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ABSTRACT

DEVELOPMENT OF GRAPHENE/SILICON CARBIDE
BASED QUADRANT PHOTODETECTOR

In this thesis work, a self-biased, Schottky-junction quadrant photodetector device
operating in the ultraviolet region, based on a Graphene/Silicone Carbide device
architecture was designed and characterized. The aim of the study is to evaluate the
compatibility of p-type graphene synthesized by chemical vapour deposition with the
quadrant photodetector architecture and to experimentally investigate its light position
sensing capability. The electrodes and structure of the quadrant device were formed on a
silicon carbide substrate, which constitutes the n-type junction, using thermal evaporation
method. The bilayer p-type graphene was verified through Raman spectroscopy. Dark
current-voltage characteristics of the device were measured. The device’s responsivity to
ultraviolet light in 250 — 300 nanometer wavelength range was measured. Finally, the
positioning accuracy was determined by scanning within the active region of the sensor
in a defined search grid. This study provides foundational reference for future

development of quadrant photodetectors based on Graphene/Silicon Carbide architecture.

v



OZET

GRAFEN/SILISYUM KARBUR TABANLI QUADRANT
FOTODEDEKTOR AYGIT GELISTIRILMESI

Bu tez ¢aligmasinda, Kimyasal Buhar Biriktirme yontemi ile tiretilen p-tipi grafen
ve n-tipi Silisyum Bu tez ¢alismasinda Grafen/Silisyum Karbiir aygit mimarisine sahip
kendinden beslemeli, Schottky eklemli ve ultraviyole bolgede calisacak kadran
fotodedektor aygit tasarlanmig ve karakterize edilmistir. Caligmanin amact kapsaminda
kimyasal buhar biriktirme metodu ile sentez edilmis p-tipi ¢ift katmanli grafen
malzemesinin kadran fotodedektdr mimarisine uyumlulugunu degerlendirilmis ve 151k
pozisyonunu algilama kapasitesini deneysel metodlar ile incelenmistir. Aygitin n-tipi
eklemini olugturan silisyum karbuir alttagin tizerinde termal buharlastirma metodu ile
kadran aygitin elektrotlari ve yapist olusturulmustur. Cift katmanli p-tipi grafen bu
yapinin tizerine transfer edilerek p-i-n eklemlerine sahip kendinden beslemeli aygit yapist
tamamlanmistir. Buyuttiilmis ¢ift katmanli grafenin varligi Raman spektroskobisi metodu
ile dogrulanmigtir. Aygitin karanlik kosullarda akim-gerilim o6zellikleri olgiilerek,
karanlik akim, Schottky bariyer yiiksekligi ve idealite faktorleri hesaplanmistir. Cihazin
250 — 300 nanometre dalga boyundaki ultraviyole 1ginina karsi tepkiselligi olgiilmustir.
Son olarak pozisyonlama hassasiyeti sensorin aktif bolgesinde segilen bir aramada
tarama yaparak belirlenmigtir. Bu ¢alisma gelecekte gelistirilebilecek Grafen/Silisyum

Karbiir mimarisine sahip kadran fotodedektorler i¢in bir girig niteligi tasitmaktadir.



to my grandmother
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CHAPTER 1

INTRODUCTION

1.1. Graphene

Graphene is the two-dimensional (2D) allotrope of carbon which is composed of
a honeycomb structure lattice and it has attracted interest over the years in various
research due to its optical and electronic properties.

Before becoming an experimental reality, Geim et al. provides insight into the
history and states that it was Landau and Peierls who claimed that two dimensional
crystals could not remain thermodynamically stable.? It was widely believed that 2D
materials would only exist as a part of a larger three-dimensional (3D) structure.?>*
However, in 2004 Geim and Novoselov have successfully managed to isolate graphene

from graphite by mechanical exfoliation and hence proved the existence of standing two-

dimensional crystals.’

Covalent bonds

a) '4 b) ( c bonds

.
Carbon atoms
/ spZ hybridized
o bond orbitals

Van der Waals bonds % I 0.335 nm

0.142 nm

% 7

p, orbitals

Figure 1.1. Graphene structure illustrated. a) Graphite structure composed of graphene
layers held together by van der Waals. b) In-plane and ¢) out of plane bonds

(image taken from reference 6).



Figure 1.1 a) shows the two-dimensional honeycomb lattice structure.® Carbon
with 4 valence electrons forms covalent bonds with the 3 neighbouring carbon atoms.®
Electrons are arranged in 1s?, 2s?, 2p® orbitals. The s, px, py orbitals form the sp?
hybridization which lies in the plane at 120° to each other forming strong ¢ (sigma) bonds
with 3 neighbouring carbon atoms.® The remaining p, orbitals form weak 7 (pi) bonds
perpendicular to the plane with the neighbouring atoms. Figure 1.1 b) and ¢) show the c-
bond and w-bond respectively, mechanical properties of graphene such as robustness and
elasticity are attributed to o-bonds while formation of n-bonds results in exceptional
electrical conduction properties.® Monolayer graphene is 0.335 nm thick while the

distance between the carbon atoms is 0.142 nm.

Figure 1.2. Graphene lattice schematics. a) Honeycomb structure in real space showing
sublattices A and B. b) First Brillouin zone highlighting the high-symmetry

points (image taken from reference 7).

As shown in Figure 1.2 a) there are two carbon atoms per unit cell in the hexagonal

structure, these atoms are named as A and B, the real space lattice vectors are given by:’

=0 m=a(tD) 0n

Where term a denotes the lattice constant of 0.246 nm, the corresponding first

Brillouin zone of the reciprocal lattice is shown in Figure 1.2. b) the center point is



denoted as I, the inequivalent corners are K and K’ finally the midpoint of each edge is
defined as M7

In equation (1.2) by and bz define the first Brillouin zone of graphene in reciprocal
space.’

=2 0.0) R 23D

1= \2°2/)°727 4 \2’ 2

Momentum space positions of the Dirac points (K and K’) are defined in equation

(1.3)7

Graphene is a zero-bandgap semiconductor, in other words the conduction and
valence bands come in contact at six distinct points in the Brillouin zone, as shown in

Figure 1.3

Figure 1.3. Electronic band structure of graphene. The conduction and valence bands meet
at the Dirac points, inset shows the linear dispersion near the cone (image

taken from reference 7).



In addition, the Fermi level is at the mid-point of these bands for intrinsic graphene
# The energy dispersion near the Dirac points can be expressed by the linear equation

(1.4)°

E(k)Y = Thvelkl = Thvp ki + k% (1.4)

Where # denotes the reduced Planck constant, k is the wave vector and Vris the
fermi velocity. Due to linear distribution the charge carriers behave as relativistic and

massless particles.!
1.2. Basics of Schottky Junction

Metal-semiconductor (M/S) junctions form one of the most fundamental
structures in device physics. The concept was first established around 1960, it’s defined
by the formation of a potential barrier at the interface which defines its electrical
characteristics, barrier properties are governed by the fermi level of the semiconducting
material and work function of the metal.!° By this relation two types of devices can be
created namely Ohmic and Schottky. Conduction of current in Ohmic devices show linear
behaviour which means such devices admit the flow of current while forward and reverse
biased. Meanwhile due to the existence of a potential barrier with Schottky junction
devices it is only possible for current to pass through one direction.!! Table 1.1 show the
relation between the work function of metal and semiconductor and the resulting type of

contact.

Table 1.1. Type of contact in relation with the work functions of metal and semiconductor.

Work Function n-type p-type

semiconductor semiconductor

Dy < g Ohmic Schottky

Dy > Os Schottky Ohmic




Each metal is characterized by a specific work function ®n, when it contacts a
semiconductor with electron affinity (®s) the difference between these terms gives rise to
the Schottky barrier.!? Schottky diodes based on metal/semiconductor (M/S) junctions are
typically described by key parameters such as the series resistance (Rs), the ideality factor
(n), and the barrier height (®g). To analyse their current transport, the thermionic emission
(TE) model is used, it accounts for the temperature dependence of the Schottky diode
characteristics and enables extraction of these physical parameters.!> To analyse their
current transport, the thermionic emission (TE) model is used, it accounts for the
temperature dependence of the Schottky diode characteristics and enables extraction of

these physical parameters. '3

vacuum level _
D> D
=

Iq;fs q D

2

Figure 1.4. Energy band diagram of a metal-semiconductor (n-type) junction. On the left
relative position of the metal work function and the semiconductor electron
affinity is shown. On the right band bending and formation of the depletion
region is given, Schottky barrier height is q®p.!*

Figure 1.4 shows the energy band diagrams of metal-semiconductor contacts and
the alignment after contact at thermal equilibrium. The barrier height relation is given in

(1.5)."* Applying forward or reverse bias causes the bands of the depletion region bend.
qPp = q(Py —x) (19

When a forward or reverse bias is applied, the electric field across the depletion

region is modified, which shifts the potential profile and causes the band to bend. In



forward bias, the barrier is lowered, allowing the carriers to cross more easily while in
reverse bias the barrier height effectively increases and restricts the current flow.

The current density from semiconductor to metal Isy can be expressed as (1.6):1°
2 V
Iy = AT exp|— (1.6)
kB kgT

Here (A*) is the Richardson constant, (T) temperature, (kg) Boltzmann constant.
The total current density flowing from the metal into the semiconductor Ins is shown in

(1.7), its reduced form is given in (1.8):"°

IMS—ATZexp( )[Xp( )—1] (1.7)
Iys = A* Tzexp( ) (1.8)

1.3. Gr/4H-SiC UV Photodetectors

Gr/4H-SiC photodetector devices combine graphene electrode with a wide-
bandgap semiconductor SiC. Graphene serves as a transparent electrode that has up to
90% transmittance for the UV spectrum between 200 — 400 nm.'® UV photons reach the

substrate with minimal loss. Graphene also has high carrier mobility and conductivity.!
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Figure 1.5. Schematic of Graphene/Silicone Carbide UV Photodetector device (taken

from reference 18).

Ala et al. have fabricated a self-powered UV photodetector with p-i-n structure
using bilayer graphene as a p-type electrode, the 4-H SiC substrate is composed of three
layers.'® Si-face of the substrate (n” epilayer) has doping concentration of Np~ 1 x 10"
cm™ with 3 um thickness followed by n" epilayer with Np~ 1 x 10¥cm™. Finally, towards
the C-face the substrate has a 350 um thick bulk layer with Np~ 1 x 10" cm™. This
structure generates built-in electrical field. The schematic structure of the device is given
in Figure 1.5.18

Device operation relies on the strong built-in electric field at the n/n" junction.
Under UV illumination photons generate e-h pairs within the SiC, which are then
efficiently separated by this field. Holes drift towards graphene and electrons drift
towards the bulk side. Due to the abundance of holes in the epilayer side and the Schottky
barriers carriers cannot escape and generation of significant photocurrent is prevented.
Instead, this separation can be measured as a voltage and therefore the need to use
transimpedance amplifier circuitry is eliminated.!®

The single cell Gr/4H-SiC UV photodetector exhibited excellent performance
with a low dark current of 0.58 nA also high spectral responsivity of 0.75 V/W was
recorded!®.

Using the same substrate a quadrant structure was designed in this study, further

experimental details and results are given at Chapter 2 and Chapter 3.



1.4. Nickel Oxide as an Electrical and Optical Isolator

To create quadrant structure on the Gr/4H-SiC photodetector device an optical
isolator in the UV region needed to be found and a method to electrically isolate the p-
type Gr junction of the fabricated device needed to be created.

Nickel oxide (N1O) is a wide bandgap semiconductor material that has a band gap
close to 3.8 eV value, which makes it mostly transparent in the visible wavelengths but
highly absorbent in the UV region'®. Guziewicz et al. report the transmittance spectra of
300 nm NiO films deposited at different temperatures and oxygen amounts, it is proven
that NiO has low transmittance in the UV region validating it as a suitable candidate to

be used to separate graphene electrode.

1.5. Quadrant Photodetectors — Principles and Applications

Quadrant photodetectors (QPDs) consist of four photodiode elements arranged in
one structure. Each element reacts to the incident light and generates photocurrent
response. Comparing the intensity of the incident light falling on these channels the
position of the spot can be determined with high accuracy. Position sensitive devices or

QPDs are widely used for accurate position sensing and tracking both in the fields of

20,21,22,23

military and civil applications.

Figure 1.6. Basic quadrant photodetector structure.



Figure 1.6. shows the general structure used in QPDs. The regions numbered 1-4
are independent photodiodes that generate photocurrent response to the incident light,
their outputs are converted to voltage response by transimpedance amplifier circuits.
Using the channel voltages, the position of the incident beam with respect to the origin is

calculated by the equation (1.9) and (1.10).

(Vo +Vy) — (Vy +V3)
— k.o, = k. 1.9
X = Ox VitV + V51V, (1.9)

(V1 + V) — (V3 + V)
— k.o, = k. 1.10
Y =Gy VitV + Vst V, (1.10)

The terms ox and oy are the normalized voltage output signals, term “k” is the
coefficient factor that is determined by the shape and size of the spot used in the
measurements.**

To determine this factor, spot position measurement experiments are conducted.
Du et. al used 266 nm pulsed laser system to evaluate positioning performance, firstly an
area of 600 x 600 um is scanned with a step size of 100 um the readouts are used in (1.9)
and (1.10) to calculate ox and oy terms.?* Parameter k is often found by linear fitting of
the data obtained by the measurements to actual mechanical positions of the spot.>%

Conventional QPDs are typically silicon based, for instance, Lee and Chen
developed a two-dimensional tracking system using silicon (Si) based QPD?’, Wang et al.
created a setup that detects positions and deflection angles of the laser beam working in
1550 nm.?® Noh devised a calibration method to improve measurement accuracy in such
systems®. Si-based QPDs work in visible and near-infrared regions and suffer in terms
of performance due to the background noise introduced by ambient light sources.>

To solve this problem 4H-SiC stands as a better alternative material, it absorbs
light in near UV region to middle UV and most importantly has low background noise
from visible and infrared sources.! Qualities of 4H-SiC include high electrical
conductivity, thermal stability along with high breakdown voltage and low dark
current.’>*3 Additionally, they are capable of functioning under high-frequency, high-
power and high-radiation conditions, which makes them ideal for use in extreme

environment.>



CHAPTER 2

EXPERIMENTAL PROCESSES

2.1. Graphene Synthesis Using Chemical Vapor Deposition Technique

The synthesis of bilayer graphene was performed by chemical vapor deposition
method (CVD) due to its high electrical conductivity, optical transmittance and
mechanical stability. It is a versatile process for depositing atoms and molecules onto a
surface. In atmospheric conditions or under vacuum it has been a prominent method for
thin film production® Carbon based materials like nanotubes and graphene have been
synthesized efficiently using this method.**> Using CVD, graphene production is achieved
at temperatures ranging between 800-1000 °C on transition metals such as nickel (Ni),
iridium (Ir) and copper’® (Cu), gasses such as Methane (CH.) are used as a carbon
source.’” Large-area and high-quality graphene synthesis can be achieved potentially for
industrial applications.>®

At the start of the process copper foils (99.8% pure, 25 um thick, Alfa Aeasar) are
prepared to be used as a substrate. They are cut into 7.5 x 7.5 mm squares as in Figure 2.1
a) and then cleaned with acetone, IPA and DI for 5 minutes afterwards dried by nitrogen

gas.

Figure 2.1. Prepared copper foils that are cut 7.5 x 7.5 mm and TF55035C Furnace CVD
System

10



Figure 2.1 shows the TF55035C Split Mini Tube Furnace equipped with 2-inch
diameter quartz tube that serves as the reaction environment for the heating, annealing
and growth stages. Methane (CHa4), hydrogen (H:), and argon (Ar) gases are connected to
the furnace system and are regulated by MKS Mass-Flo Controllers and MF-1 Flow
Meters. These devices are connected to the MKS Multi-Gas Controller 647C which

interfaces with a computer to control the gas flow rates depending on the step of process.

Temperature ("C)
A

Ar+ H:

10004

g

Time (min)

L
Lo
o
(B
o
oo

Figure 2.2. Heating profile for bilayer graphene.

As seen in Figure 2.2 the furnace is ramped up to 1000 °C in 33 minutes in the
meantime to reduce the native oxide layer on copper foils and to form (111) oriented grain
boundaries H> (20 sccm) and Ar (1000 sccm) are introduced and maintained throughout
the entire growth process and cooling included. After annealing is finished CHa4 (10 sccm)
flows at the 92-minute mark for 6 minutes and results in the growth of bilayer graphene.

After 98 minutes the heating is stopped and samples are enabled to be cooled
rapidly by ambient conditions, at 120 °C the samples are taken out of the oven and
Microposit S1318 photoresist is drop casted onto the samples covering graphene. Finally,
they are annealed at 70 °C with Nuve Dry Heat Sterilizer FN 032 furnace for 12 hours,

they are then stored in a desiccator environment under vacuum until the transfer process.

11



2.2. Raman Spectroscopy Measurements

Raman spectroscopy is a non-destructive optical method used to investigate
molecular vibrations, crystal structure and electronic properties of materials. A
monochromatic laser is directed onto the sample. By this interaction most of the photons
that are scattered retain the same energy level as the incident beam named Rayleigh
scattering in the literature. Small number of photons interact with the chemical bonds and
get effected by the vibrational, rotational or electronic energy as a result the scattered
photons have shifted energy. The intensity of the scattered light is detected and plotted as
a function of Raman shift (in cm™).

For graphene research and characterization Raman spectroscopy stands as a
reliable and widely used method in various studies the spectrum of graphene has
prominent features at D peak (~1350 cm™), the G peak (~1580 cm™), and the 2D peak
(~2700 cm ™) 3*% In a Raman spectrum D peak intensity is correlated with disorders while
G peak is related with in-plane vibrations of sp2 bonded carbon pairs and finally 2D peak
gives information about the number of layers.*!

The ratio between the intensities of the peaks gives valuable information about
graphene’s qualities. Io/I2p ratio determines the number of layers. The relevant values are
~0.5, ~1 for monolayer and bilayer graphene respectively, in the case of few layers and
more the ratio would exceed the value of 1. 14/I, serves to quantify the number of defects.

In this study Raman spectroscopy measurement was conducted at Materials
Research Centre (MCR) of Izmir Institute of Technology using Renishaw in Via Qontor

Raman Microscope shown in Figure 2.3.

Figure 2.3. Renishaw in Via Qontor Raman Microscope at Iztech MCR.
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2.3. Thermal Evaporator System

In this work, the device contacts are composed of hold (Au), silicone oxide (Si02)
and chromium (Cr). Quadrant feature is formed by nickel (Ni). Figure 2.4 shows the

thermal evaporation system in QDL which is used to deposit these layers.

((((((

NVTH-350

Figure 2.4. Nanovak NVTH-350 Thermal Evaporation System is shown on the left. Right

image shows inside of the chamber.

In the evaporation chamber there are four crucibles: (1) Cr-plated tungsten wire,
(2) Si02, (3) Ni and (4) Au. The samples are mounted on a motorized stage (5), which
enables uniform condensation of the evaporated material across the substrate surface.

The deposition thickness is monitored in real-time using dual quartz crystal
microbalance (QCM) sensors located on both sides of the stage. During the process,
evaporation is driven by a direct current power supply, and the rate is controlled by
gradually increasing the current. Once the material reaches its evaporation point, the
motorized stage is manually activated to ensure uniform film formation.

Before the evaporation process, the samples are cleaned by sonicating in Acetone,
IPA and deionized water respectively for 15 minutes. Native oxide layers formed on the
SiC substrates are cleaned off by 3% HF solution. The samples were loaded onto the
holder and mounted on the thermal evaporation system. The coating processes are
conducted at ~4x10”7 mbar — at the limit of the turbo molecular pumps capacity to ensure

clean environment for evaporation process.

13



The C-face of the samples are firstly coated with 5/80 nm thickness of Cr/Au to
manufacture GND contact of the samples, Cr-plated tungsten wire is outgassed at low
power to remove oxidation, the thin layer of Cr provides adhesion between sample surface
and Au.

Si-face is coated with 500 nm of SiO2 material to provide an insulation layer
between the metal contact and sample surface. The materials were available in pellet form
that contains cavities, to outgas (add specifics duration later) SiO material was subjected
to current incrementally for 17 hours. Vacuum was stabilized at ~107 mbar before

reaching the evaporation point. After the SiO was evaporated the process carries on with

depositing 5/80 nm of Cr/Au and metal contact production is finished.

Figure 2.5. (a) Masks used to create the pins and quadrant form on the SiC substrate. B)
Sample holder and loaded SiC substrates. C) In-chamber view of the samples

during the evaporation process.

After wet transfer is completed, using the mask in Figure 2.5 a) 50 nm Ni was
evaporated onto the sample surface creating the cross shape on bilayer graphene which

later was oxidized to create an electrical and optical insulator.

14



2.4. Transfer of Graphene onto the SiC Substrate

After graphene synthesis stage a wet transfer method was employed to transfer p-
type bilayer graphene onto the target substrates which were prepared after thermal
evaporation of metal contacts, below Figure 2.6. shows the optical microscope image of

tully prepared sample, that has BLG transferred and NiO formed.

Figure 2.6. Fully prepared QPD device with electrical contacts, BLG transferred and NiO

formed, substrate is connected to the PCB by silver paste.

In the first stage of the transfer process given in Figure 2.6, the copper layer of the
pre-prepared Cu/Gr/PR samples were etched in a 0.2 M FeCls solution for 9 hours. After
the etching process, to remove the residual FeCls and copper on the graphene surface, the
samples were first rinsed in deionized water for 5 minutes and then immersed for 30
minutes in a 3:1 mixture of HCl and deionized water. To eliminate HCI residue the

samples were rinsed again in deionized water for 5 minutes.
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Figure 2.7. Steps of the transfer process illustrated.

Finally to bind the prepared PR/Gr structure onto the SiC substrates the samples
are placed on the Au contacts and centered then placed onto the hotplate and then heated
at 110 °C to promote adhesion to active layer of the substrate. In the final step the PR
layer is removed by sequentially immersing in acetone, IPA and deionized water for 5
minutes respectively. As a result of these processes only the bilayer graphene remained
on the substrate. The success of the transfer process was confirmed by measuring the

resistance between Au contacts.

2.5. Forming Quadrant Structure

To create the quadrant structure the BLG region had to be separated into 4
equivalent regions by an optical isolator in the UV region and also the method needed to
create electrical isolation. To achieve this NiO was selected due to its availability and
properties. A thin film of 50 nm was thermally evaporated onto a clear quartz wafer,
subsequently using TF55035C Split Mini Tube Furnace the Ni sample was heated to 500
°C by 10 °C/min ramping rate then kept stable for 5 hours. Fresh flow of air was facilitated
by directing an AC fan towards the end of the Quartz tube.
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Figure 2.8. Transmittance spectra of NiO thin film.

At Integrated Research Center of Iztech, transmittance measurement of the NiO
sample was conducted. The results are shown in Figure 2.8 it shows that NiO is a suitable
candidate as an optical isolator to be worked within 250 —350 nm range. Finally, the same
procedure was reapplied to BLG transferred onto clear quartz, using the cross shaped
mask at Figure 2.5 a) 50 nm of Ni was evaporated and was later oxidized by the same
recipe. The NiO region electrically worked as an insulator and sheet resistance was
measured as overload.

After verification finally the same procedure was applied to QPD samples and

BLG contact was successfully separated into 4 isolated regions.

2.6. Device Characterization Equipment

To evaluate the electrical performance of the fabricated QPDs, current — voltage
(I - V) measurements were performed under dark conditions, device parameters such as
dark current, rectification behavior, shunt/series resistance and threshold voltage are

obtained this way. Figure 2.9. shows the experimental setup used for these measurements.
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In Figure 2.9. a) the optoelectronic and electronic characterization equipment are shown,
TTi SMU4001 Source Measure Unit was used for determining the dark behavior of the
QPDs. To measure response speed a 280 nm LED driven with Thorlabs DC2200 High-
Power LED Controller in PFM mode was used to excite QPDs and responses were
monitored by Rigol MSO8204 Digital Oscilloscope.

Figure 2.9 b) shows MBT616D/M 3-Axis Stage with sample holder PCB
mounted where positional calibration and spot scanning measurements were realized with
10 pm resolution in X, y, and z directions. Finally in Figure 2.9 ¢) Thorlabs SLS204
Stabilized Deuterium Light Source is shown. Spectral responsivity measurements were
taken in 250 — 350 nm range using UV bandpass filters and QPDs’ spectral responsivity

values were specified in UV region.

Figure 2.9. a) The Electronic characterization rack containing a TTi SMU4001 Source
Measure Unit, a Rigol MSO8204 Digital Oscilloscope and a Thorlabs
DC2200 High-POWER LED Controller. B) MBT616D/M 3-Axis
Microblock Compact Flexure Stage. ¢) SLS204 Stabilized Deuterium Light
Source (200 — 700 nm).
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CHAPTER 3

RESULTS AND DISCUSSION

3.1. Raman Characterization
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Figure 3.1. a) Raman spectrum of bare Si-face of 4H-SiC, b) after BLG transfer.

Raman spectroscopy was used to verify the presence and quality of the CVD
graphene transferred onto the 4H-SiC substrate. Using the Renishaw inVia Qontor Raman
Microscope Raman spectrum was taken for bare 4H-SiC’s Si face and on one substrate
with bilayer graphene (BLG) transferred, Figure 3.1. a) and b) shows these spectra, at b)
it is seen that the spectrum exhibits characteristic graphene features which includes a G
peak located around 1575 cm™ and a 2D peak near 2690 cm™. In this work a well-
established method to produce bilayer graphene was employed, in recent studies using
the same recipe as in'® bilayer graphene was produced. It is clear in the Raman spectra
(Figure 3.1. b)) that high quality bilayer graphene was produced in the process given the

D peak and the consistence along with the prominence of the G and 2D peaks.
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3.2. Electronic Characterizations of Gr/SiC Quadrant Photodetector
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Figure 3.2. I-V measurements in dark environment for a) Channel 1, b) Channel 2, ¢)

Channel 3, d) Channel 4.

The fabricated quadrant photodetector devices consist of four isolated graphene
regions transferred onto n-type 4H-SiC (Si-face) substrate. To verify the type of junction
formed dark current-voltage (I-V) measurements were conducted on each of the four
quadrants in the range of -2V to +2V at stable room temperature environment to evaluate

the rectifying behavior and calculate important parameters. Figure 3.2 a)-d) shows the

resulting measurements, for comparison.

All four quadrants exhibit nonlinear and asymmetric behavior which is
characteristic of Schottky-type rectification. The zero bias dark current has been found as
-48.7 pA, -46.8 pA, -48.2 pA and -43.1 pA for quadrants 1 - 4 indicative of minimal

leakage in the absence of an external field. A semi logarithmic graph is included in Figure
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3.3. To compare channel behavior, it is found that channels become forward biased at

0.5225, 0.7588, 0.6426 and 0.6667 V respectively.
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Figure 3.3. Semi-logarithmic scale of I-V curves of each quadrant channel.

For quantitative analysis the electrical performance was analyzed using
thermionic emission model (TE) which explains current transport across the Schottky

barrier as':
=1, [exp (QZ—ZT)] -1 (3.1

Where /o denotes the reverse saturation current and m the ideality factor, q is
charge, k is the Boltzmann constant and finally T is the temperature. To extract the diode
parameters Cheung’s method, which is derived from thermionic emission model, was
employed and the method proved useful for predicting the behavior of the quadrant

channels for the position mapping experiment.'®
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By the slope of equation (3.2) series resistance and ideality factor was obtained,
Schottky barrier height was determined by using H(I) function which is shown in equation
(33).°

I
AA*T?

H(I):V—%ln( )=IRS+ ndg  (33)

In (3.3) A = 0.1369 cm? is the junction area of each quadrant and A* = 146
A/ecm? K? is the Richardson constant for 4H-SiC.** All measurements are performed at
stable room temperature environment which is T = 300 K. The calculated ideality factor
and barrier height values are shown in Table 3.1 below. Hight ideality factors in Channels
1 and 2 suggest that there may be non-uniformity in Gr/SiC contact, local impurities may
have occurred in the transfer process.

Table 3.1. Computed ideality factor and Schottky barrier height values of each

channel.

Channels Ideality Factor Schottky Barrier
m Height (®p)
Channel 1 11.15 0.727 eV
Channel 2 16.96 0.879 eV
Channel 3 2.99 1.226 eV
Channel 4 4.04 1.117 eV

3.3. Optoelectronic Measurements

3.3.1. Spectral Voltage Responsivity Measurement

Spectral voltage responsivity measurements define a sensors sensitivity towards
incident light; it can be defined as the ratio of the photovoltage that is generated in

response to the incident UV light. 18



Due to the limited power of the SLS204 source and the lack of lenses to
manipulate the beam size, using a pinhole and optical bandpass filters resulted in sub-nW
power. To maintain signal above noise floor, the entirety of the graphene region on the
quadrant photodetector was excited using light between 250 — 300 nm of wavelength and
3rd channels’ response was measured, to selectively expose the detector to discrete UV
wavelengths within this range optical bandpass filters were used. Figure 3.4. shows the
results of the measurement. The photodetector shows its highest response at 280 nm

wavelength 91.25 V/W.
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Figure 3.4: Spectral responsivity (R) of Channel 3.

Detectivity (D*) defines the sensors ability to detect weak optical signals from

noise.'® (3.4) shows the mathematical definition:
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The term junction area A is taken as 0.5476 cm? which corresponds to area of all

quadrants combined. Detectivity plot as a function of wavelength is shown in Figure 3.5.
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Figure 3.5. Calculated Detectivity.
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3.3.2. Time-Dependant Photovoltage Spectroscopy Measurements
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Figure 3.6. Time - dependant photovoltage measurements for the quadrant photodetector

channels, a) Channel 1, b) Channel 2 c¢) Channel 3, d) Channel 4.

Time dependant photovoltage measurements were conducted using Thorlabs
DC2200 280 nm LED source. UV light was pulsed at 100 hz frequenzy and sensor
response to this input was measured using Rigol MS00234. Rise time (t;) and fall time
(tr) was calculated.

Rise time is defined as the time interval in which the measured signal rises from
10% to 90% of its’ maximum value, while fall time is the duration it takes for the sensor
to return to 10% from 90%, it defines the sensors’ ability to catch sudden events occurring
in its field of range. In Figure 3.6. a) — d) each quadrant can detect sudden changes of UV
light in microseconds range. However, due to graphene impurities or defects imbalances

between quadrant response times were observed.
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3.3.3. Spot Position Measurement and Sensor Calibration

Figure 3.7. a) Centered UV light, b) spot position measurement experiment setup, ¢) spot

centering and spot size calibration.

To assess the positioning performance of the fabricated QPDs, spot position
6

2

measurement was conducted. Inspired by the methodology outlined in®, sensor
performance was evaluated. In Figure 3.7 b) experimental setup is shown. Thorlabs
DC2200 280 nm LED source is set up to illuminate the sample loaded on MBT616D/M
3-Axis Microblock Compact Flexure Stage. Quadrant voltages are measured via
calibrated multimeter. Due to the limitations on the experimental setup such as the lack
of a collimator and focus lenses, the UV light spot size and position was calibrated by
known geometrical references on the printed circuit board, the light spot diameter is 3.4
mm (Figure 3.7. ¢)).

UV spot was positioned to the central point of the sensor and 1 x 1 mm area was
scanned with a step size of 100 um. To record the measured voltages on the scan points,
a graphical user interface program was developed on MATLAB environment, at each

point of measurement (x and y) voltage values of each quadrant V1 — V4 are stored. In

Figure 3.8. shows the interface that records the voltage responses of the quadrants.
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Figure 3.8. Graphical user interface program used to create a measurement map and save

the quadrant voltages at each position.

After deducing the offset the central point is defined as x = 0 and y = 0. Based on

quadrant voltages the position of the spot is determined by (3.4).2

(V) =V + V)

v =

Vi+V,+V3+V,

’

(V) =V + V)
Vi+V,+V3+7V,

(3.4)

The normalized voltages Vxand Vy are fitted using simple linear regression model

against the known mechanical position (3.5). The magnitude of the deviation from the

mechanical position is obtained in (3.6).

x = a,V, + by,

y =a,V, +b, (3.5)

Error = \/(x — xfit)z + (y — yfit)z (3.6)
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b) Raw Voltage Response Maps (V1-Vi)
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Figure 3.9. a) Positioning error distribution in the scanned area, b) channel voltages 1 — 4

recorded in each scanned position.

Raw voltage values of each quadrant and distribution of mean squared errors are
given in Figure 3.9 a) and b). Mean error across all points is found as 86.19 pm and

maximum error on a point is 368.81 pm.
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CHAPTER 4

CONCLUSION

In this thesis work, we fabricated Gr/4H-SiC based, self-biased, QPD device and
investigated using graphene as a p-type electrode in a quadrant photodetector format.
Substrates were prepared with thermal evaporation technique, the Schottky Cir/Au
contacts on the C-face and SiO/Cr/Au contacts were fabricated in QDL. Bilayer graphene
was synthesized using chemical vapor deposition technique and transferred onto n-type
SiC substrate. Quadrant structure was formed by Ni evaporation and subsequent
oxidization operation done by annealing in atmospheric environment. Raman
spectroscopy was employed to verify the existence of bilayer graphene grown on SiC
substrate. Having successfully separated the p-type bilayer graphene into 4 electrically
isolated regions and proving the graphene electrode, current voltage (I-V) measurements
were conducted in reverse and forward bias (-2V — 2V) in a dark environment with stable
ambient conditions. Dark current values of the four channels at zero bias were measured
as -48.7 pA, -46.8 pA, -48.2 pA and -43.1 pA respectively, Schottky barrier height of each
channel were calculated using Cheung’s method derived from TE model and barrier
heights were found as 0.727 eV, 0.879 eV, 1.226 eV and 1.117 eV for channels 1-4
respectively. Also, ideality (1) factors were found 11.15, 16.96, 2.99 and 4.04. From these
results it was deduced that impurities and defects that have occurred during synthesis and
transfer process the area of graphene covering the region of channel 1 and 2 has more
inhomogeneity which resulted in increased ideality factors and reduced effective barrier
heights for channels 1 and 2 in comparison. Highest responsivity was recorded at 280 nm
wavelength 91.25 V/W incident light power 81.1 uW consequently detectivity (D*) was
calculated and found on the order of ~10'° Jones. Spot position measurement was done in
a 500 x 500 pum area, scanning with 280 nm UV LED source with 3.4 mm spot size. 121
positions were scanned with 100 um step size and channel voltages were recorded and
processed in custom MATLAB environment. Using coordinate formulas (3.4) normalized
voltages were obtained and linear regression model was used (3.5) to fit the calculated

positions with real mechanical coordinates. Mean error of 86.19 um and maximal error
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of 368.81 were recorded, the results correlate with the findings of dark current-voltage

measurement.

In conclusion QPD sensor with Gr/4H-SiC architecture was successfully
fabricated and implementing p-type bilayer graphene as an electrode was experimentally
validated. In future studies this architecture could be improved by homogenous graphene

electrode and advancing the device architecture.
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