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ABSTRACT

INVESTIGATION OF PHOTODETECTORS USING GRAPHENE FIELD EFFECT
TRANSISTORS IN COMBINATION WITH FUNCTIONAL DYE MATERIALS

A J-aggregate dye is a type of water-soluble, functional dye, which has a sharp
and narrow absorption peak after it self-assembles into a brick-wall structure at high con-
centrations. The absorption peak of the J-aggregates is sharp, narrow and shifted to longer
wavelengths compared to their monomer form and it is in the visible or near infrared spec-
trum. Due to its very sharp and narrow absorption, it has been used in silver halide photog-
raphy, non-linear optics, lasing and sensing applications. On the other hand, graphene is
one atom layer thick, honeycomb lattice of carbon atoms. In the pure, freestanding form,
the bands of its electronic structure touch at one point, making it a gapless semimetal. Due
to this characteristic, it is possible to manipulate its optical and electronic properties by
changing the Fermi energy of graphene. Therefore, graphene found applications in many
fields such as light emitting diodes, photodetectors, Hall sensors, optical modulators and
flexible optoelectronics.

The functional dye materials have not been combined with graphene photodetec-
tors even though they are highly sensitive to light, less toxic than their competitors and
stable at room temperature. In this thesis, using a J-aggregate dye, which has a sharp
absorption peak around 585 nm wavelength, a graphene phototransistor has been demon-
strated. By changing the charge concentration on graphene, using the charge carriers
that arise from the excitation of J-aggregate dye, reversible modulation of graphene Dirac
point has been demonstrated. In addition, a novel thin film formation technique has been
developed in this study. Porous polyethylene membrane has been used to create thin films

of water-soluble materials, such as J-aggregates, on hydrophobic surfaces.
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OZET

FONKSIYONEL BOYA MALZEMELERI iLE GRAFIN ALAN ETKI
TRANSISTORLERI KULLANAN FOTODEDEKTORLERIN ARASTIRILMASI

J-agrega boya, yliksek yogunluklarda bir tugla duvar yapisina kendiliginden birlestikten
sonra keskin ve dar bir sogurma spektrumu tepe noktasina sahip olan, suda ¢oziiniir,
fonksiyonel bir boya tiiriidiir. J-agregalarinin sogurma tepe noktasi keskin, dar ve monomer
formlarina kiyasla daha uzun dalga boylarina kaymis durumdadir. Bu nokta, goriiniir veya
yakin kizilotesi spektrumda bulunur. Cok keskin ve dar sogurmasi nedeniyle giimiis halid
fotograf¢ciliginda, dogrusal olmayan optikte, lazerle ve algilama uygulamalarinda kul-
lanild1. Ote yandan grafin, bir atom tabakas1 kalinliginda, karbon atomlarindan olusan bal
petegi benzeri bir yapidadir. Saf, bagimsiz formda, elektronik yapisinin bantlar1 bir nok-
tada dokunarak enerji bant yapisinda bogluk bulunmayan bir semimetal olusturur. Elek-
tronik yapisi nedeniyle, yiik tasiyic1 yogunlugunu degistirerek grafinin Fermi enerjisini
degistirmek, optik ve elektronik 6zelliklerini manipiile etmek miimkiindiir. Grafinin benz-
ersiz 0zellikleri, 151k yayan diyotlar, fotodetektorler, Hall algilayacilari, optik modiilatorler
ve esnek optoelektronik gibi bir¢ok alanda uygulama buldu.

Fonksiyonel boya malzemeleri rakiplerinden daha az zehirli olmalarina ve oda
kosullarinda kararli olmalarina ragmen grafin ile ortak bir yapida kullanilmamistir. Bu
tezde, 600 nanometre dalga boyunda keskin bir sogurma spektrumu tepe noktasina sahip
olan bir J-agrega boya kullanilarak, bir grafin fototransistorii ve grafinin spektral has-
sasiyeti arttirilmigtir. Isik kullanilarak grafin tizerindeki yiik yogunlugu degistirilmis, en-
erji band1 yapisindaki Dirac noktasinda geri cevrilebilir bir modiilasyon gosterilmistir.
Ayrica, bu calismada yeni bir ince film olusturma teknigi gelistirilmistir. Gozenekli poli-
etilen membran, hidrofobik yiizeyler iizerinde J-agregalar1 gibi suda ¢6ziiniir malzemelerin

ince filmlerini olusturmak icin kullanilmagtir.
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CHAPTER 1

INTRODUCTION

1.1. Background

Graphene is a one atom layer thick, sp? hybridized, single layer carbon lattice
that is stable at room conditions. The structure of graphene was predicted by Philip Rus-
sell Wallace in 1947.! Although, such structure promised unique electrical and optical
properties, prior to its discovery, films as thin as graphene were considered to be too un-
stable.> However, its chemical and thermal stability, flexibility and its 2.3% absorption
although it is a single atom layer thick material, have attracted a great amount of inter-
est after it is experimentally demonstrated by using the mechanical exfoliation technique
from bulk graphite.? Due to its energy band structure, its electrical and optical properties
are, as predicted, unique. Graphene has been used in many fields, such as light emit-
ting diodes,* photodetectors,* Hall sensors,’ lasers,® optical modulators,’” infrared cam-
ouflage,® solar cells,’ liquid crystal displays,'® organic light emitting diodes,'! flexible
optoelectronics.'? All of such applications are enabled by the variation in charge carrier
density on graphene. !4

The number of charge carriers (electrons, holes) per volume is charge carrier con-
centration or carrier density. The charge carrier concentration on graphene affects directly
the electronic and the optical properties of graphene. Consequently, changing the carrier
concentration of graphene, doping, is an extensive area of research. There are several
ways to change the carrier concentration in graphene. Doping can be done chemically, '

1617 or by photo-induction.'® For example, the chemical doping uses plac-

electrostaticly
ing chemical compounds or particles inside or near graphene. While the electrostatic
gating is achieved by applying an electric field on graphene layer, which affects the car-
rier density, photo-induced doping is obtained by placing a light sensitive compound on
or near graphene to use the light interaction from compound to transfer charge carriers

and change the charge density on graphene.'8!



In the photodetection field, photo-induced doping has gained special interest for
graphene based devices because of their high photoresponsivity?® and short response

2l Graphene has been previously combined with quantum dots,?* dipolar chro-

times.
mophores,'® perovskites,”? MoS,,2* W S,% and yeilded®® photoresponsivities that are
higher than ~ 108 with high doping levels ~ 10'*cm~2. Hence, graphene combined de-
vices show promise in photodetection field. However, there is a whole group of functional
dye materials that have not been studied in combination with graphene.

In this thesis, photo-induced doping was studied using a graphene field effect tran-
sistor combined with a J-aggregate dye.

Aggregate dyes are self-assembled molecules, which have a very sharp and nar-
row absorption peak. They self-assemble at high concentrations and depending on one
of its two types, upon aggregation, their absorption peak shifts to longer (J-aggregates)
or shorter wavelengths (H-aggregates). J-aggregates were discovered in 1936 by Jel-
ley?” and Scheibe.?® Since then, they have been used in sensitive and selective detec-
tion of molecules,? solar cells,*® polariton lasers,*! non-linear optical devices,*? exciton-
polaritons?,3 syntheses of plexcitonic nanoparticles®,*® photodetectors.*’

Having a very intense and narrow absorption peak in the visible spectrum makes
J-aggregates a very good candidate for use in photodetectors. Making use of excitonic
properties of J-aggregate dyes,*® the spectral sensitivity of the graphene has been in-
creased and a new photodetector, using a photo-gated graphene field effect transistor, has

been demonstrated. The doping level of graphene was dynamically controlled by using

incident photons.
1.2. Electrical Properties of Graphene

The honeycomb-like structure of graphene is formed by hexagonal, monolayer
lattice of carbon atoms. The lattice structure is shown in Fig. 1.1(a).

The lattice vectors can be written as,

a; = 3(3, V/3) and ay = 3(3, ~V3) (1.1)

The graphene lattice, which consists of A and B sublattices, can be defined as

lattice vectors a; and as, where a is the distance between the adjacent carbon atoms and



Figure 1.1. (a) Hexagonal honeycomb lattice structure of graphene. (b) Brillouin zone
of graphene.*

it corresponds to 0.142 nm. The thickness of a single layer graphene is 0.335 nm.

At the Brillouin zone (1.1(b)), the reciprocal lattice vectors can be written as*’

2T 2m 47
by = —(1,Vv3), ba = —(1,—Vv3) and |by| = |b2| = — 1.2
1 SCL( 7\/_)7 2 3@( ) \/_>an ’ 1| ‘ 2’ \/@ (1.2)
The Brillouin symmetry point vectors K and K’ on the Fig. 1.1 (b) are given by
vectors*
2 2w 2m 2m
K= a9 o = D = o v S = Db 1.3
(3@ 3\/§a) <3a 3\/§a) ( )
The nearest neighbor vectors in space are given by,*
5y = 3(1, V3), 6 = 3(1, —+/3), and 63 = —a(1,0) (1.4)

In the hexagonal lattice structure, carbon atoms are connected to neighboring C
atoms by o bonds in their 2s, 2p, and 2p, orbitals. The high strength of the graphene
structure is due to these bonds.*! They do not contribute the charge transfer.* In addition,
the out of plane, 2p., orbital of the carbon atom is free. Since every carbon atom has a
free 2p, orbital electron, it can either occupy a spin-up or spin-down state. Moreover, it is
not possible for 2p, orbital electron to interact with s or the p, and p, orbitals due to the
fact they are orthogonal to each other. Therefore, it is possible to treat the 2p, electrons
independently in the electronic structure.*> Hence, the energy levels of o bonds can be
seen separately represented by red dashed lines. Additionally, the 2p, orbitals interact
with the neighboring 2p, orbitals and form the 7 and 7* bands represented by the blue

lines in Fig. 1.2(a).
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Figure 1.2. (a) Band structure of graphene and (b) schematic representation of the
Dirac cone, where E- is the Fermi energy.*?

The Brillouin zone symmetry points Kand K’ are of importance to us because
the energy varies linearly with the momentum near these points. Therefore, occupied and
unoccupied bands touch each other. The point they touch is named the Neutrality (Dirac)
point because the number of charge carriers is at its minimum at that point. Therefore,
graphene is considered as a gapless semimetal since the valence and conduction bands

t.3° The linear variation of energy with respect to momentum at

only touch at this poin
the K and K’ symmetry points implies that the charges in graphene, behave as massless
Dirac Fermions, and are highly mobile at the neutrality point.** In addition, estimated
group velocity of charge carriers is 1 x 105m/s at Dirac point.! Moreover, in the pure,
defectless and freestanding graphene, the Fermi energy is expected to be at the Dirac
Point.*3

Since the energy bands are symmetric around the Dirac point, it can be expected
that in pure, freestanding, defect free graphene, the holes and the electrons should have
the same properties.*> Moreover, as shown in Fig. 1.2(b), Fermi level can be at different
levels than the Dirac point. This is due to the change in the carrier concentration, doping.
Due to presence of adsorbates, impurities or an electric field on graphene, the Fermi

energy may shift from the Dirac point. If the Fermi level is at a higher energy than the

Dirac point, system is said to be electron doped (n-doped), if the Fermi level is at a lower



energy than the Dirac point, system is said to be hole doped (p-doped).?

The Fermi energy is directly proportional to the square root of the carrier density,*
Er ~ \/n. By changing the carrier density, it is possible to tune the Fermi energy. In-
deed, the Fermi level affects the electrical and optical properties of graphene. Therefore,
many applications of graphene devices use Fermi energy modulation. There are several
ways to change the Fermi energy of graphene. For instance, it is possible to use a Field
Effect Transistor(FET) to manipulate the Fermi energy.!” In addition, Fermi energy can
be modulated chemically.!> Moreover, it is possible to change the carrier concentration
on the graphene by the incident light using a photo-sensitive material and creating a het-
erojunction that ensures the charge carrier (electron or hole) transfer.?? The structure of

such device is shown in the Section 1.5.

1.3. Optical Properties of Graphene

Optical properties of graphene arise from its electronic properties. Graphene has
broadband absorption of ~ 2.3% in the visible spectrum (400 nm - 750 nm). The trans-
mittance of the graphene is defined by 7" = (1 + %wa)*Q for every layer of graphene,
where the «, the fine structure constant is** o = €2 /hc ~ 1/137. Taking into account that
graphene is a single atom layer thick material, the optical absorption is quite high.

Due to the zero bandgap structure of graphene, depending on the Fermi level, it
is possible for photo-excited electrons to do two types of electronic transitions, interband
and intraband, as shown in Fig. 1.3.

Interband transitions are the transitions that take place between valence band and
the conduction band. The 2.3% absorption of graphene is mainly due to the interband
transitions in the electronic structure.*> If 2Er > Ep where the Ep is the energy of
the photon and E' is the Fermi Energy, interband transitions are not allowed due to Pauli
blocking*® (Fig. 1.3(b)). For the photons with energy Ep > 2E, interband transitions are
allowed. The amount of blocking can be altered by changing the Fermi energy. Therefore,
the optical absorption, that is enabled by interband transitions of the graphene, can be
manipulated by changing the Fermi energy.*’

If a photon with an energy that is less than 2FE interacts with the graphene, in-

terband transitions are blocked. However, intraband transitions are allowed. Intraband
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Figure 1.3. Schematic representation of (a) intraband and (b) interband transitions in
graphene.

transitions are the transitions within the same band that occur without crossing the Dirac
point. Intraband transitions in the graphene are at longer wavelengths and fall into the tera-
hertz part of the electromagnetic spectrum. Moreover, in the terahertz spectrum, graphene
behaves similar to a conductive film, and the optical conductivity of graphene is given by
the equation, o(w) = opc(Er)/(1 + w?T?), where opc(Er) is the DC electrical con-
ductivity, 7 represents the carrier momentum scattering time, w is the photon frequency.
Using this fact, by manipulating the electrical conductivity or Fermi level, the absorption
in the terahertz spectrum can also be tuned. Hence, the optical absorption, that is enabled

by the interband transitions of graphene, can be modulated by tuning the Fermi energy.*®

1.4. J-aggregate Dyes

J-aggregate dyes were discovered by Scheibe®® and Jelley?’ in 1937. They are
organic dye molecules that self-assemble at high concentrations. The self-assembly phe-
nomenon is related to the reversible aggregation of the J-aggregate molecules caused by
the attractive interaction between the 7 systems.**> The molecular structure of the J-

aggregate dye is shown in Fig. 1.4.
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Figure 1.4. Chemical structure of cyanine J-aggregate dye.*
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Upon aggregation, the absorption peak of aggregated molecules sharpens and
shifts to longer or shorter wavelengths (Fig. 1.6). Depending on the shift, they were
firstly called J-aggregates, and H-aggregates, respectively.’! This behavior is correlated
with the geometry of the molecular arrangement within the aggregates.*® The geometry
of the aggregates and the delocalization of the electronic states as monomers and dimers
are shown in Fig 1.5. In H-aggregates, the geometry of the structure is face to face and
the available electronic state is at a higher energy, and thus the absorption peak is seen
at shorter wavelengths because the lower energy state transitions are not allowed. On
the other hand, in J-aggregates, as shown in the Fig. 1.5(b), the structure is head to tail
and the available electronic states in dimer form has a lower energy than the monomer
because the higher energy state transitions are not allowed. Therefore, the absorption
spectra shift to the longer wavelengths.’> The modification of the electronic structure is
due to the geometric formation of aggregates. The electronic band structure of the aggre-
gates gives rise to excitons. Excitons are a combination of an excited state electron and a
hole pair, which are generated upon the excitation. Additionally, the electron and the hole
attract each other with electrostatic Coulomb force because of their opposite charges. In
the Frenkel exciton theory, the binding energy of the excitons are high. Therefore, they
are localized.”® Moreover, the aggregate dyes are regarded as regular molecular crys-
tals. The dense packing of aggregates gives rise to a strong intermolecular 7 electronic
coupling.®® Moreover, in the aggregated structure, the monomers are coherently aligned
and this enhances the coherent delocalization of the electronic states.>* Additionally, the
electronic excitations in the aggregarates are delocalized over many monomers instead of

being confined to a single monomer. In addition, the excited state radiative decay rate is



increased compared to their monomer form.>> The assembly starts from forming dimers

from monomers and then continues on to building the brick wall like structure.

a) b)
: E" ey - -
£ —— £ —— s
E' N —-— E T
G ’ G :
Monomer Dimer Monomer Dimer
Face-to-face Head-to-tail

Figure 1.5. The electric band structures for (a) face to face (H-aggregate) and (b) head
to tail (J-aggregate) assembled aggregates in monomer and dimer form.>?

J-aggregates are strong excitonic sources. They are considered to be a model that
can efficiently demonstrate a chlorophyll-based light harvesting system.>*

Non-covalent interactions hold the assemblies of monomers arranged in J-aggregates.
The distance between molecules are enough to ignore the electron tunneling effect. There-
fore, the properties of energy transfer between molecules and the spectral modifications
are due to the Coulomb interactions between the electronic transitions. Molecular aggre-
gates mostly contain their monomer nuclear and electronic structure. Upon aggregation, if
the lowest allowed electronic transitions are inside the visible spectrum and the molecules
have a big fluorescence and absorption overlap (Fig. 1.6), the electronic transitions be-
come strong enough to transfer to neighboring molecules via de-excitation & excitation
process. In this process, an excited electron drops down to the ground state and the gen-
erated energy is transferred to the neighboring atom by exciting it. Since the electrons
are not mobile in the J-aggregate structures, this transfer occurs via the holes. While the

electrons are trapped inside the J-aggregates, the holes can move through.’! These mobile

holes can be used to manipulate the charge carrier concentration on heterojunctions.
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Figure 1.6. Absorption and fluorescence spectra of J-aggregate dye for monomer and
aggregate formation in solution.>!

1.5. Charge Density Modulation on Graphene

One of the ways to modulate the carrier density on the graphene is to use Field
Effect Transistors(FET). FET is a device with at least three terminals. The conductivity
between two terminals, source-drain, is modulated by the electric field created by the gate

terminal.>® The structures of the top and back-gated FETs are shown in Fig 1.7.

a) b) Top Gate
| Source | ' Drain | | Source] '”S“'atﬂfl Drain |
Insulator g Graphene ' Insulator g Graphene |

Substrate Back Gate Substrate

Figure 1.7. Schematic represenatations of (a) back and (b) top gated Graphene Field
Effect Transistors

Combined with graphene, this technique was first used in 2004 by Novoselov.?

The gate voltage manipulates the carrier density on the graphene surface by applying an
9



electric field on graphene.®’ Therefore, it is possible to use FETs to induce charge carriers
and determine the Dirac point of graphene.

Near the Dirac point, the resistivity of the graphene reaches its maximum and in
relation, the conductivity reaches its minimum, because the carrier density is at its lowest
level.! Moreover, at the Dirac point, the density of states vanish.’® Dirac point can be
reached at different gate voltages depending on the purity of the graphene. In defect free,
pure, freestanding graphene, the Dirac point is expected to be at zero gate voltage and

at zero Fermi level. In the Figure 1.8, Dirac point of a high quality, near doping free

graphene is shown.

u (108 cm2 V-1 s71)
(z-wo,,01) *u

-80 -40 0 40 80
v, ()

Figure 1.8. (a) Resistivity, (b) mobility (black circles) and carrier concentration (white
circles) measurements for varying gate voltages.>®

Dirac point is measured by scanning the resistance versus the gate voltages and
determining the peak. At Dirac point, the resistivity is maximum due to the fact that the
density of states vanish and there are no charge carriers. Therefore, it is reasonable to
see the resistance peak close to 0 Volt gate voltage in Fig. 1.8(a) since theoretically in
pure, free standing graphene, the Dirac point is at 0 Volt.! Mobility and charge density
measurements are shown in Fig 1.8(b). Around O Volt gate voltage, the charge carrier
density (white circles) is also at its lowest. Since the effective mass of the electrons are

zero at the Dirac point, the mobility of the electrons (black circles) are at their highest.>®

10



If the GFETs (Graphene Field Effect Transistors) are combined with a light sensi-
tive material, it is also possible to shift the Dirac point of graphene reversibly using inci-
dent light. This, photo-doping, was demonstrated using quantum dots,>® h-BN,2¢ GaN,®
and perovskites.®! Depending on the material and the heterojunction, electrons or holes
move to the graphene and change the Fermi energy. Since excitons are attracted to each
other due to Coulomb interactions, holes tend to move to the highest point of the valence
band, and the excited electrons tend to move to the lowest point of the conduction band.5?
The schematic representation of such transfer is shown in the Fig. 1.9. Upon charge car-
rier transfer, because of the increase or decrease in charge carrier density, the Dirac point
of graphene shifts to higher or lower gate voltages for hole transfer or electron transfer,
respectively. Therefore, as the gate voltage is scanned versus the resistivity, the peak, at
which the Dirac point is measured (Fig. 1.8(a)), shifts to different gate voltages as the
charge carrier density on the graphene changes.

In addition to the GFETS, shifting the Dirac point and changing the charge carrier
density on graphene, using incident light, is possible by combining a GFET with a light
sensitive material. Upon illumination, the charge carriers of the excited photoactive ma-
terial move to graphene layer. Transferred charge carriers change the population of the

charge carriers on graphene and affect the current flowing through the phototransistor.??

b)
t o >
‘r EF :E
w
- EF ky kyT ky
Excitation
Ky k, L Ky
Photoactive
Material

Graphene

Energy

Figure 1.9. Schematic representation of Fermi Energy of graphene (a) before any in-
teraction, after the incident light excites the photoactive material and elec-
trons (b) and holes (c¢) move to graphene layer and changes its Fermi en-

ergy.

Figure 1.9(a) depicts the energy dispersion relation of doping free graphene. When

graphene is combined with a photoactive material, upon excitation of the material, elec-
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trons move to a higher energy level. Therefore, excited state electrons and holes are
created. Depending on the heterostructure, electrons or holes transfer to graphene layer
and increase (Fig. 1.9(b)) or decrease (Fig. 1.9(c)) the Fermi level on the graphene, re-
spectively. The change in Fermi energy, therefore in the density of charge carriers, varies
the current flowing through the source and drain terminal of the phototransistor. As the
charge carriers decrease, the current flowing through the source and drain terminals of
the phototransistor decreases, as they increase, the current flowing through the source and
drain terminals increases.

J-aggregate dyes can be used as an excitonic source to harvest charge carriers
and increase the spectral sensitivity of graphene. When incident photons interact with
the J-aggregate dye, an electron-hole pair (exciton) is generated. Although the electrons
are trapped inside the J-aggregate and cannot move, the holes in the excited J-aggregate
molecules are mobile and can be used to change the charge carrier concentration in Van
der Waals (vdW) heterostructures. This gives us a chance to build an all carbon phototran-
sistor, which has been gated by visible light. The holes, that are created upon excitation,
are transferred to the graphene layer and lower the Fermi energy of graphene (Fig. 1.9(c)).
After hole transfer, the Dirac point is seen at higher gate voltages and going back to the
dark condition, it shifts back to its original position. Therefore, the charge density of

graphene is reversibly tuned by incident photons.
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CHAPTER 2

EXPERIMENTAL METHODS

2.1. Sample Preparation

2.1.1. Synthesis and Transfer of Graphene

Chemical Vapor Deposition (CVD) method has been used in the growth of the
graphene. In the CVD method, C'H, has been used as a carbon supply. Ultrasmooth
copper foil (Mitsui Mining and Smelting Company, Ltd, B1-SBS) with 0.1um surface
roughness was cut into 2 x 2 ¢m? pieces and placed into the tube furnace on top of a
quartz glass crystal substrate. Afterwards, the tube was placed under vacuum around
~ 10 mTorrs. After vacuum, under 100sccm H, flow, the furnace was heated to 1035°C
and 10scem C'Hy for 60 seconds. Later, hydrogen was used in order to remove the oxide
layer on the surface of copper foils. At high temperatures, C atoms were separated from
the H atoms and form a hexagonal carbon lattice on the copper foils. Then the furnace
was cooled down to room temperature naturally while it was kept under vacuum and H,
flow. Subsequently, vacuum was refilled and the samples were removed from the furnace.

In order to transfer the graphene, a polymer layer was used. The samples were
coated with photoresist (Shipley 1813) and left inside a 65°C oven overnight. Afterwards,
the photoresist was solidified with graphene and copper on one side of it. Next, the
copper was etched away using 1M FeCls solution, and we were left with photoresist
and graphene ready to transfer onto a surface. In this case, silicon wafer, which was
coated with 300 nm Si3N, was used. To transfer, graphene-polymer layer was placed
on a dielectric substrate, which was cut into pieces (2z3cm?) and was heated up to 80C'
for three minutes and then to 110°C for one minute. After letting it cool down to room

temperature; acetone, isopropyl alcohol and deionized water were used to remove the
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polymer layer.

2.1.2. Membrane Casting

There are several ways to create a light sensitive gain medium and graphene het-
erostructures via placing molecules and materials on graphene. For example, drop casting,
supramolecular 7 — 7 stacking,!® spin coating,®® drop casting, and layer by layer methods
are a few good examples.®* Since the polymer transferred single layer CVD graphene
shows hydrophobic properties, the adhesion on graphene is not enough to create the exci-
tonic thin film on the graphene layer. In this thesis, a new technique® has been developed.

As the excitonic source, a cyanine dye J-aggregate, 5,5,6,6’-tetrachlorodi (4-
sulfobutyl)-benzimidazolocarbocyanine (TDBC) was used (from FEW chemicals). An
aqueous solution of 10 mM of TDBC was prepared. TDBC was used without further
purification. The chemical structure of the J-aggregate dye is shown in 1.4.

In order to distribute the cyanine dye evenly on the sample, Membrane Casting
(MC) method was used. In this method, porous polyethylene membrane was used to
squeeze the J-aggregate dye between the graphene and the membrane (Gelon LIP group,
Celgard 2730). The membrane has a 20um of thickness and porosity of 40 percent.®
After 50 L of TDBC was dropped on the substrate, the porous polyethylene membrane
was placed on both the substrate and the dye. The area of the dye is dictated by the size
of the polyethylene membrane. Since the polyethylene membrane is highly hydrophobic,
the J-aggregate dye cannot penetrate through the membrane. After leaving it in the room
conditions for 10 minutes, the water molecules evaporate through the pores of the mem-
brane and as it can be seen from the Figure 2.1, after the membrane was lifted gently, we
were left with a film of J-aggregate molecules on the substrate. The optical images of the

surfaces show that the formation of the J-aggregate thin film was fairly uniform.

2.1.3. Hybrid Graphene J-aggregate Phototransistor

The device structure is a back-gated graphene field effect transistor. As a photoac-

tive material, a J-aggregate dye was used.

14



Substrate

c)
Glass

Figure 2.1. (a,b) Schematic representation of Membrane casting technique. (c,d) J-
aggregate thin film on glass and flexible substrate, respectively. (e,f) Opti-
cal images of J-aggregate thin film and porous membrane.%

After graphene was transferred onto the 300 nm silicon nitride coated silicon sub-
strate as mentioned in the Section 2.1.1, the gold electrodes were put into place by thermal
evaporation technique. The J-aggregate thin film put on the graphene by membrane cast-

ing method mentioned in Section 2.1.2. The final hybrid structure was shown in Fig. 2.2.

The active area of the device is the part that is covered with graphene and J-

aggregate dye shown by light red in Fig. 2.2.
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Figure 2.2. Schematic representation of hybrid graphene J-aggregate phototransistor.®

2.2. Characterization and Measurement

2.2.1. Raman Spectroscopy

Raman spectroscopy is a tool, which measures the vibrational characteristics in
a sample. It was first observed by Sir Ventaka Raman in 1928.57 The basic principle of
Raman spectroscopy is that it compares the energy of the incident light versus the scat-
tered light. When a photon collides with an atom, the electromagnetic field of the photon
induces oscillating dipoles in the molecule and therefore, the electromagnetic radiation is
produced.

There are three possible outcomes in scattering. First one is Rayleigh scattering,
in which the energy of the incident photon is equal to the energy of generated photon. The
second and third are called Stokes and anti-Stokes Raman scattering, in which the energy
of the scattered photon is lower or higher than the incident photon, respectively (Figure
2.3). Most of the scattering is dominantly Rayleigh. All of these processes include a
photon that is absorbed by bringing an atom from the ground state to a virtual state. Then,
a new photon is emitted by a transition to the ground state as shown in the Figure 2.3. The
energy differences seen in Anti-Stokes and Stokes Raman scattering energies are due to
the vibrational characteristics of the sample.®® The Raman bands are observed when the
molecular vibration of the sample causes a change in the polarizability and enables us to

distinguish between the structures that emit specific Raman signals.
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Figure 2.3. Schematic representation of Rayleigh and Raman (Stokes&Anti-Stokes)
scattering energies and corresponding wavenumbers.®

A Horiba Xplora Plus Raman Microscope is used in the Raman measurements.
The system has a Synergicitiy grating spectrometer. For the excitation, 532 nm and 785

nm wavelength lasers were used. The sample is controlled using a motorized XYZ stage.

2.2.2. Profilometer

Profilometer is a device that measures the properties of a surface such as thickness,
roughness, etc. There are several types of profilers depending on the methods that they use
to determine the characteristics of the surface. These include optical based methods; ver-
tical scanning interferometry, phase shifting interferometry, and contact based methods,
stylus profilometer, atomic force microscopy and scanning tunneling microscopy.

Dektak XT was used to measure the thickness of the J-aggregate thin films. Dek-
tak XT is a stylus surface profiler. It keeps its stylus stationary and by moving the sample

using a motorized X-Y stage and measuring the deflection of the stylus, and hence it de-
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termines the thickness of the material. It is also capable of 3d topological imaging and
able to scan in heights ranging from 1 mm down to 5 nm. The vertical resolution of the

device is very large and it can be as small as around 0.1 nm.

2.2.3. Absorption and Emission Spectroscopy

Absorption spectroscopy is done by sending a light through a sample and analyz-
ing the characteristics of the transmitted light by putting it through a spectrometer. The
absorption characteristics of a sample can be identified using this method.

Emission spectroscopy is based on excitation of molecules into higher energy state
by sending a light through a sample, after excitation, excited state electrons falls back to
the ground state and emit light. The energy of the emitted photons is analyzed by putting
them through a spectrometer. The emission characteristics of a sample can be identified
using this method.

Absorption and emission spectroscopy was done by using an Ocean Optics spec-
trometer. HR4000CG-UV-NIR spectrometer has a linear silicon CCD array as a detector
that works in the range of 190 nm to 1100 nm. The spectroscopic range of the spectrom-
eter is between 200 nm and 1100 nm. The optical resolution of the spectrometer is less

than 1.0 nm at full width at half maximum.

2.2.4. Electrical and Optical Response Measurements

For the first part of electrical measurements, gate and drain contacts of the photo-
transistor were connected to a Keithley sourcemeter while the source and drain contacts
were connected to another Keithley sourcemeter. Source and gate voltages were supplied
from the sourcemeters while current measurements were collected from the same contacts
via LabVIEW (Fig. 2.4). Gate voltage is responsible for the electric field on the graphene.
On the other hand, the source current flows between the source and drain terminals. For
illumination, in order to see the spectral response on different wavelengths, Koheras Versa
Supercontunium Laser combined with Acousto Optic Tunable Filter (AOTF) were used.

The laser operates between the wavelengths of 400 nm and 2400 nm and has a total output

18



of 1.5 Watt as a broadband source. It has a spectral width of 1 nm. In order to illuminate
the whole area of the phototransistor, the laser beam was expanded and the collimated.
After passing through AOTF, the power distribution of the laser at 600 nm wavelength
and the spectral distribution of the tunable laser at %50 power were shown in Fig 2.6. At

600 nm wavelength and 100 percent power, the power of the laser is 165%.

Supercontinuum Combputer
Laser ~" ’

| LabVIEW
Power ( )/\ Sourcemeter

Beam
expander-collimator
i

mirror

exciton

J-aggragate-graphene phototransistor

Figure 2.4. Schematic representation measurement setup with tunable wavelength laser.

For the second part of the measurements, the contacts were connected as same
as the first part. However, this time the phototransistor was illuminated by a white light
(Thorlabs MCWHLS-C Collimated LED). The spectrum of the LED and the schematic
representation of the illumination using the white light can be seen from the Fig. 2.5. In
addition, the total beam power is 440mW.

Fig 2.6(a) shows that the power of the laser increases linearly with the power con-
trol percentage on the laser. Also, the spectral distribution of the laser shows that the
output of the laser a 600 nm was suitable for using in our phototransistor measurement
(Fig 2.6(b)). Note that these power measurements were done after expanding and colli-
mating the laser beam in order to illuminate the whole surface area.

Using LabVIEW, the wavelength of the incident light was scanned versus the gate
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Figure 2.5. (a) Schematic representation of white light illuminated hybrid graphene
J-aggregate phototransistor. (b) Spectral distribution of white light.®®

voltages in the dark and bright conditions, respectively, whereas the current measurements
were collected from the sourcemeters via LabVIEW. All the measurements have been

done in ambient condition at room temperature.
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Figure 2.6. (a) Power response of Koheras Versa Supercontiniuum Laser equipped
with an Acousto Optic Tunable Filter at 600 nm wavelength. (b) Spectral

power distribution of the Koheras Versa Supercontiniuum Laser at %50
power.%
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CHAPTER 3

RESULTS AND DISCUSSIONS

The J-aggregate dyes were analyzed by absorption and emission spectroscopy in
solution and in film forms. Their absorption spectra can be seen in Fig. 3.1. In the
absorption spectra, which is measured in solution, the monomer peak was at the 537 nm.
As the monomers aggregate, the absorption spectra make a red-shift to 585 nm, a longer
wavelength, and the sharpness of the absorption peak increases. This is a characteristic
property of J-aggregates and indicates that the molecules are assembled. In the film form,
thickness of the aggregated molecules increases and the absorption widens in the visible

spectrum. Additionally, the peak of the absorbance in the spectrum was at ~ 595 nm

wavelength.
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Figure 3.1. (a) Absorption spectra for J-aggregate as monomer and aggregate form in
solution. (b) Transmission, absorption spectra for J-aggregate as a thin
film.%

The narrow and high absorption of the J-aggregate thin film supplies us with a

strong excitonic source working in the visible spectrum.
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Our CVD graphene was analyzed using Raman spectroscopy on after it was trans-

ferred onto a silicon sample.
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Figure 3.2. Raman spectra for the graphene, which was transferred onto a silicon sub-
strate.

In the Raman spectra, the G peak represents the bond stretching of sp? atoms. In
addition, the D peak arises from the breathing modes of sp? atoms. 2D peak in the Raman
spectra is the second order of the D peak, which is consisted of half and a quarter of the
height of the G peak, 2D; and 2D,, respectively.® Moreover, the absence of D peak
indicates the absence of defects on graphene. As the layers of the graphene increase, the
2D peak splits into four components and decreases in the Raman spectra. Additionally,
in the single layer graphene, the height of the 2D peak is larger than the G peak. As the
number of graphene layers increase, the height of the G peak becomes higher than the
height of the 2D peak. It can be seen from the Raman spectra of the graphene sample
(Figure 3.2) that the ratio of G and 2D peaks show that the graphene was single layer.”

In Fig. 3.3(a), the electrical measurements of the sample show that gate voltage of
the Dirac Point was around 40 Volts. In theory, Dirac point of pure, defect free graphene
should be at 0 Volt gate voltage.*® The presence of impurities and adsorbates around
the device causes the graphene to be hole doped and lowers its Fermi Energy. Also, the

residual transferring polymer also known to hole dope the graphene.”! All of these factors
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cause Fermi energy to decrease and the Dirac point to shift to 40 Volts.
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Figure 3.3. (a) Resistance vs. gate voltage measurement for dark and bright condi-
tions. The power of the white light was 440mW. (b) Drain current vs drain
voltage in bright and dark conditions where the gate voltage was 0 Volt.%®

As the light falls onto the device, the incident photons excite the molecule and
create electron and hole pairs. Then, the holes are transferred to graphene and make
the graphene effectively more hole doped (p doped). The Fermi level of the graphene
decreases, therefore, the Dirac point of the graphene is observed at higher gate voltages.
However, it was not possible to see exactly where the Dirac Point shifts because going
higher than 80 Volts of gate voltages, due to exponentially increasing current between
the gate and the drain, leak current, the durability of the insulating material limits us to
this interval (Fig. 3.3(a)). Meanwhile, the electrons were trapped inside the J-aggregate
molecules, the holes that were transferred into the graphene and drift to the drain and as
can be seen from the Fig. 3.3(b), increase the drain current in the bright condition. In
this measurement, gate voltage was 0 Volt. The light source that was used to take these
measurements was an Olympus broadband white light. The emission spectra of the light
source can be seen in Fig. 2.5.

By comparing the resistance values in the dark and bright conditions, it is visible

that the Dirac point of the graphene moves to higher gate voltages, reversibly. In order to
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see the wavelength specific response, a tunable laser, for which the properties are given in

the Section 2.2.4, was used.
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Figure 3.4. (a) Power response of the phototransistor as a function of gate voltage at
600 nm wavelength light and (b) spectral response of the phototransistor at
the 40 V gate voltage for varying laser powers.%

Photoresponse of the J-aggregate/Graphene transistor as resistance change versus
varying gate voltages at 600 nm wavelength incident light as a function of laser power
can be seen from the Fig 3.4(a). Most photoresponse as resistance changes was seen
at %100 (165%—”2/) percent laser power. And also, a shift in Dirac point to higher gate
voltages was observed as the power of the laser increases. Since, the holes of the ex-
cited J-aggregate molecules are transferred to the graphene layer, the Fermi energy of the
graphene decreases. Therefore, the Dirac point moves to higher gate voltages.

In order to see the best spectral response of the graphene J-aggregate phototran-
sistor, various wavelengths were scanned. Although, the absorption of the J-aggregate
molecules in solution was sharpest at the 585 nm wavelength, in the film formation, the
absorption spectra cover most of the visible spectrum. It can be seen from the Fig. 3.4(b),

that best spectral response was obtained using 600 nm wavelength light.
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Resistance versus gate voltage measurements for the 600 nm wavelength light of
varying powers was shown in the Fig. 3.5. In the bright condition, it can be seen from
the results that the holes, that are created due to the excitation of J-aggregate molecules,
move to the graphene layer and Dirac point shifts to higher gate voltages due to the de-
crease in the Fermi energy. The shift in Dirac point is larger at increasing laser powers
because the number of photons that excite the J-aggregate molecules is greater. Also, the
resistance decreases in the bright condition because the electrons that were trapped inside
the J-aggregate dye increase the carrier concentration in the J-aggregate molecules and
therefore, the resistivity of the device drops. In the dark condition, since the J-aggregate
molecules were not excited, there were no excitons. Therefore, the Fermi level goes back
to its original value and the Dirac point was reversibly modulated using incident light.

The performance of a photodetector is measured by its photoresonsivity. Pho-
toresponsivity is the ratio of generated photocurrent to optical power and is given by the

following equation,

AIP _ Ibright - Idark 1 1 1 Rdark - Rbright

Rp = = Vsl - ) =Vsp
Plaser Plaser Rbright Rdark Plaser

Rdark Rbright Plaser ‘
3.1)

Where the Rp is the photoresponsivity, /p is the photocurrent, which is deter-
mined from the resistance change with constant source drain voltage, Vsp, between
source and drain terminals, [%y,.;g5: and Ry, 1s the resistance difference in bright and con-
ditions. The photoresponsivity calculations were done by exciting the device at different
powers of light, at 40 V gate voltage and 200 mV source-drain voltage. Photoresponsivity
of this device was around 26 mWA. Photoresponsivity of the device was low compared to
perovskite or quantum dot - graphene hybrid structures. The reason for this is, the area of
the device was quite large (222cm?) and the impurities in the graphene become more ap-
parent in the electrical measurements as the area increases. Therefore, exploring a similar
structure in the micro scale is expected to yield significantly higher photoresponsivities
and become comparable with the photoresponsivities of similar structures.

Temporal measurements are done by repeatedly alternating between bright and
dark condition. The drops in the Fig 3.6 represents the bright condition. It shows that
around 0.5 k) resistance drop occurs in ~ 3 seconds. At higher laser powers, the response

was faster as the intensity of the light increases. The rise and fall times of the resistance,
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Figure 3.6. Temporal change in resistance, excited by a 600 nm wavelength light with
(a) 165é‘m—w2 power and (b) various laser powers.%

for bright and dark conditions, are not equal to each other. This can be considered due to

the trap states on the surface of graphene-J-aggregate hybrid structures.’
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CHAPTER 4

CONCLUSIONS

Using graphene, a single layer honeycomb carbon atoms lattice which has charge

carriers with effective mass of zero at the Dirac point, a field effect transistor has been

demonstrated. Combining graphene field effect transistor with an excitonic dye, J-aggregate,

the sharp and narrow absorption peak of J-aggregate in the visible spectrum was used and
an all carbon phototransistor has been demonstrated. The Dirac point of graphene has
been shifted to higher voltages reversibly via incident photons.

The MC (Membrane Casting) technique was developed. J-aggregate thin films
were placed on hydrophobic surfaces, such as polymer transferred graphene, using a
porous membrane through which the water molecules can evaporate. Membrane Cast-
ing enables us to fabricate thin films of water-soluble materials on hydrophobic surfaces.

Using J-aggregate as a light sensitive material, the spectral sensitivity of graphene
has been increased. Furthermore, high absorption of J-aggregate dye in the visible spec-
trum has been exploited. In addition, the charge carriers of graphene, which act as mass-
less Dirac fermions at the Dirac point of the energy dispersion curve, have been reversibly
modulated using incident light. According to the electrical measurements, the graphene
was p-doped in its initial form with Dirac point at around 40 Volts. This was due to the
adsobates and impurities on the graphene. Residual transfer polymer is known to dope
to graphene structure. On the other hand, depending on the power of the light, the Dirac
point was shifted higher than 80 volts in less than 3 seconds. This reversible shift, which
was created by the incident photons can be used in many graphene based photonics and
optoelectronics applications. Moreover, the photoresponsivity of the device was 0.26 mWA.
Although the photoresponsivity was low compared to the quantum dot or perovskite com-
bined photodetectors, the smaller devices with similar structures using J-aggregate dyes
show promising results that can be comparable to quantum dot or perovskite combined
systems. Depending on the J-aggregate dye and the absorption peak, this concept can be

used also in different parts of the visible and near infrared spectrum.
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