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ABSTRACT

INVESTIGATION OF THE PHOTO-RESPONSE OF
GRAPHENE/SILICON PHOTODETECTOR IN THE ULTRAVIOLET
REGION

In this thesis, we focus on the optoelectronic properties of p-type graphene and n-
type Silicon (Gr/Si) Schottky barrier photodiode according to the number of layers in the
ultraviolet region (UV). The I-V measurements were conducted at an applied bias voltage
between -0.5 and 0.5 V for each Gr/Si heterojunction. The I-V measurements taken under
dark conditions showed that all Gr/Si samples with 2-, 4- and 6-layers graphene electrodes
exhibited rectifying Schottky junction character, but all device's reverse saturation
currents (Io) were different. Schottky barrier heights (®g) of the samples with 2-, 4- and
6-layers graphene electrodes were determined using the Iop values obtained from I-V
measurements. Compared to the @ value of the sample with 2 layers graphene electrode,
the @p of the sample with 4 layers of graphene electrode increased to ~0.82 eV, and then
®g was found to decrease to ~0.79 eV for the 6-layer graphene electrode. Additionally,
photo-response measurements were carried out at zero bias voltage and in the wavelength
range of 250 — 400 nm to determine the spectral response (R) of the devices in the UV
region. Compared to the device with 2 layers graphene electrode, R of the sample with 4
layers graphene electrode increased by 3 times. The result obtained revealed that using 4-
layer graphene as a light-transparent electrode, Gr/Si Schottky barrier photodiode is the

most applicable option for sensitive detection of light in the UV region.



OZET

MOROTESI BOLGEDE GRAFEN/SILIKON FOTODEDEKTORUN
FOTO-TEPKISININ ARASTIRILMASI

Bu tez ¢alismasinda, Kimyasal Buhar Biriktirme yontemi ile tiretilen p-tipi grafen
ve n-tipi Silisyum (Gr/Si) bazli Schottky bariyer fotodiyotunun fabrikasyonu ve bu
fotodiyotun mordtesi bolgede optoelektronik karakteristiklerinin grafen katman sayisina
baglilig1 deneysel olarak incelenmistir. Atmosferik basingta 6l¢timlerde, her bir Gr/Si
hetero eklemi i¢in -0,5 ile 0,5 V arasinda uygulanan dngerilim voltajinda -V dl¢tiimleri
gerceklestirilmistir. Karanlik ortam kosullart altinda alinan I-V 6l¢timleri 2, 4 ve 6
katmanli grafen elektrota sahip Gr/Si Orneklerin tamamiin diizeltici (rectifying)
Schottky eklem karakteri sergiledigi ancak ters doyma akimlarinin (Ip) farkli oldugu
bulunmustur. I-V 6lgiimlerinden elde edilen Io degerleri kullanilarak 2, 4 ve 6 katmanh
grafen elektrotlu numunelerin Schottky bariyer yiikseklikleri (®g) saptanmustir. Iki
katmanli grafen elektrota sahip 6rnegin ®p degerine gore 4 katman grafen elektrotlu
ornegin ®p degeri ~0,82 eV diizeyine ¢iktig1 ve ardindan 6 katman grafen elektrodu i¢in
yaklasitk ~0,79 eV ’a distiigi bulunmustur. Elde ettigimiz bu sonuclar, Gr/Si
fotodiyottaki diizeltme kuvvetinin, aygit yapisinda seffaf iletken elektrot gorevi goren
grafen katmanlarmin sayisi ile degistirilebilecegini gostermektedir. Ayrica, aygitlarin
mordtesi bolgesindeki spektral tepkisini (R) belirlemek i¢in sifir 6n gerilimde ve 250 —
400 nm dalga boyu araliginda foto-tepki 6l¢iimleri gergeklestirilmistir. 2 katmanli grafen
elektrotlu aygita kiyasla, 4 katmanli grafen elektrotlu 6rnegin spektral duyarligr 3 kat
artmasina ragmen, 6 katmanli grafen elektrotlu aygitta 4 katmanli grafen elektrotlu
aygitin spektral duyarligina gore yaklasik 25% azalma oldugu belirlenmistir. Elde edilen
sonuglar, 4 katmanli grafenin 151k gecirgen bir elektrot olarak kullanilmasiin, Gr/Si
Schottky bariyer fotodiyotun derin mordtesi bolgede 15181n hassas olarak algilanmasi i¢in

en uygun secenek oldugunu ortaya koymustur.
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CHAPTER 1

INTRODUCTION

1.1. Graphene

Graphene is a single-atom-thickness, planer layer of carbon atoms arranged in a 2-
dimensional (2D) hexagonal honeycomb structure (Geim and Novoselov 2007)
discovered by Geim and Novoselov in 2004 (Allen, Tung, and Kaner 2010). A carbon
atom with four valence electrons contains one 2 § electron and three 2 p electrons, and 2
§ electron and two 2 p electrons form sp? hybridization (Marconcini and Macucci 2007;
Reina et al. 2008). It forms strong sigma (o) bonds between carbon atoms, leading to a
hexagonal structure with a carbon-carbon distance of 0.142 nm (Allen, Tung, and Kaner
2010). The 2 p electrons remaining without bonding occur as a 2p. orbital oriented
perpendicular to the planar structure and form a m -bond with neighbouring carbon atoms
(Wright, Liu, and Zhang 2009; Suzuki, Tanabe, and Fujita 2017; Raj and Eapen 2019).
The & -orbitals give rise to weak van der Waals forces (De Andres, Ramirez, and Vergés
2008). Figure 1.1 shows the geometric and atomic structure of graphene. Figure 1.1 (a)
shows carbon atoms in two different sublattices. These two different carbon atoms are
called A and B as black and white circles, respectively (Dash, Pattanaik, and Behera
2014). The shaded area represents the unit cell. Shows that sp? hybridization orbitals
between carbon atoms in Figure 1.1 (b). Here, the three nearest neighbour carbon atoms
distributed symmetrically form a sigma (o) bond (Zhang et al. 2011). The remaining
electrons are shown in Figure 1.1 (¢), and they are distributed perpendicular to the plane.
Each carbon atom assigned four bonds’ forms m bonds with the orbital of its nearest
neighbour. The arrangement of carbon atoms in the A and B lattice area in two different
orientations, and the hexagonal structure of the A and B carbon atoms as two intertwined
triangular lattices as seen in Figure 1.1 (d). Sigma electrons give rise to energy bands far

from the Fermi level (Dash, Pattanaik, and Behera 2014).
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Figurel.l. (a)Two different carbon atoms called A and B in the hexagonal structure, the
shaded region shows the primitive unit cell, (b) sp2 hybridization forming
1200, (c) Out-of-plane bond formation and (d) Orientation of two different
carbon atoms.(Dash, Pattanaik, and Behera 2014)

The hexagonal Bravais lattice of graphene (Gupta, Sakthivel, and Seal 2015; D1
Bartolomeo 2016) forms the smallest repeating structure called a unit cell. The crystal
structure of graphene based on two atoms can appear as a triangular Bravais lattice as
shown in Figure 1.2 (a) (Castro Neto et al. 2009). The lattice vectors are a; and a
(Marconcini and Macucci 2007) can be written as:

3 V3
a;=a(5,5)

—_ 1 _\/§
s aZ - a(EIT) (11)
The reciprocal lattice vectors by and b> can be written as follows;

— 2 1 \/§ —
b1=_n(§;7) , by =

a

T a2

a



The Graphene Brillouin zone is a parallel formed in the reciprocal space of the
initial Bravais lattice of a crystal shown the Figure 1.2 (b). It also represents the place of
wave vectors in the carbon crystal structure. The zone centre and midpoint are defined I"
and M, respectively (Wright, Liu, and Zhang 2009). As seen in Figure 1.2 (c), the
conduction band and valence band of graphene touch each other at six points in reciprocal
space. The contact by the conduction and valence bands is called the Dirac point. The
two equivalents K and K' at the corner of the hexagonal Brillouin zone (Marconcini and

Macucci 2007) are defined as:
F—2m L oL
K = 3a (]w\/g) H K' = 3a (11\/5) (13)

The Fermi level of intrinsic graphene is exactly in the middle point. The electron
distribution (k) around the Dirac points of graphene is linear (Giubileo and Di Bartolomeo
2017). This indicates that graphene due to linear distribution behaves like relativistic and
massless particles (fermions) (Novoselov et al. 2005). Charge carriers close to the Dirac
points move with Fermi velocity (vi = 10°® m/s) (Giubileo and Di Bartolomeo 2017;

Suzuki, Tanabe, and Fujita 2017).




Figure 1.2. (a) First Brillouin zone and band structure of graphene. (b) Real-space lattice
with primitive and the nearest neighbour vectors and (c¢) K is the corner of the zone and
I' is the zone centre. M is the midpoint between adjacent non-equivalent corners in the

reciprocal space. (Castro Neto et al. 2009; Giubileo and Di Bartolomeo 2017)

The electrical conductivity (o) of graphene is calculated by o = e (nue + pu), where e
is the elementary charge, 7 is the concentration of electrons, L. is the electron mobility, p
is the concentration of holes and py is the hole mobility (Marconcini and Macucci 2007,
Morozov et al. 2008; Yang and Murali 2011). The theoretical limit of graphene’s carrier
mobility is approximately 2 x 10° cm?/V s at the carrier density on the order of a few 102
cm 2 at room temperature (Novoselov et al. 2012; Morozov et al. 2008). Depending on
the doping type, the Fermi level of graphene shifted upward (n-type) or downward (p-
type) relative to the Dirac point (Di Bartolomeo 2016). The linear distribution with
conduction and valence bands along the Dirac point is shown in Figure 1.3. It is also
called the Dirac cone. During the charge transfer from graphene, it leads to electron or
hole contribution, which provides a transition above or below the Dirac point of the Fermi

Level (Ey).

Dirac Point

Eg

Undoped Graphene Hole-doped (p-type) Electron-doped (n-type)

Figure 1.3. The bond structure of (a) undoped or intrinsic (b) hole doped (c) electron
doped graphene.



1.2. Schottky Junction Mechanism

Schottky Junction first discovered in the 1960s that the metal/semiconductor (M/S)
contact creates a potential barrier relative to other diodes. In this model, the electric field
formed in the semiconductor increases linearly and the potential decreases as it moves
away from the depletion region, according to Gauss' law (Zeghdar et al. 2015). This M/S
heterojunction structure is called the Schottky diode. Unlike conventional p-n or p-i-n
junction diodes, Schottky Diodes are formed using a metal electrode connected to a n-
type semiconductor. Metal contact is usually made of highly conductive metals for
instance Platinum (Pt), Gold (Au), and Silver (Ag). The schematic structure and symbol
of the Schottky diode are shown in Figure 1.4.

(a) (b)

Junction

Anode Cathode

Metal i Semiconductor

] - .
('vcr;';mall)

Figure 1.4. (a) Conventional metal-semiconductor Schottky junction, and (b) its circuit

M/S heterostructures are defined in two different ways rectifier and ohmic contact.
In the rectification contact, electron-hole (e-h) pairs which are the charge carriers that
provide conductivity, enable an electric current to be transmitted to the other direction
more easily. If it is in ohmic contact, carriers can be easily transmitted in all directions
(Xu et al. 2016). Table 1.1 shows the rectification and ohmic contact table according to

the work function (®w).



Table 1.1. Rectification and ohmic contact type according to the work function

Work Function Type of Semiconductor Type of Contact
Dy > Os n- type Rectification
DOy < Os n-type Ohmic
On > Os p-type Ohmic
Op < s p-type Rectification

Each metal has its unique ®m. A potential barrier is formed by the difference
between the ®v of the metal and ®s of the semiconductor (Tongay et al. 2011). M/S
Schottky diodes have fundamental parameters such as series resistance (Rs), ideality
factor (n) and barrier height (®g). Thermionic emission (TE) theory is used to explain the
temperature dependent Schottky barrier diode current conduction mechanism and to

obtain its physical parameters (Zeghdar et al. 2015).

(a)

!
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qdy | CIJC.DS Ec
l ------------------------------- ES
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Figure 1.5. Energy band diagram of the M/S junction (a) before contact and (b) after

contacting thermal equilibrium conditions.

Figure 1.5 shows the energy band diagrams of M/S contacts. Figure 1.5. (a)
represents the before-connection, and Figure 1.5. (b) represents the after-connection
under the thermal equilibrium. Here, the work function of the metal is given by g®,
and the work function of the semiconductor is given by gy-g®s, where gy is the electron
affinity and g @y, is the difference in energy between the conduction band and the Fermi
level. The difference between these two equations allows us to find the contact potential
(gVi) (S. S. Li 1993). The barrier height of the electron moving from the metal to the

semiconductor is defined as follows:

qPg =q(@y —x) (14

The applied forward or reverse bias voltage changes the energy-band diagram in
thermal equilibrium. This change is resulting in the potential and band in the depletion

region to bend.

S o)
e e? 3 @V,
© o ;-eo E.
qDy; : |

| T A E¢®
Rt . ! By
.+ Y ” ;) (5)

Metal n-type Semiconductor

Figure 1.6. Schottky Junction charge flow mechanisms under forward bias.



Figure 1.6. defines that (1) charge transitions from the barrier by TE, (2) quantum
tunnelling across the barrier, (3) recombination in the depletion region, and (4) (5) the
diffusion of carriers across the depletion region. The effect of the charge flow is due to
TE at room temperature.

The definition of the semiconductor-to-metal current density Is—wm can be written

as (Cheung and Cheung 1986):

Is oy = fE°°+q® q9,.dn (1.5)

N —-q® 1%
lsoy = AT?(S-Pexp( D) (16)

where (A*) is the Richardson constant, (T) temperature, (k) Boltzmann constant. The total
current density flowing from the metal to the semiconductor Im—s can be written as

(Cheung and Cheung 1986):
Iys = ATZexp(qB)[ p( )—1] (1.7)
Iys = A Tzexp( ) (1.8)

1.3.p-type Gr/n-type Si-Based UV Schottky Photodiode

The Graphene/Silicon (Gr/Si)-based heterojunction photodiode is generally created
by transferring graphene to the silicon surface (Di Bartolomeo et al. 2018; Wang et al.
2020). Recently, Gr/Si-based heterojunction has been widely used in ultraviolet, visible,
and near-infrared (NIR) application sensors technologies (Lv et al. 2013; Pelella et al.
2021) due to the unique features such as electronic, optical, and mechanical properties of

graphene (Periyanagounder et al. 2018; Pang et al. 2011).



Figure 1.7. Energy band diagram of Graphene/Semiconductor heterojunction (a) under
the thermal equilibrium (b) forward bias and (c) reverse bias condition. (Di

Bartolomeo et al. 2018)

Gr/Si-based heterojunction exhibits rectifying current-voltage (I-V) properties as a
result of the formation of the Schottky barrier, similar to conventional M/S Schottky
diodes (Y. Kim et al. 2016; H. Y. Kim et al. 2013). Additionally, the Gr/Si-based
heterojunction has features not found in M/S diodes (Xu et al. 2016; H. Y. Kim et al.
2013). The density of states at the Dirac point of graphene makes it possible to setting the
Fermi level (Bartolomeo 2020). Therefore, this enables modulation of the Schottky
barrier height with a single anode-cathode bias (Xinming Li et al. 2016). In addition,
Gr/Si-based heterostructure photodiodes also serve as active materials for graphene light
absorption and electron-hole generation and separation (Ponraj et al. 2016). The energy
band diagrams of the Gr/Si-based heterojunction are given in Figure 1.7. Figure 1.7 (a)
under the zero bias, the Fermi level is at the Dirac point and the interface between
graphene and a semiconductor. In Figure (b), applied the forward bias, the Fermi level of
graphene (Er®) shifts downward because less charge is needed to conduct the positive
charges formed in the depletion layer of the semiconductor. However, in Figure (c), if a
reverse bias applied, the depletion layer is larger and the number of negative charges in
graphene increases, for this reason, the Er® shifts upward. In this way, the Schottky barrier
height (SBH) is modified (Mehmet Fidan, Unverdi, and Celebi 2022; Di Bartolomeo
2016).
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Figure 1.8. (a) Gr/Si-based photodiode and (b) semilogarithmic scale I-V curve under UV
light illumination with different powers.(Wan et al. 2017)

Gr/Si photodetectors sensitive to ultraviolet (UV) light can operate in the range
wavelength between 200 nm and 400 nm. Gr/Si-based Schottky photodetectors enable
the detection of UV light by producing photocurrent when exposed to UV light (Wan et
al. 2017). The characteristics of graphene such as its high conductivity, broad spectral
response, and high carrier mobility can improve the performance of Gr/Si photodetectors
(Pang et al. 2011; Bonaccorso et al. 2010). Graphene can increase the sensitivity and
response time of the detector by enhanced high light absorption and fast electron transport
(Nair et al. 2008). Therefore, these highly sensitive detectors respond quickly and
sensitively when exposed to UV light illumination. UV Gr/Si photodetectors can be
applied in many different fields due to their cheap and easy manufacturing. For example,
they can be used in solar radiation monitoring, UV spectroscopy and chemical analysis
fields. The development and optimization of these detectors can provide a significant
technological advance for many industrial and scientific applications where UV light
must be detected.

In this thesis work, we focused on the dependence of the optoelectronic
characteristics of a Gr/Si-based Schottky barrier photodiode in the ultraviolet region on
the number of graphene layers. The I-V measurements taken at atmospheric pressure and
under dark conditions showed that all Gr/Si samples with 2, 4 and 6 layers of graphene
electrodes exhibited rectifying Schottky junction character, on the other hand all device's

reverse saturation currents were found to be different. The ®p of the samples with 2-, 4-
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and 6-layers graphene electrodes were extracted from reverse saturation current values.
The optoelectronic measurements were carried out at zero bias voltage and in the
wavelength range of 250 — 400 nm to determine the spectral response of the devices in
the UV region. In addition, time-dependent photocurrent spectroscopy measurements
were done on under all devices using a 280 nm LED light source at 5 kHz frequency. Our
measurements which give us on information about graphene layer electrode is the most

apposite option for the sensitive detection of light in the deep UV region.
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CHAPTER 2

Experimental Details

2.1. Growth of Graphene by Chemical Vapor Deposition Technique

Chemical vapor deposition (CVD) technique is a type of vapor phase transport
process, in which atoms, molecules, or their mixtures of are deposited on the surface.
High-quality thin films can be produced under a vacuum or atmosphere with CVD. The
CVD method is most commonly used in semiconductor technology to produce thin films
(Pang et al. 2011). In particular, carbon-based materials such as nanofibers, nanotubes,
diamonds and graphene are produced by this method (Mufioz and Gémez-Aleixandre
2013). Using the CVD method, graphene production can be achieved at different
temperatures (between 800 °C-1000 °C) on transition metals such as nickel (Ni)*, iridium
(Ir)’” and copper (Cu)®® (Xuesong Li et al. 2009), by means of the carbon source gas (such
as CHa4, CyHe) sent into the furnace (Jehad et al. 2023; Suk et al. 2013).
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Figure 2. 1. (a) Cu foil pieces, (b) Cu foils on quartz in the middle of the furnace, and (c)

CVD furnace in our laboratory.

First, a suitable substrate for graphene growth must be prepared. For this reason, 5
mm x 5 mm Cu pieces are cut cleaned and placed inside the quartz tube. The growth of
graphene is done in 4 steps listed below;

1. Heating: The quartz tube is pumped with the help of a rough pump. Under

the atmosphere, Cu foils are slowly heated to processing temperature to prevent

possible thermal stress.

2. Annealing: The first chemical reaction occurs in this step. Here, the Cu

surface is cleaned with 20 (sccm) hydrogen (H2) and 1200 (sccm) argon (Ar) gases

at high temperature (e.g. 1000 °C) and the surface morphology is changed.

3. Growth: In the catalyst substrate C atoms are arranged as graphene sheets.
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4. Cooling: Following the graphene growth step the furnace cools down
under atmospheric pressure. To prevent the reaction of graphene with oxygen-
containing groups, the temperature of the furnace is adjusted to drop approximately
by 200°C under H> and Ar gases. The furnace is opened at 120 °C under atmospheric

pressure.

Art+H,

1000 (°C)-

Temperature (°C)

v

33
Time (min)
Figure 2.2. Heating (1), annealing (2), growth (3) and cooling (4) stages of graphene

growth process on Cu foil with schematic representations by CVD.

In Figure 2.2, heating (1), annealing (2), growth (3) and cooling (4) steps of
graphene growth on Cu foil are given with schematic representations. Cu (25 um thick,
99.8 % purity, Alfa Aesar) pieces on the quartz plate was placed into a tube furnace
(Lindberg/Blue TF55035C Split Mini Tube) as a catalyst-substrate material. During the
process, a mixture of H» and Ar gasses were sent to the tube at 1000 °C to remove natural
oxide layer on the Cu foils and to create (111) oriented grains. In the first step, the
temperature is increased from room temperature to 1000 °C in 33 minutes ramp time. The
reason for the slow ramp is to avoid thermal stress. Then, the Cu foil was annealed for 59
minutes under the same temperature and gas flow rates to increase the grain size of the
Cu foil. For the growth phase, CH4 gas was introduced into the tube furnace for 6 minutes
to grow bilayer graphene. Finally, the sample was exposed to H> and Ar gases for rapid
cooling from the growth temperature to room temperature. During the rapid cooling, the

door of the oven was opened step by step at 800 °C, 600 °C and 400 °C, respectively.
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Finally, the samples were taken out of the oven at about 140 °C. All the parameters used

in the growth process are shown in Table 2.1.

Table 2.1. Growth parameters for bilayer graphene.

Temp.(C% H,(sccm) Ar (sccm) CH,(sccm) RT (min) AT (min) GT (min)

1000 20 1200 12 33 59 6

2.2. Raman Spectroscopy Measurements

Raman spectroscopy is an analysis technique based on the examination of Raman
scattering resulting from the interaction of a molecule or material with light. This
technique provides information about the molecular vibration and rotation modes and is
used to determine the chemical composition, structure, and physical properties of a
material. Raman scattering using laser light occurs when monochromatic (single
wavelength) light strikes a sample and interacts with molecules (Malard et al. 2009). As
a result of interaction with light, most molecules emit scattered light of the same
wavelength (this is called Rayleigh scattering), but some emit different wavelengths. This
difference is due to changes in the vibrational or rotational energy levels of the molecules.
This causes Raman scattering.

Raman scattering patterns are analysed based on changes in wavelengths. These
patterns consist of characteristic peaks that are specifically associated with the vibration
and rotation modes of the molecules. These peaks provide information about a molecule's
chemical structure and binding pattern. Graphene is a material that can be analysed in
detail with Raman spectroscopy (Fates, Bouridah, and Raskin 2019). Raman spectrum of
graphene contributes greatly to understanding the structure and characteristic properties

of graphene. According to the literature, graphene has two different photon modes.
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Figure 2.3. Comparison of Raman spectra at 514 nm excitation wavelength for bulk
graphite and graphene. They are scaled to have a similar height to the 2D peak
at 2700 cm™. (b) Evolution of the 2D peak, with the number of graphene
layers. (Ferrari et al. 2006)

The Raman spectrum of graphene consists of two main bands called G-band and
2D-band peaks. The G band corresponds to the bending vibration of graphene, and the
2D band corresponds to the second-order optical mode of a graphene layer. For the
graphene layer, the disorder (D) peak, G peak and 2D peak are resolved at wavenumbers
of 1350 cm™, 1580 cm™ and 2700 cm™, respectively. The number of graphene layers is
determined by the Ig/Izp ratio. If the Ic/I2p ratio corresponds to 1/2, graphene is single
layer, if the Io/I2p ratio equals 1, graphene is bilayer. If the Ic/Iop ratio is greater than 1,
graphene is either few-layer or multilayer. Additionally, the Ip/Ig ratio of graphene
provides information about the number of defects. The ideal ratio of Ip/lg is between
0.025 and 0.3. A comparison of Raman spectra at 514 nm for graphite and graphene is
shown in figure 2.3. (Ferrari et al. 2006).These are peaks scaled to have a height similar

to the 2D peak at 2700 cm™.
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Figure 2.4. Renishaw in Via Qontor Raman Microscope in Materials Research Centre

(MRC) at Izmir Institute of Technology.

To determine the number of graphene layers, Raman spectroscopy measurement
was done in Material Research Centre (MRC), using the Renishaw in Via Qontor Raman

microscope shown in Figure 2.4.

2.3. Thermal Evaporator System

Thermal evaporation is a method used for thin film deposition in which the source
material under vacuum is evaporated high temperatures. The solid rod or pellet material
used in this method is exposed to a large direct current (DC) to reach the required high
melting points (Bashir et al. 2020). The thermal evaporator system used for the

experiments is shown in Figure 2.5.
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Figure 2.5. Nanovak NVTH-350 Thermal Evaporation System including Edwards. RV8
Turbomolecular Pump, Inficon VG401 Pressure Gauge, Ordel PC771
Temperature Gauge, SQM-160 Rate/Thickness Monitor, Pot Switch, 12V -
200A Sequential/Co-evaporation Thermal Evaporation Sources, Diener

Electronic SS 304 Vacuum Chamber and CW-5000 Industrial Chiller in QDL.

Figure 2.6 (a) shows the inside of the thermal evaporator system. The baskets can
be filled with chromium (Cr), silicon oxide (Si0Oz), nickel (Ni) or aluminium (Al) and
gold (Au). Before loading into the thermal evaporator system, the samples are cleaned
with acetone, IPA, and DI during sonication for about 5 minutes, and the native oxide
layer on the silicon layer was removed with HF solution. The holder placed inside, and
the masks used are seen in Figure 2.6 (b). In the system, 450 nm thick SiO; coating was

done on Si substrate at a vacuum level of 10”7 mbar. Then, the mask was changed and for
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the contacts Cr (5 nm) then the Au (80 nm) were deposited onto SiO»/Si substrate. Figure

2.6 (c) is the final version of the sample after thermal deposition processes.

Cr/Au

n-Si n-Si n-Si

Figure 2.6. (a) Inside of the thermal evaporator system, (b) the sample holder and hard
steel masks used for SiO; and Cr/Au deposition and (c) the final stage of the
Si substrate after deposition (d) a schematic representation of the deposition

process on n-Si substrate. The size of n-Si substrate is 10 mm x 10 mm.

2.4. Transfer of Graphene onto the Si Substrate

Graphene transfer steps can be seen in Figure 2.7. During the first step of the

graphene transfer process, Microposit S1318 Photoresist (PR) was used to support the
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graphene layer which was taken out from the CVD oven. PR was dropped onto

graphene/Cu (Gr/Cu) using a micropipette and then baked in a furnace at 70 °C overnight.

(a) (b) 5 Phom;gsist

. (PRSI

(0

<Gr/Substrate in TPA> -
P — ;xm ;
Graphene/Substrate

Figure 2.7. Schematic representation of the graphene transfer on Si substrate.

To etch and remove the Cu foil underneath PR/Gr stack, the sample were kept 8
hours in a FeCls solution. Then, the PR/Gr was rinsed with DI water to remove FeCls
residues and waited for another half hour in hydrochloric acid (HCI). After the sample
was removed from HCl it is rinsed with DI water and dried with N2, PR/Gr became ready
to be transferred onto the Si02/n-Si substrate. The PR/Gr/substrate was placed on the hot
plate at 100 °C for 6 min to adhere the PR on the substrate surface. Finally, to obtain
graphene on the substrate, the PR/Gr/substrate was rinsed twice with acetone (7 min), IPA
(7 min), and DI water (5 min) to remove PR. Finally, the resistance of the formed

Gr/Si02/n-S1 substrate was checked.

2.5. Lab-Built Cu Wire Bonder System

After transferring Gr onto the n-Si, the number of Gr layers is determined by Raman

spectroscopy measurements. Electrical contacts are done to perform electronic and
20



optoelectronic measurements. The devices, which were pasted to the printed circuit board
(PBC) with double-sided tape, were soldered using the wire bonding system in our
laboratory, shown in Figure 2.8. The Cu paths on the PCB were soldered with 6-pin
sockets to connect to the measurement set. Then, 80 mm of Cu wires were soldered
between the Au contacts of the devices and the Cu paths of the PCB. Here, indium wire
at 200 °C was used as the soldering material for the Au contacts on the device. Thanks to
the low temperature melting property of indium, the connection is made to the pins of the
PBC without damaging the contacts. Finally, both solder connections and the resistance

of the device were checked with a Fluke 28-11 TRMS Industrial Multimeter.

‘__IV

Figure 2.8. Lab-built wire bonding system including Sony ExwaveHAD Color Video
Camera, Olympus U-CMAD3 Camera Adapter, Olympus U
CMAD3/UTVIX- 2 Mount Microscope Camera Adapter, Olympus
WHS10X-H/22 Microscope Eye Piece, Olympus SZX9 Stereo Zoom
Microscope, Sunline 852D+SMD Rework Station, Emsan Enamelled
Insulated Copper wire, and Zeiss KL 1500 LCD Cold Light Source, and Fluke
28-1 TRMS Industrial Multimeter with P67 Rating. (b) Our fabricated

photodetector (c) Measurement of our device with a Multimeter.
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2.6. Electronic and Optoelectronic Characterization

To examine the electrical behaviour of the device, it is important to determine the
current-voltage (I-V) characteristics under light and in dark conditions. The -V
measurements help to determine the resistance, threshold voltage and light sensitivity of
the photodiode under light and dark. The optical behaviour of the photodiode under light
of different wavelengths such as UV, visible and NIR allows for the characterization of
the photocurrent response. Time-dependent photocurrent spectroscopy measurements are
performed to measure the response speed of the photodiode to optical signals with a LED
source.

The photocurrent measurements setup is shown in Figure 2.9. Electronic and
optoelectronic characterizations were carried out by using the rack unit with necessary
equipment including Keithley 2400 source-meter unit - Keithley 6220 Precision Current
Source as voltage and current sources, Keithley 6485 Picoammeter - Keithley 2000
Digital Multimeter for delicate current and voltage measurements shown in Figure 2.9.(a).
The measurements were done with a Xenon light source, a high-resolution
monochromator (Newport, Oriel Cornerstone), and Oceans Optics UV-VIS-NIR

spectrometer.
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Figure 2.9. (a) The Electronic and Optoelectronic unit including Keithley 2400 Source
meter Units, Keithley 6485 Picoammeter, Keithley 2182 Nanovoltmeter,
Rigol MS0O5204 Digital Oscilloscope, GW-Instek power supply, Orial
Instruments 68831 300W Radiometric Power Supply, Thorlabs AMP102
Transimpedance Amplifier, Thorlabs DC2200 High Power LED Controller,
and Thorlabs COP4-B Collimation Adapter (b) Photocurrent spectroscopy
set-up including Xenon light source, Newport Focusing Assembly, Oriel
Cornerstone high-resolution monochromator, Oceans Optics flame
spectrometer (c¢) Fabricated Gr/Si photodiode placed onto cryostat’s sample

holder.



CHAPTER 3

RESULTS AND DISCUSSION

3.1. Raman Characterization

Raman spectroscopy measurements were done with a 532 nm wavelength laser
source. As shown in Figure 3.1 (a) all the Raman spectra acquired on each sample
exhibited graphene-related G and 2D signals at around 1582 cm and 2700 cm™,
respectively. The peak intensity ratio of Iop/Ic for the sample with bilayer graphene was
determined to be ~1 and for the samples with 4 or 6 layers of graphene electrode was
found to be Iop/Ig < 1. These obtained values are in good agreement with the ones given

in the literature for CVD graphene (Malard et al. 2009).
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Figure 3.1. The Raman Spectrum peaks were taken from different spots and randomly
chosen areas for the 2 layers, 4 layers, and 6 layers graphene on n-Si. Inset is
a micro-Raman microscope image from the chosen areas of the 2-, 4 and 6-

layer graphene electrode on n-Si.

24



3.2. Electronic Characterizations of Gr/Si-based Schottky Photodiode
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Figure 3.2. (a) Illustration of the Gr/Si- based Schottky photodiode, and (b) I-V

measurements of devices with 2-, 4- and 6-layers graphene electrode.

[-V measurements are very important experimental methods for determining the
electronic properties of the photodiodes (Zeghdar et al. 2015; Y. Kim et al. 2016). A
typical device structure of Gr/Si-based Schottky photodiode is given in Figure 3.2 (a). We
carried out I-V measurements on three different devices with 2, 4 and 6 layers of graphene
electrodes. For an applied bias voltage range between -0.5 to 0.5 V at the room
temperature, the results were plotted in Figure 3.2. (b), (c), and (d). As revealed by the I-
V measurements taken under dark conditions, all the samples exhibited Schottky junction
rectification character. All devices exhibit Schottky junction rectification character with
an asymmetric and nonlinear current variation at the reverse and forward bias regions as

seen in the Figure 3.3 (a). We found that the reverse saturation currents (Io) are different
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for the samples with 2, 4 and 6 layers of graphene electrodes. The dark currents (Ig) at

zero-bias were determined to be ~ 0.56 nA for all the samples.
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Figure 3.3. (a) Semi-logarithmic scale I-V curves of the photodetector with 2 layers of
graphene electrode, 4 layers of graphene electrode, and 6 layers of graphene electrode
and (b) Schottky Barrier Height in Gt/Si Schottky devices as a function of number of
graphene layer.

The I-V characteristics of Gr/Si-based Schottky photodiode can be analysed by the
thermionic emission (TE) model given below; (Cheung and Cheung 1986; Di Bartolomeo

et al. 2018)

=1, [exp( v )] -1 G.1)

I’[kBT

where n_ is the ideality factor and Io is the reverse saturation current which can be written

as (H. Y. Kim et al. 2013),

ly=AA'T?exp(-22) (32
B

Equation 3.2 can be arranged to determine the Schottky barrier heights (®g) as in

the following:

kgT

by = — ln( d ) (3.3)

q AA*T?

where kg is the Boltzmann constant, T is the temperature (300 K), q is the elementary
charge (1.661x10'° C), A is the junction area (15 mm? for all our devices), A" is the
effective Richardson constant for n-type Si wafer (112 A/cm?*K?). Considering the Io
values extracted from the I-V plot we calculated the @ of the samples with 2-, 4- and 6-
layers graphene electrodes. From the I-V data the Io values were determined to be 4.95 x
10® pA, 1.8 x 10 nA and 7.31 x 10® pA. The figure 3.4 shows the ®g of all our Gr/Si-
based Schottky photodiodes. ®p is 0.80 eV, 0.82 eV and 0.79 eV for 2, 4 and 6 layers of
the Gr/Si-based Schottky photodiode, respectively. The ®g was found to be increased to
~0.82 eV for 4 layers graphene electrode and then decreased to about ~0.79 eV for 6
layers graphene electrode. These obtained results suggest that the rectification strength in

the Gr/Si photodiode can be modified with the number of graphene layers.
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3.3. Optoelectronic Measurements of Gr/Si-based Schottky Photodiode

3.3.1. Transmission and Reflection Measurements

When light penetrates through graphene, some of the light is reflected from the
substrate and some is absorbed. The optical reflection under 280 nm LED light for 2-, 4-
and 6-layers graphene transferred on quartz is given in Figure 3.4 (a). Additionally,
transmission measurements were carried out between the wavelength 250 and 400 nm
with the same samples and the obtained results were shown in Figure 3.4 (b). These
experimental results are important for determining the interaction of incident light with

Gr/Si-based Schottky photodiode.
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Figure 3.4: (a) Reflection data taken under 280 nm LED source illumination, and (b)
Transmission data between the wavelength range 250 nm and 400 nm light

expression as a percentage for 2-, 4- and 6-layers graphene samples.
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3.3.2. Spectral Response Measurement

Spectral response (R) corresponds to the specific wavelength range light detection
limit and the sensitivity capability of a photodiode (M. Fidan, O. Unverdi, and C. Celebi
2022; Lv et al. 2013). R can be calculated using the following equation:

I,—1
RO =% l)d (3.4)

where the I}, is the photocurrent, 14 is the dark current and P (X) is the incident light power
at a certain wavelength. The R of all our devices was determined at zero bias (V, =0 V).
To determine the R of devices in the UV region, we conducted wavelength-resolved
photocurrent spectroscopy measurements at the wavelength range between 250 — 400 nm.

The R values of the samples are plotted in Figure 3.5. Independent of the number
of graphene layers all the R data exhibit similar behaviour with almost a linear increment
below the wavelength of 280 nm which is distinct from the spectral response of a typical
p-n and p-i-n junction Si photodiode (Xu et al. 2016). Compared to the one for the device
with 2 layers graphene electrode R increases by a factor of 3 for the device with 4 layers
of graphene electrode. However, in the case of the device with 6 layers of graphene
electrode R decreases about 25% relative to the R of the device with 4 layers of graphene

electrode.
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Figure 3.5. The spectral response measurements of Gr/Si- based Schottky photodiode

with 2-, 4- and 6- graphene layers. The minimum spectral response was found

at 280 nm for all devices.

The enhancement of the R in the deep-UV region below 280 nm for the G/n-Si
Schottky barrier photodiode can be attributed to the presence of ultra-shallow junction at
the G/Si interface along with high built-in potential promoting the separation of e-h pairs
and suppressing the surface recombination (Wan et al. 2017).

The specific detectivity (D*) is a measure of the optimized sensitivity of the
detector with respect to signal and background noise (Lv et al. 2013). In other words, D*
is also defined as the ability to detect the weakest signal in the photodiode. D* can be

written as:

£ _ AY2R(2)

= (3.5)

where A is the effective junction area (15 mm? for all our photodiodes), R(A) is the spectral

response at a specific wavelength (1), q is the elementary charge, and 4 is the dark current.
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Noise equivalent power (NEP) defines the incident power required to achieve a
signal-to-noise ratio of 1 for a 1 Hz bandwidth. NEP is the detection ability of a

photodetector, and the given as:

/
NEP == (3.5)

Figure 3.6 displays D* and NEP results for Gr/Si-based Schottky photodiodes with
2-, 4- and 6-layers graphene electrode. We also determined D* of all devices produced by
extracting the data from the R curves, as expressed in equation 3.3. D* for all devices
behaves similarly to R at the wavelength range between 250 — 400 nm. Compared with
the device with 2 layers graphene electrode, D* increases by 3 times in the device with 4
layers graphene electrode. Nevertheless, in the device with 6 layers graphene electrode,
D* decreases by approximately 25% compared to the D* of the device with 4 layers
graphene electrode. NEP results for all devices behave the same with D* in the 250 — 400
nm wavelength range. Compared with the device with 2 layers graphene electrode, NEP
increases almost 3 times in the device with 4 layers graphene electrode. On the other
hand, in the device with 6 layers graphene electrode, NEP decreases by approximately
25% compared to the NEP of the device with 4 layers graphene electrode. In Figure 3.6
(a), light signal detection capacity for all devices is low at 280 nm. As seen in Figure 3.6.

(b) the noise power for all devices is maximum at 280 nm.

31



(a)

8t —e— 2 Layers
' —<— 4 Layers
o 4 —»— 6 Layers
m 3
2 6f
2 .
< O
N !
S 4f
p — 3
* 3} -
o
! w
1F

240 260 280 300 320 340 360 380 400
A (nm)
(b)

-
o

(@)

NEP (fW Hz %)
EAN _ o

—<4— 4 Layers
[ —»— 6 Layers ]
0 A L A L A L A L A L A L i ] A
240 260 280 300 320 340 360 380 400
A (nm)

Figure 3.6. (a) D* and (b) NEP curves of our Gr/Si Schottky photodiode as a function of

wavelength
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3.3.3. Time-Dependent Photocurrent Spectroscopy Measurements
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Figure 3.7. Time-dependent transient photocurrent measurements for Gr/Si Schottky
photodiodes with (a) the experimental setup (b) 2 layers graphene electrode,
(b) 4 layers graphene electrode and (d) 6 layers graphene electrode.

Time- dependent photocurrent measurements were carried out over several on/off
switching under 280 nm LED light source illumination at a 5 kHz pulse frequency. Time-
dependent photogenerated current at large periods by on/off measurements is shown in
Figure 3.7 (b), (¢), and (d) for Gr/Si Schottky devices with 2-, 4-, and 6-layers graphene
electrode, respectively. When the light penetrates Gr/Si interface, electron-hole pairs are
formed by photoexcitation. As a result, the electrons and holes are accelerated in the
opposite direction due to the internal electric field, and hence photocurrent is created.
Single period measurements were detected reaction to the light signal of all devices. Rise
time (t;) is defined as the photocurrent rising between the range of 10 and 90% of the
maximum value of normalized photocurrent (Xinming Li et al. 2016). Further, fall time

(tr) is defined in a similar calculation method. The normalized-time-dependent photo-
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response can be seen in Fig 3.8 (a) of 2 layers graphene electrode, (b) of 4 layers graphene
electrode and (c) of 6 layers graphene electrode. The t; of our samples are determined to
be 0.2 ps, 0.11 ps and 0.14 ps, respectively. In addition, tr is found to be 0.38 us, 0.2 ps
and 0.26 ps, respectively. The measurements showed that the response speed of the device

with 4 layers graphene electrode is the highest among all other samples.
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Figure 3.8. One cycle time-resolved photocurrent spectrum of Gr/Si photodiodes with (a)
2 layers, (b) 4 layers, (c) 6 layers graphene electrode, and (d) change graph
depending on the number of layers. The measurements were done at V,=0 V

under 280 nm wavelength UV light pulse.
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3.4. Photocurrent Generation in Gr/Si Schottky Barrier Photodiode
Under UV Light Illumination

The schematic illustration in Figure 3.9 is the energy band diagram of the Gr/Si-
based Schottky junction photodiode under UV light illumination. In the first case, when
Si and Gr get in contact that is a difference in the Schottky junction of the Fermi levels.
The electrons in the Si are injected into the Gr until thermal equilibrium is achieved to
balance the Fermi levels at the Gr electrode. Then photons pass through Gr electrode,
between active area in the Gr/Si junction to create an electron-hole (e-h) pairs in the
depletion region. Electrons are moved to Si and holes moved toward the Gr electrode,
give rise to a measurable photocurrent in the device (M. Fidan et al. 2022; Pelella et al.

2021).

UV Light

ES

Electrode Electrode

Figure 3.9. Schematic illustration of the energy band diagram for the Gr/Si Schottky
heterojunction under the UV light. It represents the differences in Fermi
levels, SBH and electron or hole transitions between (a) 2-layers graphene
electrode and 4-layers graphene electron (b) 4-layers graphene electrode and

6-layers graphene electrode.

Increasing the number of graphene layers transferred onto Si increases the hole
density and therefore the Fermi level shifts to a high energy state compared to the case in

the thermal equilibrium. At the Gr/Si interface, the shift of graphene’s Fermi level

Si
Ey
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changes the magnitude of ¢ (M. Fidan et al. 2022). In the scheme seen in Figure 3.9 (a),
due to the Fermi level of the 4 layers graphene electrode (Ef*) is lower, the ¢g is also
expected to be large as a result of the built-in potential increases (Di Bartolomeo 2016;
Wan et al. 2017).

In Figure 3.9 (b), the Fermi level of the 6 layers graphene electrode (E°) and the Si
valance band are aligned. Due to the high hole density in the 6-layer graphene electrode,
the holes are injected into Si. In this case, both electron and hole transfer occur from Gr
to Si and the TE model becomes ineffective. Holes make a source gain mechanism
because of the charge accumulation and image force lowering at the interface (Burm and
Eastman 1996). As the hole injection into Si continues, the electron density of the 6 layers
graphene electrode begins to increase. As a result, Ef® begins to shift upper level. An

increase in the Fermi level causes a decrease in ¢sg.
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CONCLUSION

In this thesis work, we fabricated Gr/Si-based Schottky photodiodes with different
number of graphene layer electrode and investigated the effect of the number of graphene
layers on the spectral response in the UV region. Prior to the electronic characterizations
of the fabricated devices, Raman spectroscopy measurements were conducted to verify
the number of graphene electrodes transferred on Si substrate. Following detailed Raman
analysis, we carried out I-V measurements on the devices for an applied bias voltage
range between -0.5 to 0.5 V. As revealed by I-V measurements taken under dark
conditions, all the samples exhibited asymmetric I-V curves and Schottky junction
rectification characteristics in the reverse and forward bias regions. We found that the
reverse saturation currents are different for the samples with 2-, 4- and 6-layers graphene
electrodes such as 4.95 x 10 nA, 1.93 x 108 nA and 7.3 x 108 nA, respectively. The dark
currents at zero-bias were measured to be 5.6 x 101° pA, 2.7 x 10"° uA and 5.6 x 107'°
nA. @p were calculated using the TE model and we found 0.80 eV, 0.82 eV and 0.79 eV,
respectively, for the 2-, 4- and 6-layers graphene electrode. These results show that the
rectification strength can be changed by the number of graphene layers acting as
transparent conductive electrodes in the device structure.

To determine the R of devices in the UV region, we performed photocurrent
spectroscopy measurements at the wavelength range of 250 — 400 nm. The minimum
spectral response was found at 280 nm for all devices. Also, the sensitivity of the device
with a 4-layers graphene electrode increases by 3 times compared to that of a 2-layers
graphene electrode. However, we observed 6 layers graphene electrode decrease by
approximately 25% compared to the 4 layers graphene electrode of R values. For all
devices, D* and NEP behave similarly to R in the wavelength range of 250 — 400 nm.
The tr of the samples are founded to be 0.2 ps, 0.11 ps and 0.14 ps, and tris 0.38 ps, 0.2
us and 0.26 ps, respectively, for 2-, 4- and 6-layers graphene electrode.

In conclusion, optoelectronic measurements showed that the TE model is effective
for 2-layers graphene electrode and 4-layers graphene electrode. The charge accumulation
and image-force lowering between the Si interface with the 6-layers graphene electrode
caused the hole transition and E¢® to shift to upper levels. The experiments revealed that

4-layers graphene electrode showed the best performance. This work shows that the 4-
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layers graphene electrode should be considered the upper limit for Si/Gr barrier

photodiodes for UV light detection applications.
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