fluctuations in the

1559-128X/20/226744-07 Journal © 2020 Optical Society of America

laser power between taking an air measurement and a sample
measurement. This effect is especially compounded when it
is required to take repeat measurements of samples over a long
time period, such as several hours, to investigate a temporally
changing system. Furthermore, when taking an air reference
measurement, the sample must be removed/added to the optical
system, which may not be physically possible in some situations;
for example, with a sample held in a sealed chamber or other
enclosed space. When taking a measurement with an air refer-
ence, it is generally assumed the complex refractive index of the
airis 1 + 07, i.e., the air has identical refractive index to that of a
vacuum; however, in practical cases, there is often atmospheric
moisture, which can cause absorption of the THz pulse. After
the air reference is taken and the sample is placed in the spec-
trometet, the beam then passes through less water vapor, which
can skew the values of imaginary refractive index and register in
the system as an artificial gain in intensity.

A self-referencing method to measure the strength of absorp-
tion peaks has been demonstrated in which a Fourier transform
is applied to the time-domain signal with an ever-increasing
window size [13]. In this manner, the frequency resolution of
the data increases with the window size, allowing the strength
of sharp absorption lines to be resolved. The method requires
no independent reference scan, but is effective at measuring
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absorption peaks with a sharp spectral width, and is not appli-
cable to obtaining the real refractive index. To overcome some of
these referencing issues, internally reflected pulses transmitted
through the sample can be utilized to increase the sensitivity
of spectroscopy devices. Various groups have demonstrated
techniques where the first transmitted pulse and the internally
reflected “echo” pulses are both compared to the air refer-
ence, where the echo pulses contain extra information due to
increased interaction with the sample [14-16]. To negate the
requirement for an air reference, an oblique reflection mode can
be used where a sample is mounted against a quartz slide and
the first THz pulse reflects off the face of the quartz, while the
second pulse enters the quartz and reflects off the sample. By
comparison of the two pulses, the complex refractive index of
the sample can be determined [17,18]. A similar technique has
been presented in transmission mode to determine refractive
index, where the first pulse transmitted through the sample
is compared to the echo pulse, which is internally reflected in
the sample before being transmitted. However, this technique
was only shown to produce the refractive index averaged over
the THz pulse bandwidth instead of the frequency-dependent
values [19,20]. Echo-based self-referencing has been demon-
strated in reflection mode with a sample placed on a polished
mirror, in which internally reflected THz pluses are delayed in
time as compared to the pulse reflected on the top surface [21].
By comparing the first reflected and echo pulse, the refractive
index can be obtained without an independent air reference.
Such methods may be tricky to achieve, as the reflected echo is
highly dependent on the sample-mirror interface, requiring
alignment of two flat surfaces without an air gap. Further, the
use of THz reflection setups can impose additional alignment
issues as compared to transmission modes.

Here, we address the issue of air referencing by presenting
a method to determine the frequency-dependent com-
plex refractive index of a sample without an air reference in
transmission-mode THz-TDS as shown in Fig. 1(a). The
method relies on internal reflections within the sample to
produce echo pulses which can be normalized to each other,
requiring only one measurement scan to obtain all necessary
data. This method has a number of advantages over the tradi-
tional air referencing method, as both measurements can be
taken in a single time-domain trace, which reduces the chances
of drift in the spectrometer between measurements. Second,
this method allows for the sample to be held securely in the opti-
cal setup at all times, which reduces chances of misalignment
between repeated sample mountings and can allow for samples
to be held in difficult-to-access places such as sealed chambers
and thermal stages. Third, we propose that this “echo referenc-
ing” method reduces the need for dry inert gas, as the sample
does not need to be added/removed from the setup and therefore
the volume of atmospheric gas is not decreased by inserting
the sample. Dry inert gasses are often pumped into the THz
spectrometer in order to displace atmospheric moisture, but
this requires the system to be fully enclosed, which can be costly
and difficult to achieve. In this paper, we derive the relevant
parameter extraction equations for referencing the echo pulse
to the first transmitted pulse, and present a comparative study
in which a lithium niobate sample is measured repeatedly over a
50 minute period and complex refractive index values are com-
pared for the two extraction methods: for the first transmitted
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pulse referenced to an air measurement, and for the first echo
pulse referenced to the first transmitted pulse. We show that for
the real refractive index, the echo reference method is able to
reduce deviation between repeat measurements at frequencies
below 1 THz; however, at higher frequencies, the echo method
becomes unstable and ultimately has a lower usable bandwidth
than the air reference method, which extends up to 1.5 THz.

2. REFRACTIVE INDEX EXTRACTION THEORY

Figure 1(b) depicts the optical paths for the first transmitted
pulse and the echo pulse within the crystal sample. By measur-
ing the THz time-domain, the two pulses can be separated and
individually converted into the frequency domain by a Fourier
transform. The first pulse enters from air into the sample in a
transformation which can be described by the Fresnel trans-
mission function. The pulse then propagates through a length
d of the sample, which can be described by a complex Beer
Lambert exponential attenuation equation, and finally passes
out of the sample into air, which can be described by a further
Fresnel transmission equation. The total combination of these
functions describes the transmitted wave termed X as shown in

Eq. (1):
Xi=A-Ty- P Tp, (1)

where A is the arbitrary power of the incoming pulse, 7,4 is the
complex Fresnel transmission coefficient passing from material
a into b,and P, is the Beer Lambert term P; = exp(—inwd/c),
where 4 is the thickness of material, and ¢ is the speed of light.
The echo pulse termed X is described by Eq. (2):

Xo=A Ty Py Ry Py Rpy- Py Tp, (2)

where Ry, is the complex Fresnel reflection coefficient from
inside material 4 and bounding material @, with the form
Ry, = (np — 1,)/(np + 1,). By dividing the two pulses, the
arbitrary power of the emitter A is removed, along with the
transmission coefficients, leaving the complex transfer function
termed H:

H="P; R, =|Y(w)]- . (3)

This transfer function H can be equated to the experimental
data for the complex Fourier transform presented in unwrapped
polar coordinates as | Y (w)| - €79, where | Y (w)] is the magni-
tude and ¢ (@) is the unwrapped angle of the complex Fourier
transform.

In the case in which 7 > £, then the Fresnel coefficients can
be assumed to be real valued, which allows for the real and imagi-
nary parts of the equations to be solved separately by rewriting
the propagation constant in real and imaginary parts where
7 = n + i k. First, the real values of # can be calculated from

E—Zina)d/c — ez’¢(w)7 (4)
and then plugged into
n, —ny\°
ehedle. (—) =Y ()] (5)
n, + ny

to obtain the imaginary # components. For the case of an
air-referenced sample, a similar extraction method is used
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(a) Schematic diagram of THz-TDS setup. The THz pulse is created by a photo-conductive antenna (P.C.A) which is collimated and trans-

mitted through the LiNbOj sample. The pulse is detected via use of an electro-optic (E.O.) crystal and balanced photodiode. (b) Pulse propagation:
Paths are shown for the first transmitted pulse (X;) and the first internally reflected, or “echo” pulse (X3) traveling from air, through a sample, and
re-emerging to air. (c) Time-domain spectrum: The THz pulse passes through the LINbO3 sample, resulting in a peak around 20 ps. Due to inter-
nal reflections in the sample, subsequent echo-peaks can be seen, each with successively diminished intensities. Exponentially damped windows are
applied to the first transmitted and first echo pulses. The noise of the detector (taking the standard deviation of the signal in the 30 ps period before the

arrival of the first pulse) is highlighted by the green bar.

to calculate #» and 4 as described in the literature [12]. The
assumption of separable solutions for 7 >> £ is valid in the case
of lithium niobite, where the real part of the refractive index
is over 100 times greater than the imaginary part. For the case
where there is not such a large difference between 7 and # values,
the real and complex solutions must be found simultaneously
[12]. It should be noted that this method is not specific to use on
the first transmitted and first echo pulse, and in fact any pair of
subsequent echo pulses can be analyzed in this fashion without
modification to the extraction equations presented here.

3. METHOD

A z-cut crystal of congruent lithium niobate is mounted on top
of a metallic aperture of 10 mm diameter and placed in the beam
path of a collimated THz source, as shown in Fig. 1(a). The
sample thickness is measured with digital calipers to be 0.5 mm
(£ 0.03 mm). The use of a collimated THz beam ensures nor-
mal incidence on the sample surface, which is required by the
Fresnel equations we have used. The THz spectrometer is a

commercially available Zomega spectrometer which detects
THz radiation via femtosecond pulse interaction in a non-
linear crystal. A reference scan is first taken in the absence of
the lithium niobate crystal through the metallic aperture; the
lithium niobate is then mounted in the aperture and THz spec-
tra are recorded with an averaging period of 2 min, recording
a total of 24 spectra over a 50 min period. A fast-scan mecha-
nism is employed in which the delay stage oscillates at 2 Hz,
collecting multiple scans over a 2 min period. The use of the fast
scan mechanism enables a large time-domain to be measured
without significant increase in measurement time, although as
the scan length increases the data resolution is correspondingly
decreased. This effect is balanced, however, as in our case we
obtain all data in a single trace instead of the usually obtained air
trace and sample trace; therefore, we take one long measurement
instead of two shorter measurements, and further do not need
to account for time taken to add/remove the sample from the
optics setup. All measurements are performed in an ambient air
environment.
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4. RESULTS

Figure 1(c) shows the time-domain of the THz radiation pass-
ing through the lithium niobate sample, where the first pulse
(around 20 ps) corresponds to the pulse, which passes once
through the sample, while the second pulse (around 45 ps)
corresponds to the echo pulse, which is delayed in time due to
the internal reflections within the sample. It can be seen that the
echo pulse amplitude is attenuated in comparison to the first
transmitted pulse due to the additional material interaction of
the THz radiation with the sample due to the internal reflec-
tions. It can also be seen that there are additional echo pulses at
65 ps and 80 ps, but these are strongly attenuated and therefore
we use only the first two peaks for the parameter extraction. The
two pulses are separated from each other by multiplying the
time-domain by an exponentially damped window, as shown by
the dashed lines.

All pulses (measured through air or lithium niobate) are
transformed with a window function. The window function
is described by W(z) =1/ (exp((t —t0)/c) + 1), where ¢
is 0.5 ps. An overlap between the first transmitted pulse and
echo pulse always exists as the pulses extend infinitely in the
time-domain. In the time-domain in Fig. 1(c), we highlight
the standard deviation of the amplitude noise averaged over the
30 ps period before the arrival of the first pulse. From this figure
it, can be seen that the signal of the first pulse descends into the
noise level before the arrival of the echo pulse. The width of
the windows is chosen to encompass fully the area in which the
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pulse signal is higher than the signal noise level. This process is
not unimpeachable, but a full discussion of the windowing of
time-domain pulses is far beyond the scope of this paper.

Figure 2(a) displays the amplitude of the frequency spectra
obtained by Fourier transform for the pulse traveling through
air, and the first pulse and echo pulse transmitted through
lithium niobate. The transmission spectra reveal that the pulse
through air has a usable bandwidth up to 3 THz, while lithium
niobate has low transmission at frequencies above 1.5 THz for
the first transmitted pulse, which is due to a phonon feature
around 4 THz [22]. The echo pulse has a lower usable band-
width than the first transmitted pulse, hitting the noise floor
around 1 THz.

Once the Fourier transforms are performed, the magni-
tude of the echo pulse is divided by that of the first pulse to
obtain |Y(w)| while the unwrapped phase of the echo pulse
is subtracted from that of the first pulse to obtain ¢ (w), and
the complex refractive index is calculated. Figure 2(b) displays
the real part of the refractive index of z-cut lithium niobate
averaged for 24 measurements taken over a 50 min period, with
the standard deviation shown as the shaded regions. The data
is extracted with two different methods; in the first method,
labeled “air reference,” a reference measurement of THz propa-
gation through air is taken before sample measurements and all
subsequent lithium niobate measurements are normalized to
this single air reference. In the second method, labeled “Echo
Reference,” the data is extracted by referencing the echo pulse
to the first transmitted pulse, as described in the theory section.
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repeat measurements. The blue datasets show the refractive index calculated by referencing to a measurement in air, while the red datasets use the echo
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In the frequency range 0.1-1.0 THz, both methods result in
similar values for real refractive index, where the echo method is
on average 0.73% lower than for the air reference method. It can
be seen from the graph that the air reference method is capable
of providing trustworthy values up to 1.5 THz, while the echo
pulse method suffers from large noise above 1 THz. However, in
the region of 0.1 to 1 THz, it is clear that the echo pulse method
has a much smaller standard deviation than the air reference
method.

Overlaid to our experimental values of refractive index
are those reported from Shao [23], Unferdorben [24], and
Yi-Min [25]. There appears to be a relatively large varia-
tion in the reported values, which may be due to inherent
differences in the crystal, measurement environments, or artifi-
cial differences—for example, from spectrometer alignment or
extraction algorithms. The literature values reveal a large degree
of variation, where the average range of literature values is 0.20
in this frequency region. Nevertheless, the value of refractive
index we measure here are in general accordance with those
reported from the literature. To compare all datasets, we look
at the frequency range 0.5-1.0 THz, as this is the only range
in which all datasets overlap. In this range, we find that the air
reference method results in a real refractive index on average
1.06% lower than the average value from the literature, while
the echo reference method is on average 1.89% lower.

Figure 2(c) shows imaginary refractive index extracted by
the air and echo reference methods for 24 repeat measure-
ments of lithium niobate where mean values are plotted as solid
lines, with standard deviation plotted as colored error bars.
Both extraction methods provide values which are in general
accordance with the reported literature [23-25].

Figure 2(d) presents a comparison of the variation between
the two referencing methods. The standard deviations of »
and £ for the echo method are divided by the deviation calcu-
lated using the air reference method. The echo method reduces
the standard deviation for the real part of the refractive index
between 0.1 and 1.0 THz, where the average value of the ratio
is 0.35 in the frequency range 0.25-0.90 THz. The imaginary
part, however, suffers from greater variation compared to the air
method atall frequencies. This behavior is generally characteris-
tic of THz-TDS where the imaginary components have greater
variation than the real components; laser power fluctuations
create variation in the imaginary components while the real
components are affected by the drift of the mechanical delay
stage, which is generally negligible in comparison.

It should be noted that we take 24 measurements through
lithium niobate as compared to only one measurement through
air; therefore, to compare the standard deviations of the air and
echo methods may give a skewed impression of the statistical
benefits. To further compare the two methods, we have also
extracted data by the echo method in which every measurement
of an echo pulse in lithium niobate is referenced to the first mea-
surement of the first transmitted pulse which was taken at the
beginning of the 50 min period (we will refer to this as the “first
echo” method). In this manner, there is now a single reference
scan for the air method and the “first echo” method. By division
of the standard deviation of the “first echo” method by the air
method, we see that the “first echo” method still achieves a
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reduction in the standard deviation for the real refractive index,
while the imaginary components are relatively unchanged.

The large increase in standard deviation of the echo method
above 1 THz is likely related to the echo pulse hitting the noise
floor at this frequency [as shown in Fig. 2(a)]. To investigate
whether this effect is indeed sample specific, we propose measur-
ing silicon samples which display a relatively flat refractive index
across 0.1-4.0 THz and should allow for the echo technique to
be extended far beyond 1.0 THz.

5. SAMPLE COMPATIBILITY

The technique presented here imposes certain restrictions on the
samples which can be measured. The thickness and refractive
index of the sample must be large enough to effectively separate
the multiply reflected pulses within the material so that they
can be handled independently in the time-domain. By assessing
the time-domain trace, we impose an exponential window on
the pulses, by which we ensure span a time length sufficiently
long to encompass the points at which the pulse descends into
the noise level of the detector. From this, we can calculate the
minimum separation of the first and echo peak, which ensures
that the windows do no overlap at a level above the upper limit
of the signal noise. The separation of the two pulse maxima is
determined to be 16.9 ps. In Fig. 3(a), we plot the sample thick-
ness d against refractive index 7 and highlight the region which
allows for the necessary temporal separation of the two pulses,
revealing a large region of material compatibility for samples.

To investigate the restrictions placed on the real part of the
refractive index, we look towards the mathematical definition of
the echo pulse presented in Eq. (2) (ignoring the Beer—Lambert
propagation terms). By assessing the Fresnel terms of this equa-
tion, we see that the echo pulse is described by two transmission
functions 7, x 1, and a squared reflection term Rﬁb. By plot-
ting these two functions against refractive index 7 in Fig. 3(b), it
can be seen that initially when 7 = 1, the transmission term is 1
while the reflection term is 0, which when multiplied together
(red line) results in an echo pulse power of 0. As the refractive
index increases, the transmission term decreases while the
reflection term increases, which results in an echo power which
initially increases and then tapers off, reaching a maximum
around 7z = 5.8. For example, a measurement sample of silicon
with refractive index 7 = 3.4 would exhibit an echo pulse power
only 15% lower than for lithium niobate based on the Fresnel
terms, demonstrating the wide range of material compatibility
to the echo method.

The damping of the pulse as it propagates through a mate-
rial is determined by the Beer—Lambert term, which increases
exponentially with the imaginary part of the refractive index.
The strength of the first transmitted pulse and echo pulse can
be increased by choosing a sample material with a low # value,
such as Si or GaAs, which are both around 40 times smaller in
comparison to lithium niobate (at 1 THz, £ inpo; = 0.07 while
kyi ~ kGaas ~ 0.0012) [26]. Furthermore, the comparative ben-
efits over the air referencing method will be dependent on the
spectrometer hardware, such as the reliability of the mechanical
delay stage, fluctuations in the laser power, and atmospheric

humidity.
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(a) Theoretical power of echo pulse calculated by Fresnel coefficients reveals that the echo method is suitable for a broad range of refrac-

tive index values. (b) Diagram showing combination of sample thickness and refractive index which is capable of creating pulses separated in the time-
domain. We plot the location of our 0.5 mm thickness lithium niobate sample, which reveals that even near the edge of the “separation” region, the

method still functions adequately.

6. CONCLUSIONS

In conclusion, we have presented an “echo reference” method to
determine complex refractive index from THz-TDS data in the
absence of an air reference measurement. We present a bench-
mark test in which a test sample of lithium niobate is measured
repeatedly over a 50 min period, and the data is extracted by
both the echo reference and air reference methods. It is shown
that for frequencies below 1 THz, the echo reference measure-
ments achieve lower standard deviation in real refractive index
values as compared to the air reference method, but the usable
frequency bandwidth for the echo reference is lower than that of
the air reference method. We argue the echo reference method
has a number of advantages over a traditional air referencing
method such as reduced effects of power drift, reduces the need
for purging of the spectrometer chamber with inert gas, and
allows the sample to be held securely in the optical setup without
the need for removing the sample between measurements.
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Summary / Outlook

1. Photorefractive Fe:LiNbO; can create charge distributions

2. Fe:LiNbOg, allows for optical control of graphene conductivity
spatially resolved
Non-volatile
Reversible
Repeatable

. . . Laser Off
3. We show optical gating of graphene on Fe:LiNbO,

» Electronics
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e 8% transmission change Laser Off

e 2.11x10%/cm? carrier injection in graphene ' 04 06 08
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Slde 4 Electronic Band Structure of Graphene
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Photorefractive Fe:LINbO,

Photorefractive damage = Optically induced charge migration

Photo-Refractive Mechanism
1. Photons absorbed by Fe ions

2. Electrons excited to conduction band
3. Electron migration in lattice
4

Electrons trapped at dark Fe ions

Electrons migrate ) Results in non-
from illuminated ”7 uniform charge

region v '7 ole distribution

+ + +
Fe:LiNbO,

T
o

Conduction

)
\ .
e Interband States

Effect used for holographic storage
e Creates bulk charge distributions

¢ Remains in dark for years
« Fast optical erasing

e Spatial control

* Repeatable indefinitely

Buse at. Al., Nature, 1998
Arizmendi et. Al., Appl. Phys. B. Lasers. Opt., 2007




Optical Control of Electrical Properties - Device

Transmission Line Method

e Electrode pairs of varying spacing
« Plot Resistance against spacing

e Decouple contact and sheet

Fe:LiNbO, resistance
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) Graphene
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Gold
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beam evaporation with shadow
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swes —Qptical Control of Electrical Properties - Experiments
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Optical Control of Electrical Properties - Results
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J. Gorecki, V. Apostolopoulos, J.Y. Ou, S. Mailis, N. Papasimakis, (2018) Optical gating of graphene on photoconductive Fe:LiNbO;. ACS Nano, 12 (6), 5940-5945.



S Optical Control of Electrical Properties - Results

Resistivity p plotted After 18 J/cm? Results from 3 cycles averaged
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Device Fabrication

Z cut Fe:LiNbO; patterned
with split ring resonators
(SRRs) with graphene top
layer

SRR dimension 45 pym
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Designed for resonance
peak ~ 0.46 THz

Optical Control of Plasmonics - Device & Experiment

COMSOL Simulation

Experiment Procedure
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THz transmission measured
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Sl Optical Control of Plasmonics - Results

Dark Measurements Illuminated Measurements Dark Measurements

SRR Device ' SRR Device I SRR Device

Light

Two frequencies
selected to plot

against time I
Illumination -5

period

Transmission

! Non-volatile in

Optically induced 09 020 THz dark

transmission = 0.48 THz
changes

2
Time (hours)

o o
o [e-]

Transmission
o
H

.O
)

Transmission

Before lllumination
During lllumination
— After lllumination

0.4 (X9 0.8
Frequency (THz)

Before lllumination
During lllumination
— After lllumination

0.4 0.6
Frequency (THz)




slide 13 Summary / Outlook

1. Fe:LiNbO; allows for optically written charge
distributions
e Spatially resolved
e Non-volatile

¢ Reversible

2. We show optical gating of graphene on Fe:LiNbO4
»  Electronics

¢ Plasmonics
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We demonstrate non-volatile optical tuning of the electronic charge transport properties of graphene by virtue of a photo-responsive iron doped
lithium niobate substrate (Fe:LiNbOz;). The photo-responsive behaviour allows regions of non-uniform charge distribution to be defined within the

substrate which are non-volatile, however can be erased by thermal annealing or subsequent illumination. This tuning mechanism enables the
realisation of tuneable electronics and plasmonic devices.

Device Fabrication

Photorefractive Fe:LiNbO,

LiNbO; exhibits a photorefractive effect in which non-volatile charge distributions can be

graphene
optically written:
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Line Measurements
(TLM) to decouple
contact resistance and
sheet resistance =

Device fabrication details
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beam evaporation
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Electronic Band Structure of Graphene

Density of
states at Fermi
Level ->0

Neto et al., 2009



Electronic Band Structure of Graphene

Density of
states at Fermi
Level -> 0

Neto et al., 2009
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How can we control charge carrier concentration?



Controlling Graphene Charge Carrier Concentration
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Can we have a doping mechanism which is...?
* Non-volatile

e Reversible

e Spatially Resolved

* Non-contact
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 Non-volatile
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Optical Doping Mechanism with Lithium Niobate
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Non-volatile, Reversible, Spatial resolution, Non-contact




Optical Doping Mechanism with Lithium Niobate

¢ Feions absorb light (green, blue, UV)

¢ Electrons excited to conduction band (Photoconductive)
¢ Migration in lattice

* Trapped in dark regions

Non-volatile, Reversible, Spatial resolution, Non-contact

-
=

Refractive index change

- -

n

Probe beam

10
time (min)

Periodic charge distrib.
Electro-optic An o E
Diffraction Grating

10 mW laser
~400nm
1.1um periodic grating



Optically induced changes in resistivity across graphene channel: transient and non-volatile effects

Device

* Iron doped lithium niobate
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Optically induced changes in resistivity across graphene channel: sheet resistance
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Optically Controlled Graphene Sheet Resistance
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Optically Controlled Graphene Sheet Resistance
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Optically Controlled Graphene Sheet Resistance

Measurement
110 T
B First Cycle
100 | m secondCyce
[Cr7Au ] [ | g ®  Third Cycle
@ 9[| = si/sio2 Control
E [ ]
i
o ™ swf
Illumination gcg 70
S
@ 60r
Light 4 .
m 50-
o]
2 Lt
& 40
o 30
o
8 20}
< _
O -
10
i :
0w ] .
0 200 400 600 800 1000 1200
Fluence (mJ/cm?)




Optically Controlled Graphene Sheet Resistance
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Optical Doping Mechanism with Lithium Niobate
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Reconfigurable plasmonics?

[lluminating lithium niobate
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Summary

* A platform to optically control graphene electrical
properties is demonstrated

graphene
monoiayer

* The mechanism is reversible, non-volatile, non-contact, and
spatially resolved

* Arbitrary shape domains written on milisecond timescales,
spatial resolution limited by Rayleigh limit

* Towards optically written, reconfigurable plasmonic
structures

lithium niobate
* Not limited to graphene — we have recently deposited few-

layer MoS, onto lithium niobate substrate

Thank You For Listening
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