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ABSTRACT

FABRICATION OF ORGANIC-BASED PHOTODIODE AND
DETERMINATION OF ITS PARAMETERS FOR THE OPTOELECTRONIC
APPLICATIONS

MAHMOOD, Othman Haji
M. Sc. Thesis, Department of Physics
SUPERVISOR: Assoc. Prof. Dr. Arife GENCER IMER
January, 2020, 54 Pages

In this thesis, the organic based heterojunction devices were fabricated by
depositing Brilliant Blue (BB) on n-Si wafer via spin coating method and evaporating
Cu metal on the film with thermal evaporation technique. Electrical and photoelectrical
property of fabricated devices have been investigated. Current-voltage measurements
for Cu/n-Si/Au and Cu/BB/n-Si/Au were performed in the dark and at room
temperature. The main electrical parameters of devices were determined using
experimental and theoretical methods such as thermionic emission theory, Cheung and
modified Norde functions, and obtained results were compared each other. The results
show that inserting organic interlayer cause to enhance the electrical properties of the
prepared devices such as better rectification behavior, higher barrier height and lower
series resistance. Additionally, the frequency dependent capacitance-voltage
measurement was carried out at room temperature for devices. It was noticed that the
device cannot flow A.C signals at high frequencies, thus exhibit low capacitive
property. Furthermore, the current-voltage measurements were carried out under various
light illuminations in the range between 30-100 mW/cm?. The obtained results show
that reverse bias photocurrent is strongly dependent on incident illumination power. The
device also represents a high responsivity for incident light intensities. In addition, it
was recognized that the device is capable to detect small amount of light intensity at low

reverse voltages.

Keywords: Barrier height, MS contact, Organic materials, Photosensing,
Photodiode.






OZET

OPTOELEKTRONIK UYGULAMALAR ICiN ORGANIK BILESENLI
FOTODIYOTUN URETIMIi VE PARAMETRELERININ BELIRLENMESI

MAHMOOD, Othman Haji
Yiiksek Lisans Tezi, Fizik Anabilim Dali
Tez Danismani: Dog. Dr. Arife GENCER IMER
Ocak, 2020, 54 Sayfa

Bu tez calismasinda, n-Si alttag lizerine donel kaplama metoduyla parlak mavi
(BB) film kaplandi ve bu film iizerine bakir (Cu) iist kontaklar termal buharlastirma
teknigi ile olusturularak organik bilesenli heteroeklem aygit iiretildi. Fabrikasyonu
yapilan cihazlarin elektriksel ve fotoelektriksel 6zellikleri arastirildi. Uretilen Cu / n-Si /
Au ve Cu / BB / n-Si / Au aygitlarin akim gerilim olgtimleri karanlikta ve oda
sicakliginda gergeklestirildi. Aygitin temel elektriksel parametreleri, termiyonik
emisyon teorisi, Cheung ve modifiye Norde fonksiyonlar: kullanilarak belirlendi. Farkli
yontemlerden hesaplanan elektriksel parametre degerleri karsilastirildi. Elde edilen
sonuclar, organik ara tabakanin arayiizey olarak kullanildig1 aygitin daha iyi dogrultma
davranisi, daha yiiksek engel yiiksekligi ve daha diisiik seri diren¢ gibi elektriksel
parametrelerin iyilesmesine sebep oldugu tespit edildi. Ayrica, her iki aygitin frekansa
bagl kapasitans gerilim 6l¢limii oda sicakliginda gergeklestirildi. Yiiksek frekanslarda
cihazin A.C sinyallerini takip edemedigi ve dolayisiyla diisiik kapasitif 6zellige sahip
oldugu gdsterildi. Ayrica, akim-gerilim dlgiimleri 30-100 mW/cm? araliginda degisen
farkli aydinlatmalar altinda gerceklestirildi. Ters beslemde foto akimin gelen 1518in
aydinlatma giinline biiyiik ol¢iide bagh oldugu rapor edildi. Ayrica, aygitin 11k
duyarliliginin gelen 151k siddeti ile iligkili oldugu tespit edildi. Deneysel sonuglara gore,
cihazin diisiik ters beslem degerinde bile 151k duyarliliginin oldugu ve optoelektronik
teknolojisinde fotodiyot olarak kullanilabilirligi gosterildi.

Anahtar kelimeler: Engel yiiksekligi, Fotodiyot, Isik duyarliligi, MS eklem,
Organik arayiizey.
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SYMBOLS AND ABBREVIATIONS

Some symbols and abbreviations used in this study are presented below, along
with Descriptions.

Symbols Description

BB Brilliant blue

MS Metal-semiconductor junction

MIS Metal-insulator-semiconductor contact
p-Si p type silicon substrate

n-Si n type silicon substrate

Cu Copper

Au Gold

SiC Silicon carbide

Al Aluminum

QY Quinoline yellow dye

n(T) Number of electrons in conduction band
p(T) Number of holes in valence band

Ni Intrinsic carrier concentration

Nec Effective DOS in the conduction band
Nv Effective DOS in the valence band

Eg Energy gap

ks Boltzman constant

T Temperature

Ec Bottom of the conduction band

Ev Top of the valence band

e Electron charge

Vbi Built in voltage

4, Metal work function

&, Semiconductor work function

. Barrier height for n-type semiconductor

Xiii



Description

Barrier height for p-type semiconductor
Saturation current

Effective contact area

Richardson constant

Ideality factor

Barrier height at zero voltage
Density of states
Dielectric constant of semiconductors

Dielectric constant of interfacial layer
Interfacial layer thickness
Responsivity

Photocurrent

Illuminated power

[lluminated area

Specific detectivity

Xiv



1. INTRODUCTION

Today, semiconductor technology is the most studied technology in the world
because of whole electronic devices manufactured based on semiconductors. Generally,
organic materials have a great benefit in wide range electrical and optoelectronic
applications, on account of their excellent electrical, thermal and chemical properties. In
the last years, many researchers have concentrated on using organic based compounds
due to their advantages such as the low-cost synthesis, the easy preparation and the
possibility of large area applications.

Since Walter H. Schottky fabricated a new generation of diode with high
efficiency and wide range usage possibility, this diode caused attract more attention of
researchers and scientist have been lead to enhance its properties. Althought this kind of
diode has some disadvantages like low rectifying property, inappropriate in high
frequency performance, relatively high reverse/leakage current and low breakdown
voltage. Scientist focused on enhancing its electrical and optoelectronic properties with
many different techniques such as adding doping and inserting oxide or organic layers.
Among all of techniques, inserting an organic layer is a unique way to improve
electrical and optoelectrical properties of diode. Inserting an interfacial organic layer
between metal and semiconductor materials may to create another different interface
space of charges with bias; This is because of produce an extra electrical field in the
interfacial layer. This extra field leads to enhance the electrical parameters of diodes
(Yasar et al., 2018). Adding an organic layer can be develop the performance of devices
because it causes to minimize surface states, leakage current, series resistance, and
surface damage. Also, an organic interfacial layer has advantage to limit localized trap
states in metal-semiconductor junction to accomplish high performance for these
devices (Imer and Ocak, 2016).

In literature there are a lot of methods to fabricate thin films such as vacuum
evaporation, ion plating, spin coating, sputtering and chemical vapor deposition. In this
thesis thermal vacuum evaporation technique was used for depositing metal on n-si
substrate because of its unique ability in forming a uniform and high-purity thin films

with different area dots according to desired purposes. Also, spin coating has been



applied for deposit organic dye onto substrate due to its properties such as cheap, easy
processing, obtain the uniform thin film, capable to deposit multi-layer films and fast
drying time due to high spin speed.

Brilliant Blue FCF, with chemical formula Cs7H3sN2Na>O¢Ss is an organic
compound classified as a blue triarylmethane dye, (from Sigma-Aldrich). It is a good
candidate to be used as organic interfacial between metal and semiconductor for
formation purpose of thin film in this study owing to its richness in m — electrons,
localized trap states, high enough dielectric constant. It has been expected to produce
dipole in interface so this dipole play an important role in modification electrical and
optoelectrical device. Molecular structure of brilliant blue is shown in Figure 1.1. In this
thesis, it was purpose to fabricate organic Schottky diode and examine possibility using
in photo sensing application. For this aim, Cu/n-Si/Au diodes were prepared. Au back
contact evaporated on the n-Si substrate via physical thermal evaporation method. For

obtaining ohmic contact, It was annealed in 570 °C for 3 min in N2 atmosphere.

Figure 1. 1 Molecular structure of brilliant blue.

After, brilliant blue was deposited on the substrate via spin coating technique.
Finally, Cu top contact was evaporated on the substrate for forming dots with inserting
mask. For determining electrical and optoelectrical parameters of the diode, current-
voltage characteristic was performed under dark and different solar simulator
intensities. Electrical and optoelectrical parameters were calculated. Additionally,
frequency dependent capacitance-voltage measurement was carried out to determine

some electrical parameters such as barrier height, Fermi level and donor concentration.



2. LITERATURE REVIEW

The first electronic device was created by Joseph Henry in 1835. It was just a
remote switch controlled by electricity (H.bassler, 2011). In 1874, Braun made up first
semiconductor device. He reported that this device deviated from linearity (Ohm’s law)
in positive voltage ranges. J. C. Bose earned US patent for the metal-semiconductor
(MS) diode in 1904. G.W. Pickard was first who fabricated point-contact rectifier using
silicon wafer in 1907 and took patent.

In 1907 the first paper published by G.W. Pierce (Pierce, 1907), he prepared the
first metal-semiconductor contacts and used silicon carbide (SiC) as a semiconductor
material. After he was winded two different types of metal wire around the two ends of
silicon carbide (SiC) sample. Then, he performed Current-Voltage measurement under
different temperatures and pressures for the sample, he noticed that, in positive voltages
region, current increase exponentially with voltage. While in negative voltages, the most
of current is blocked except a little amount of leakage current passing through the
device.

The essential significant investigation on rectifying properties of MS contact was
performed by Schottky, Stormer and Waibel in 1931.They reported that the rectification
occurred in contact due to potential drop across whole contact as current flow in it.
After its investigations, Wilson built up the hypothesis of quantum mechanical
tunneling and clarified the rectification by using reverse polarity (Obaid, 2015).
Schottky was first scientist who could define majority carrier work functions, and called
it the barrier height. According to Schottky findings (Schottky, 1939), the energy
distance between the Fermi level and the edge of the respective majority band is called
barrier height. In 1939 N.F. Mott proposed theory (Mott, 1939) and he explained there
is a potential barrier which electrons penetrate the junction by the tunnel effect at metal
semiconductor interface. This theory means the device exhibit rectification property in
the opposite direction. Also, he explained the nature of the potential barrier, according
to his theory, electrons require to thermally exciting to overcome the potential barrier.

Even Schottky and Mott performed the similar work independently, their results are in
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good agreement with each other. Today, their work is known as the Schottky Mott
theory. In summary, both Schottky and Mott defined the barrier height at the metal-
semiconductor interface as the difference between the work function of the metal and
electron affinity of the MS contact.

The influence of high series resistance on forward bias Current-Voltage (I-V)
characteristic was studied by H. Norde in 1979 for non-ideal contact (Norde, 1979).
S.K. Cheung and N.W. Cheung introduced the new method to extract electrical
Schottky diode parameters from forward I-V characteristic for ideal and non-ideal
devices (Cheung and Cheung, 1986) such as barrier height, ideality factor, series
resistance. According to their report, the results obtained from Cheung methods, and
experimentally results determined from I-V characteristics are in a good agreement
with each other.

The first metal-insulator-semiconductor (MIS) contact based on organic
materials was fabricated by F. Ebisawa etal. in 1982. They prepared
Al/polysiloxane/polyacetylene using photolithographic technique. They found that the
conduction mechanism was same with Schottky-Richardson Mechanism (Ebisawa et al.,
1983) .

Tang obtained about %21 power conversion efficiency under 75 mwW/cm? of
illumination intensity, for fabricated organic solar cell based on copper phthalocyanine
and perylene tetracarboxylic derivative. The  charge generation was directly
proportional with bias voltage (Tang, 1986).

Michael J. Sailor et al prepared organic based Schottky diode (Sailor et al.,
1990). They deposited polyacetylene on both p-type and n-type on silicon substrate and
concentrated to study electrical properties of the device. They concluded that it is
possible to improve electrical properties of MS contact by inserting organic interlayer.

Schon et all fabricated efficient organic photovoltaic diode based on doped
pentacene. They revealed that the efficiency of photovoltaic is increased by adding
molecular doping. According to their report, the doped iodine or bromine has many
advantages for photovoltaic properties in different ways such as increased conductivity

of pentacene, the edge of optical absorption shifted to 1.4 eV, the quantum efficiency is
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modified and the device performance was increased compared with undoped one
(Schon et al., 2004).

Ugur et al. made up organic-inorganic heterojunction based on quinoline yellow
dye (Ugur et al., 2015), They prepared Al/QY/p-Si/Al structure to investigate the
electrical and optoelectrical properties . According to their report, the device with
organic layer has more response to light and its optoelectrical properties were improved.
Therefore, they confirmed suitability of the device for optoelectronic applications.

Fawe Guo fabricated a new kind of photodiode based on ZnO
nanoparticle/polymer nanocomposite materials (Guo, 2014). According to his results,
this device behaves as a diode in dark, and photoconductor under ultraviolet
illumination. Furthermore, the device has appeared multiple advantageous than
conventional inorganic semiconductor. Also, he brought the ZnO nanoparticles into C-
TPD buffer layer of the fullerene-based photodetector. As the results successfully rise
photoconductive current and decrease the noise current.

H. Kim et. al. fabricated the top illuminated organic photodetector with
dielectric/metal/dielectric for fabricating transparent anode, While the transparent
electrode is composed of molybdenum trioxide (MoO3)/Ag/ MoOs layers and zinc oxide
(ZnO)/Aluminum(Al) is for the bottom cathode. They revealed that fabricated organic
photodiode exhibits a high detectivity and wide range linearity (H. Kim et al., 2015).

A. Gencer Imer et al investigated possibility of controlling the photosensing
property photodiode by inserting the interface layer with various thickness using sol-gel
spin coating method. According to their report, the photoelectrical and photo response
of device strongly affected by incident light intensity, also they confirmed photosensing
feature of device is enhanced by inserting organic layer (A. Gencer Imer et al., 2016).

V. Ventalon et al studied ITO/DTS(PTTH)/Al with PCeoBM and PC7BM as a
organi material and they reported that it is a unique device for detection herbicides in
water (Ventalon et al., 2016).

A.Tataroglu et al studied electrical and photoresponse properties of the
photovoltaic device based on Ruthenium(ll) complex as an interfacial thin layer
(Tataroglu et al., 2018). Their device structure was Au/Ru(ll)/n-Si photodiode. They
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reported that device in reverse biase under illumination exhibit more photocurrent than
under dark (i.e have photoconduction properties and high responsivity).

Kee-Tae Kim et al successfully studied organic photodiode based on organic
materials using Ga-doped NiOx as an electron-hole blocking layer between photoactive
material and electrode (K. T. Kim et al., 2018). They argued that the significant
decreasing in leakage current of the organic photodiode was occurred, This decreasing
is reason to increase in LUMO level of the electron-hole preventing buffer layer. Also,
they reported that the device has high detectivity, which equals to 1.06x10*2 Jones.

H.Abdel-Khalek et al. prepared Al/n-Si/Cu (acac)2/Au structure and investigated
microstructural, optical and optoelectronic properties of the device using a high-
resolution transmission electron microscope, spectroscopic ellipsometry, and Current-
Voltage techniques. They reported that the Cu(acac). polycrystalline nature exhibits
high clearly resolved lattice fringes. Also, they explained that copper(ll)acetylacetonate
is a good absorber for UV and visible light ranges. Finally, they detailed that the device
show a good light detection with intensity sensitivity in high biasing voltage (Abdel-
Khalek et al. 2018).

From the literature summary, we conclude that (1) it is possible to change the
electrical and photoelectrical properties of photodiode by adding an organic layer (2) the
novelty of this study belongs to use brilliant blue as an organic interfacial layer in
optoelectronic application because it was not investigated in the previous studies
according to our searches.

In this thesis, organic based photodiode Cu/BB/n-Si/Au was fabricated with
brilliant blue. Then, the electrical and optoelectrical properties of the device were
investigated using different methods. The I-V measurement was performed under dark
and various simulated light illuminations, and C-V characteristic was carried out under

different frequencies.



3. THEORETICAL BACKGROUND

In this chapter, a brief review about semiconductors are given. After that, the
physical principles of MS contact, current conduction mechanism with physical factors
are explained in detail. Also, the electrical and photosensing parameters of Schottky

diode are presented.

3.1. Semiconductors

According to electrical conductivity, the materials can be classified into three
categories: Metal, Semiconductor and Insulator.

Semiconductors is defined as material with electrical resistivity lying in the
range 102 — 10° Q-m (Cardona. N.D, 2010). Semiconductors can be occurred in many
kinds of chemical structure with a large variety of crystalline. They can be elemental
semiconductors like silicon (Si), carbon in the form of Ceo and selenium, or binary
compounds such as gallium arsenide (GaAs). Many organic materials are
semiconductors like polyacetylene (CH)n.

Based on doping type, semiconductors are classified into two types: intrinsic and

extrinsic semiconductor.

3.1.1. Intrinsic semiconductors

The semiconductors theoretically do not contain any foreign impurities. They are
known as pure or undoped semiconductors. In this type of semiconductor, electrons
located in the valence band are excited to conduction by absorbing of energy. The
generated electron-hole pairs are contributing in current conduction mechanism at the
same time together. In intrinsic semiconductors, number of holes in the valence band
continuously equivalents to the number of electrons in the conduction band. There are
two important parameters to be known: i) intrinsic carrier concentration and ii) intrinsic

Fermi level energy.
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The intrinsic carrier concentration can be calculated via the law of mass action
as follow (A.kohler, 1392):

n(T)p(T) =n?*(T) 31)
where n(T) is number of electrons in conduction band p(T) is number of holes in
valence band and n; is the intrinsic carrier concentration

By substituting values of n(T) and p(T) it can be derived for final expression of
n; as follows (Gerhard Lutz, 2018):

-E
n =.N_N ex g
L =yNN, |0(2KT

B

) (3.2)

where Nc is the effective density of states in the conduction band, Ny is the effective
density of states in the valence band, Eg is energy gap, Kg is Boltzman constant and T
is temperature.
From Eq.(3.2), it is noticed that intrinsic carrier concentration depend on many factors
such as density of states at conduction band and valence band, and inversely
proportional with energy gap. It makes sense because as energy gap increase electrons
require more energy to migrate from the valence band to the conduction band, also we
can see intrinsic carrier concentration directly proportional with increasing temperature
more bonds are broken hence number of electron-hole pairs increase. It is also shown
that the number of the carriers is depend on effective density of states.

Also, it is extracted the Fermi level of these intrinsic semiconductors from non-
degenerate equation of semiconductor carrier concentration as follows (H.S.Nalwa,
2001):

n(T) =N exp[ —(E, —E;)/K,T | (3.3)
pP(T) =N, exp[ —(Eq —E, )/KgT | (3.4)
where Ec is the bottom of the conduction and Ey is the top of valence band. For intrinsic

semiconductors n(T) = p(T) by solving this equation, the Fermi level is expresssed
(Zekry, 1996):

e -StB Iy In[%) (3.5)

2 2

c
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From Eq.(3.5) the first term represents the middle of the band gap, the second part of
the equation shows Fermi level depends on T and logarithmic ratio of effective density
of states. Typically effective density of state in valence band is little higher than the
effective density of states in conduction band. Therefore, the logarithmic ratio is a small
number also kT is equal to 0.0257 eV at room temperature (M.Rudan, 2013). So, two
small numbers multiply each other is a smaller number thus almost it can be neglected
second term. It means that Fermi level energy is positioned in the middle of energy gap

for intrinsic semiconductors.

3.1.2. Extrinsic semiconductors

When impurities contribute significantly to the carrier concentration in the
semiconductor, this type of semiconductor is known as extrinsic or doped
semiconductor. The extrinsic semiconductor has their own electron concentration or
hole concentration, which essentially belongs to the ratio of doping present in the
semiconductor and the type of impurities (Pearsall, 2013).

According to kind of impurity, extrinsic semiconductors are classified into two
categories: n-type and p-type. When impurities give extra electrons to conduction
mechanism then those impurities called donor, such as phosphate, and the
semiconductor is called n-type semiconductor. When impurities provide additional
holes to contribute conduction mechanism, it is called acceptor impurities like Boron, it
is called p-type semiconductor (Arca, 2013).

In extrinsic semiconductors, electron carriers and hole concentrations are not
equal, one of them is a majority, and other is is a minority carriers. The electrical
conductivity of the extrinsic semiconductors is dependent on the temperature as well as
the amount of impurities. The position of Fermi level cahanges with the type of
extrinsic semiconductors. In n-type semiconductor, it is located just in below of
conduction band of semiconductor. In p-type semiconductor, it is located just above the
valence band of semiconductor (Sze, 2007).
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3.2. Organic Materials

Organic materials are compounds based on presence carbon, they can be found
both in nature and also manufacturing produce. Sometimes, organic molecules are made
up from chemical reactions. In the recent years, researchers show that using organic
materials has some benefits in the electronic devices due to low cost, light weight and
their flexible properties. Additionally, researchers state that may organic materials
became a great factor to contribute to solving today’s global issues in both
environmental pollution and new energy sources (Dongge and Ma Yonghua, 2017;
Schlesinger, 2017). The organic materials used for optoelectronic devices are named
photo and electroactive organic materials. They exhibit some special properties such as
injection of the charge carriers from electrode, photo generation, transparent charge
carriers, and light absorption and emission. Usually, m-electron system describes as a
material. They exhibit absorbing and emitting light in the range from ultraviolet to
infrared wavelengths. In addition, they have ability for generation and transportation of
charge carriers in non-linear form (Arca, 2013; Briitting, 2006).

The organic materials, which are used in electronic devices, are classified as
organic semiconductors. It was reported that small molecular weight organic materials
are more suitable for optoelectronic applications (Ostroverkhova, 2013). Most organic
semiconductors used in device fabrication are insulator without doping. In organic
semiconductors, valence and conduction energy bands are replaced by the Lowest
Unoccupied Molecular Orbital (LUMO) and Highest Occupied Molecular Orbital
(HOMO) levels, respectively. Because, the density of states (DOS) distribution are not
similar in organic and inorganic semiconductors. Furthermore, charge transport
mechanism in organic semiconductors is quite different from inorganic semiconductors.
The controlling of charge transport is responsible for the modifiying of all properties of
any electronic devices. Thus, it can be concluded that organic semiconductors can be

used to enhance the electrical performance of devices (Mori, 2016 ).
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3.3. Metal-Semiconductor Heterojunctions

When metal and semiconductor has been brought and contacted together, they
form metal-semiconductor contact. Since the first invention, metal semiconductor
contact attracts scientist attentions due to own high efficiency, low power consumption
and its rectifying behavior. Today, there are many properties that make it convenient for
wide application and become unique over the other junction devices. Metal-
semiconductor contact consists two parts, one side is ohmic contact and another side is
rectifier contact.

Metal Semiconductor Metal Semiconductor
Vacuum
level + oA A N A
T st % E,. (O — Xs) epbi*:(qbr‘”_ s5)
'i]m - ; Y

S

Figure 3. 1 Energy band diagram for metal and n-type semiconductor if @,,, > @, (a) before
contact, (b) after contact at thermal equilibrium and produce rectifier contact.

3.3.1. Rectifier contact

When the work function of metal is greater than work function of semiconductor
,Om > O, rectifier contact is formed for n-type semiconductors, in contrast, for p-type
semiconductors just reverse above statement (Bhattacharya, 2013). Figure (3.1) a
represents flat band diagram for both metal and n-type semiconductor before formation
of contact. As shown in the figure, the Fermi energy level of semiconductor is at higher
than that of metal. Thus, electrons in semiconductor easily diffuse to the metal side,
because they have a higher energy. As electrons move to metal side, they left positive

ions in semiconductor region. They generate negative ions in metal region, this process
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will be continue up to both Fermi levels are aligned in such state. After that, the
movement of electrons from semiconductor to metal does not take place, because the
positive and negative ions create a barrier that blocks flow of electrons. Positive and
negative ions produce an electric field, eventually this electric field prevents the
diffusion of electrons from semiconductor into metal side. In order to overcome this
barrier, a potential is required. The minimum voltage required to flow charge carriers is
called built in voltage at thermal equilibrium state seen from Figure (3.1)b.

Built in voltage for n-type can be expressed as follow (Williams, 1983):
eVbi = ¢m _¢s (31)
where e is electronic charge, Vi is built in voltage, ¢, is metal work function and ¢, is

semiconductor work function.

Also barrier height for n-type can be expressed as the difference between the
work function of metal and the electron affinity of semiconductor as shown in below
(Monch, 1994):

e¢Bn = e(¢m - Zs) (32)
And for p-type barrier height expressed as
e¢Bp = Eg _e(¢m _Zs) (33)

where ¢,, is barrier height for n-type semiconductor, y, is electron affinity of
semiconductor and ¢, is barrier height for p-type semiconductor

If forward bias voltage is applied on the device, barrier is getting lower, then the
electric field is reduced. Therefore, flowing of electrons starts again when the applied
voltage equals to built in voltage. According to Fermi-Dirac distribution, there is only a
fraction of charges has sufficient energy to cross barrier. Thus, as the applied voltage
increases, the barrier height becomes lower.

The number of electrons that have ability to overcome the barrier exponentially
increases. The resulted current is called thermionic emission current, and it is

mathematically expressed as follows (Aslan et al., 2019):

| = AAT? exp(— E¢_|? jexp K%} —1} (3.4)
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where, and n is ideality factor, and lo is the saturation current, and lo is described as

(Turut et al., 2015):

| = AAT2exp| — 2% 35
RN .

where A is the effective contact area (5.024x103cm), A* is the Richardson constant
(112 Acm2K-2) for n-Si.

3.4. Electrical Parameters of Metal-Semiconductor Contact

Here we will discuss some basic of electrical parameters of metal-semiconductor
contact, such as ideality factor, series resistance and barrier height. Those parameters

are brick for investigation of electrical properties of devices.
3.4.1. Ideality factor

Generally, ideality factor measures the quality and performance of diode.
According to ideal diode equation, all charge carrier transitions take place from band to
band or recombination occur via traps in bulk area of device, not in the junction
interface. In practice, it is not possible in all times, because of may some recombination
be take place in somewhere else except bands.

Typical value of ideality factor for diode is in the range between 1 to 2. However
sometimes it exceed from this upper. There are many factors which cause diode to
deviate from ideality and increases ideality factor such as interface states between
semiconductor and metal, doping level in semiconductors, Schottky effect of barrier and
generation & recombination process in space charge region (llke Tascioglu et al., 2014;
Z. Caldiran et al., 2013).

Ideality factor is important parameter because any change in ideality factor
influence the performance of the diode ( Einspruch and Cohen,. 1988; Photodetectors
n.d, 2015).
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3.4.2. Series resistance

Series resistance in metal-semiconductor contacts provides all resistances at the
interface layers equivalent to circuit. Generally, for obtain high performance in photo
detector devices, it is needed low series resistance. As series resistance decreases the
photocurrent and ideality factors are increase. Thus, the detectivity and
photoresponsivity is increased with decreasing series resistance (Oksana Ostroverkhova,
2013).

3.4.3. Barrier height

Barrier height is defined as difference between edge of majority carriers and
fermi level energy, Barrier height for n-type given in follows (Monch 1994) .

¢Bn = Ec - EF

(3.8)
And Barrier height for p-type is given in follow:
¢Bp =E--E (3.9)

It will be formed directly after metal and semiconductor make contact together.
Barrier height is important parameter because it is responsible for charge conduction
mechanism in contact and its capacitance manner . Barrier height is a function of
interfacial layer, doping, type of metal and semiconductor.

Additionally, image force lowering leads to decrease barrier height. In the
presence of interfacial layer, the barrier height will enhanced as shown in Fig.(3.3)

From Figure (3.3), The final expression of energy band diagram for metal and n-
type semiconductor contact with an interfacial layer is written as below (Bhattacharya,
2013):

1

E, — e, — e, = —-2ee. N, (da — ) -

i
eD,o

(40— (e + i) (3.10)

where ¢, is barrier height at zero potential, D, is density of states per cm? per eV, &, is

dielectric constant of semiconductors, ¢, is dielectric constant of interfacial layer, Ngq is

donor concentrations and ¢ is interfacial layer thickness.

By applying two assumptions
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First, there are a continues and large number of density of states across bands, so it can

be assume D, — o , then Equation (3.10) becomes

1
Pon = (B —€4,) (3.11)
The equation (3.11) yields that barrier height is not dependent on some material
parameters like work functions and electron affinity likewise barrier height is a function
of energy band gap and surface energy.
Second, interfacial layer is very thin, when multiply by density of states, can be

neglected, let assume D,6 —0

Equation (3.10) become

¢Bn = (¢m _Zs) (312)
Notice that equation (3.12) exact the same of the equation (3.2)

LT

THTTTTTTTT

{5 X E,

& &

Figure 3. 2 Energy band diagram for metal—(n-type) semiconductor junction
with interfacial layer.

3.5. Photo-Sensing Parameters of Photodetector

Photodetectors are devices which transform light energy to electrical energy.
When electron in the valence band absorbs light energy and is transfered to conduction
band, it leaves valence band. Therefore, free electron-hole pairs will be generated which
both of them contribute in current conduction mechanism. There are many types of
photosensing devices such as photodetectors, photovolatics, photodiodes and

phototransistors.
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In this section, a brief explanation and description are given, for some important
photosensing parameters of photodiode such as responsivity, detectivity and linear

dynamic range (LDR).
3.5.1. Responsivity

Responsivity defines the ratio of photocurrent produced per optical incident
illumination power of light, and it is measured in unit A/W and expressed as follows
(Hammond, 2013):

I
R=-* 3.13
PA (3.13)

where R is responsivity, Ipn is photocurrent, P is illuminated power and A is illuminated
area. Responsivity also varies with biasing voltage, temperature, power of incident light,
and illumination area, energy gap of semiconductor and barrier height of Schottky
contact.

In metal-semiconductor contact, photocurrent can be produced by two ways:

(i) absorbtion of energy of incedent light if hv>E_ satisfies

(ii) the generation of hot carriers in metal by internal photoemission process.
3.5.2. Detectivity

The detective represents the ability of photodiode for observing small light
signals. In SI system, it measures in unit (Jones). Mathematically expressed as below
(Tang, 1986):

. R

D =— 3.14
zeJ dark ( )

where D" is specific detectivity.
For obtain high detectivity it is necessary high responsivity and low noise
current, a fraction of noise current comes from dark current so as the dark current

decrease the detectivity increase.
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3.5.3. Linear dynamic range

Linear dynamic range in photodiode is measure the linearity produced
photocurrent per incident illumination power (i.e measure the photosensing linearity of
photodiode). To study of variation linear dynamic range as a function of reverse voltage
under various illumination intensities, the below equation can be used:

Jon

LDR = 20 log(—-) (3.15)

dark
where LDR is linear dynamic range, Jph is photocurrent density and Jeark current density
at dark.






4. EXPERIMENTAL PROCEDURE

In this section, the fabrication of the diode will be described in detail. The first
step in the device fabrication was cleaning the silicon wafer via RCA method. After that
the ohmic contact prepared on silicon wafer using thermal evaporation technique. In the
third step the deposition of organic layer is done via spin coater machine. Finally, the
front contact is formed using thermal evaporation technique. C-V and I-V
measurements were taken for the sample with and without organic layer in dark and

under solar simulator with power between 30-100 mW/Cm?.

4.1. Silicon Wafer Cleaning

The device performance and reliability strongly depend on the ratio of the
chemical and special impurities on the substrate. The main purpose of the cleaning
wafer. It is to remove all chemical contaminants and impurities, which effect on devices
performance, There are many methods to clean sample such as dry-physical, wet-
chemical and vapor phase. First step is clean silicon wafer, (100) orientation and 1-10
Qm resistivity, with Radio Corporation of America technique (RCA). RCA technique is
developed by W. Kern. It is useful for cleaning substrate from organic and ionic
contaminations as well as removing oxide layer if it is needed. RCA cleaning totally
consists of four steps two of them are basics and others are optional steps. In this study
all steps are performed and between each two steps silicon substrate was washed and
rinsed in deionized water using ultrasonic device. The whole steps are given in the

Table (4.1). RCA cleaning is necessary to be done before high temperature processing.
4.2. Formation of Ohmic Ontact
After cleaning n-Si substrate and Au metal by alcohol and deionized water,

silicon substrate put into thermal evaporation machine then Au metal evaporated to

unpolished side of silicon substrate under pressure 10 Torr as given in fig. (4.1), and
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after that to get high quality ohmic contact thermal annealing was done for 3 min at 570
C° in nitrogen atmosphere the annealing furnace used for this purpose shown in
Figure(4.2).

Table 4. 1 RCA cleaning steps

process ratio temperature  period Repetition

1. 5\,';;2:”9 In deionized 5Minutes 2 times
2. Trichlorethylene wash 5 Minutes

3. \TVQZIrng in deionized 5Minutes 2 times
4.  Acetone wash 5 Minutes

5. 5\/:22:”9 iqgeionized 5Minutes 2 times
6. Methanol wash 5 Minutes

7, Rinsingin deionized SMinutes 2 times
8.  Isopropyl wash 5 Minutes

9. 5\/:,22:”9 In deigiacd 5Minutes 2 times

. ) (1:1:5)- yR— 3-10
10. NH2OH4:H202:H20 (1-1:50) 40°C-75°C  \piote
11. 5\,:'22;”9 In deionized 5 Minute 2 times
_ (1:10)- 0 0.5-1
12. HF:H20 (1:25) 25°C Minute
13. 5\,:'22;”9 In deionized 5 Minute 2 times
) ) (1:1:6)- o o 3-10
14. HCI:H202:H20 (1:1:50) 40°C-75°C  \4iite
15. 5\,:'22;”9 In deionized 5 Minute 2 times
_ (1:10)- 0 0.5-1

16. HF:H20 (1:25) 25°C Minute

17. \Ijzv:irgzlrng In deionized 5 Minute 4 times
19 Drying in (N2) Nitrogen Enough

gas time
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Figure 4. 2 Furnace used for thermal annealing.

4.3. Deposition of Organic Layer Thin Film

The Brilliant blue (C4sH44N307S2Na) was bought from Sigma-Aldrich company,
was used as an organic layer, First of all, Brilliant blue dissolved in methyl alcohol with
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molarity of 1x102 Mol.L™. Using the spin coating technique, Brilliant blue is coated on
the front side of the silicon using precursor solution dropped onto the silicon side and
silicon substrate rotate at 2000 rpm for 1 min inside the spin coater. Spin coating
apparatus is shown in figure (4.3).

Figure 4. 3 Spin coater used to deposite organic thin film layer.

4.4. Formation of Rectifier Contact

Final step of fabrication process is forming rectify contact, In this part, Cu metal
was evaporated onto the deposited organic film on the silicon substrate by helping
circular shapes of shadow mask with radius of 0.4 cm. Fabricated device was depicted
in figure (4.4).

4.5. Analyzing Method

To investigate electrical behavior of Cu/n-Si/Au and Cu/BB/n-Si/Au diodes

(1-V) and (C-V) measurements were performed in dark and at room temperature.
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Cu top contact

Brilliant blue
n-Si

Au back contact
Figure 4. 4 Schematic diagram of Cu/BB/n-Si/Au.

Keithey 2400 source meter and HP agilent 4294A impedance analyzer are shown in

figure (4.5) and figure (4.6), respectively.

Figure 4. 5 Keithey 2400 source meter.

Furthermore (C-V) measurement was carried out for different frequencies to
know the quality performance of device.

In additional, for studying photo sensing properties, (I-VV) measurements were
taken under solar simulator with intensity power range between 30-100mW/cm? using

of solar simulator.
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Figure 4. 6 HP agilent 4294A impedance analyzer.



5. RESULTS AND DISCUSSION

In this section, Cu/n-Si/Au diode was prepared via thermal evaporation and spin
coating methods with and without Brilliant blue as an organic interlayer. Then current-
voltage and capacitance-voltage measurements were performed in dark and under
solar simulator with intensity range 30-100 mW/cm? to investigate electrical and
photoelectrical parameters of the organic based hybrid structure diode to compare
with conventional diode.

In this chapter, all results related to the experimental data of prepared samples

are given and discussed in detail.
5.1 Current-Voltage Measurement For Diodes Under Dark

Current-voltage measurements are one of the commonly used and effective
method to study and analyze the electrical property of diode. Figure (5.1) shows semi-
logarithmic current-voltage scale for Cu/n-Si/Au and Cu/BB/n-Si/Au devices in dark.
It can be realized from Figure 5.1 that both diodes have rectification property, however,
organic dye based one has higher rectification ratio than the other device. In other word,
organic interfacial layer enhances the rectification property of the diode. As indicated in
Figure (5.1), at low positive voltages, which is approximately less than 0.3 V, current is
directly proportional to the forward biasing voltage. As applied voltage becomes higher,
current exponentially varies with the voltage. Eventually, the graph curvature is
downward (i.e saturated) due to the presence of series resistance in forward biasing
while it is revealed a small saturation current and low dependency on voltage in reverse
bias.

Semi-logarithmic current-voltage of Figure 5.1 obeys thermionic emission
equation with presence of series resistance which is given below (Ebisawa et al.,1983):

| = AAT? exp(—si_lﬁ} exp K%J —1} (5.1)

where, lpis the saturation current, and expressed as (Liu et al., 2018):
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It is clear that ideality factor can be defined from the thermionic emission the

Eq. (5.1) and barrier height is calculated using the saturation reverse current Eq. (5.2).

Current (A)

10-6 " W

107 - Cu/BB/n-Si/Au
‘1 —e— Cu/n-Si/Au

10° 1 a

* Volta(g);e (V)

1 2

Figure 5. 1 Semi-logarithmic 1-V plots for Cu/BB/n-Si/Au and Cu/n-Si/Au diodes in dark.

ML (5.3)
kT din(l)
And
KT AA*T?
@y = Z In( I ) (5.4)
0

With the help of Eq. (5.3), ideality factors are determined for prepared samples,
which are presented in Table 5.1. The values are 1.5 and 1.3 for Cu/n-Si/Au and
Cu/BB/n-Si/Au diodes, respectively. Ideality factor is unity for ideal diode. This
increasing may be due to inhomogeneity of interface states and presence of series
resistance (Ghahramani et al., 2012). The ideality factor value of the organic- based

diode has smaller than that of device without BB layer. So, organic based one represents
better performance.
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Also using Eq. (5.4) at zero bias-voltage, The barrier height were measured
and tabulated in Table 5.1 Their values are 0.75 and 0.82 eV for Cu/n-Si/Au and
Cu/BB/n-Si/Au junctions, respectively. As seen, the barrier height becomes higher as
the organic interfacial layer added to metal semiconductor interface. Also, this feature
can be recognized from plots. Diode with higher barrier height (i.e organic based dye
diode) exhibits better rectification property. This can be evaluated as a result of
discourage of silicon bonds after inserting organic layer because charge transportation
in organic semiconductors can be localized, or organic interlayer can form dipole
between semiconductor metal surfaces leading to change in permittivity. Also, image
force lowering effect on barrier height.

It is well known fact that series resistance is important parameter in electrical
devices. Series resistance directly effects on quality, reliability and stability of devices.
It is possible to obtain more about series resistance by applying Cheung functions as
given in below (Bera et al., 2008):

do::]/l - ”keBT LR, (5.5)
And

H() = IR, +n®, (5.6)
H(l) givenas follows:

H(y=v -l 1 (5.7)

AA*T?

By applying Eq. 5.5 gives out a line as shown in Fig. 5.2. For both diodes from
this line, the Rs is directly obtained the slope. The ideality factor is also can be
determined from y-intersection of this line by applying Eq. 5.5.

The values obtained from Eq. 5.5 are inserted in Table 5.1. The values for
ideality factors are 1.52 and 1.03, and values for series resistances are 1166.7 and 405 Q
for Cu/n-Si/Au and Cu/BB/n-Si/Au heterojunctions, respectively.

Also, by using Eq.5.6, H(I) versus | shows linear behavior as shown in Figure
5.3 for both diodes. The slope of the line is equivalent to Rs, and y-intersection of the
line gives the barrier height. The values are tabulated in Table 5.1. The calculated
barrier heights are 0.77 and 0.84 eV, and series resistances are 1320 and 437 Q for
Cu/n-Si/Au and Cu/BB/n-Si/Au diodes respectively.
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Figure 5. 2 dV/dInl versus | for Cu/n-Si/Au and Cu/BB/n-Si/Au diodes.

0.0 5.0x10™ 1.0x10° 1.5x10°
3.2 L 2.4
e
AA’A/A
3.0 A‘AAA
118
~ 28'
b
—_ —a— Cu/BB/n-Si/Au diode
= 26-
I —e— Cu/n-Si/Au diode 112
2.4
2.2 los
4.0x10° 8.0x10° 1.2x10° 1.6x10
Current (A)

Figure 5. 3 H(I) versus | plots for Cu/n-Si/Au and Cu/BB/n-Si/Au diodes.

There

voltage measurement plot and Cheung function plots, Although, a little difference can

is a good agreement between measured and calculated current-

be noticed, and this little difference is acceptable. In fact, series resistance is a current
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limiting factor, lower series resistance allows more current to pass through metal-
semiconductor junction. When the current is rising (i.e. lower series resistance), it leads
to higher rectification ratio in devices. This description exact coincident, with our
results. In this study, the diode without organic layer has higher series resistance and
lower rectification property than diode with organic interfacial layer.

Furthermore, modified Norde’s function was used to study more about series
resistance and barrier height as shown in Figure (5.4). The modify Norde’s function
can be expressed as below (Demirezen et al., 2012):

VookT
;_

where v is a first integer greater than ideality factor of diode

in( )y (5.8)

Fv)= AA*T?

And electrical parameters, extracted with helping of two equations:

kT
e

Vmin
¢@p = F(Vmin) + . (5.9)

R, = T4 (5.10)

€lmin
where F(Vmin) is the minimum value of F(V), Vmin is the corresponding voltage
value for F(Vmin).lmin is the current corresponding to the voltage (Vmin) in I-V

characteristics data.

F(V) (V)

—e— Cu/n-Si/Au
—a— Cu/BB/n-Si/Au

00 05 10 15 2.0
Voltage (V)

Figure 5. 4 Norde's function plots for Cu/n-Si/Au and Cu/BB/n-Si/Au diodes.
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Using EQ.5.9, barrier height values were determined as 0.7 and 0.75 eV for
Cu/n-Si/Au and Cu/BB/n-Si/Au diodes, respectively. series resistance values were
yielded from Eq. 5.10 as 5116 and 2095 Q for Cu/n-Si/Au and Cu/BB/n-Si/Au
diodes respectively. The values are tabulated in Table 5.1.

From the Table 5.1, the values of Rs obtained from Norde’s function is greater
than that of Cheung functions. This may be related to different nature of each methods.
From Cheung functions and Norde function, the series resistance of the sample without
organic layer is greater than in organic based diode. This may be due to existance of
thin oxide layer on silicon in MS interface. After removing contaminants, the oxide
layer may be produced, because oxygen is very active to interact with silicon (Kilicoglu
et al., 2014; Sekhar Reddy et al., 2016).

Table 5. 1 Electrical parameters for Cu/n-Si/Au and Cu/BB/n-Si/Au diodes determined from
I-V measurements

Ssample Inl-V dv/dinl-V H(D-V F(V)-V
n Dy (eV) n Rs(Q) @n(eV) Rs (2) Dy (eV) Rs ()
Cu/n-Si 1.50 0.74 152 1166 0.77 1320 0.70 5116
Cu/BB/n-Si 1.36 0.83 1.03 405 0.84 436 0.75 2095

5.2 Capacitance — Voltage Measurement

To study and investigate the effect of the interface state density of Cu/n-
Si/Au and Cu/BB/n-Si/Au diodes on their electrical behaviors, capacitance-voltage
measurements were carried out in the frequency range between 250 kHz to 1500 kHz at
room temperature for both diodes. Capacitance-voltage characteristics are presented in
Figure (5.5) and Figure (5.6) for both Cu/n-Si/Au and Cu/BB/n-Si/Au diodes. As shown
from the figures, almost reference diode exhibits little lower capacitance than dye diode.
means that inserting organic layer, capacitance property of the metal - semiconductor
diode is enhanced. Moreover capacitance is decreased with increasing of the frequency
for both diodes. This may be explained as the result of sufficiently high frequency
signal interface states block A.C signals, but low A.C signals can migrate through the

interface of states easily (Baraz , 2017; Hiiseyin and Yildiz, 2019).
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Figure 5. 5 Capacitance - voltage measurement for Cu/n-Si/Au diode at various frequencies.
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Figure 5. 6 Capacitance - voltage measurements for Cu/BB/n-Si/Au diode at various
frequencies.

It can be noticed three different regions from Figure (5.5) from right to left and
at various frequencies. The capacitive behavior is similar to MIS or MOS structure.
There are three regions; first one is inversion region in which the capacitance is either

almost constant or decreases slowly with voltage. Second one is the depletion region in
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which capacince started to decrease suddenly with voltage. The last one is accumulation
region with a constant part of the plot. The presence of interface layer can be caused
deviate from common case as shown in Figure (5.6). The three different regions cannot
be distinguishable from each other very well for organic based devices.

C2 -V plot is one of the useful method to determine some electrical parameters, plot is
linear at low reverse voltages approximately up to -1 volt as shown in Figure(5.7) and
figure (5.8) for Cu/n-Si/Au and Cu/BB/n-Si/Au structures respectively. and the
calculated values are presented in Table 5.2. In this reverse depletion region capacitance
can be expressed as follows (Arife Gencer Imer, 2016):

Cc2— 2(Vy +2V) (5.11)
es,.g, ANy

Table 5. 2 Electrical parameters for Cu/n-Si/Au and Cu/BB/n-Si/Au diodes determined from C-
V measurements

Sample D (eV) Vii (V) Er (eV) Na x10%(cm®)
Cu/n-Si 0.78 0.51 0.28 4.9
Cu/BB/n-Si 0.82 0.60 0.23 37.7

By applying Eg. (5.11) on the Figure (5.6) built in voltage and donor
concentration calculated from the slope and intersection. The obtained values for built
in voltage are 0.52 and 0.60 V for reference and dye diodes, respectively.

Fermi level can be determined by using the relation below ( Fetouhi et al., 2014 ):

g KT

In(%) (5.12)

It is possible to determine the value of barrier height using the equation below (H.
Kim,. 2017):
Pacvy) =Voi + Ee (5.13)

Calculated values for barrier heights are 0.77 and 0.82 V for Cu/n-Si/Au and
Cu/BB/n-Si/Au diodes, respectively. This confirms the results obtained from I-V
measurements and stated that inserting organic layer, the barrier height is increased.
Although the values determined from Capacitance-voltage measurements are higher

than the values determined from Current-Voltage measurements. This may be as a result
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Figure 5. 7 Reverse C2-V characteristic for Cu/n-Si/Au diode in room temperature and at
500 kHz.

of presence organic and oxide layer at the interface, inhomogeneities in interface states

as well as effect of image force barrier lowering (Shtrikman, 2009).
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Figure 5. 8 The C2-V characteristic for Cu/BB/n-Si/Au diode in room temperature and at
500 kHz.
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5.3 Photoelectrical Properties of Cu/BB/N-Si/Au Photodiode

Figure (5.9) shows forward and reverse bias semilogarithmic current-voltage
plots of Cu/BB/n-Si/Au structure in dark and under different light illuminations
produced by a solar simulator at room temperature. The diode presents a good rectifier
behavior in dark and under illuminations with rectification ratios 19.43 and 24.74 in
dark and under illumination respectively at +2 V. Current in forward bias
independent of light intensity, but exponentially a function of applied voltage, while in
reverse bias current rapidly increase as the light intensity increase. This phenomena is
due to the fact that in the reverse bias depletion region is extended as light exposed to
the junction and generate electron-hole pairs are created by absorption of photon, Then
revers bias voltage provides sufficient energy to accelerate of electron-hole pairs
towards positive and negative electrodes thus generated electron-hole pairs contribute
conduction mechanism, and cause to increase reverse current. In addition, the

photodiode exhibit photo response properties.

10"+
10° -
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= 2
é 10°- 80 mW/cm
5 i — 60 mW/cm2
107+
— 40 mW/cm2
107 1 — 30 mW/cm?
T T T T T — Dark
-2 -1 0 1 2

Voltage (V)

Figure 5. 9 Reverse and forward bias Inl-V plots of Cu/BB/n-Si/Au photodiode in dark and
under various illuminations at room temperature.
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To understanding more about the photocurrent dependency on illumination
power of prepared structure and analyzing of its photo sensing property the below
relation can be used (Ocaya et al., 2016):

l,, =P’ (5.14)

It is given in Figure (5.10) , the value of the exponent 7 can be determined from
the slope of double logarithmic I-P plots for each voltage. The » values were found to
be as 1.13, 1.50, 1.40, 1.60 and 1.75 for -0.1,-0.5,-1,-1.5 and -2 biasing voltages
respectively. The results indicate that the variation of photocurrent with incident

illumination power is almost linear. So, it is evidence for continues arrangement of
existing localized states.

9510 4 15 Vol —
{-=- -1 Volt §/V
> —x— 01 Volt
=3 1
S -1.1x10' /
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X
-1.1x10" - /
-1.1x10" A x/

34 36 38 40 42 44 46 48
2
LogP(mW/cm")

Figure 5. 10 The relation between Loglph versus LogP at various reverse biasing voltages for
Cu/BB/n-Si/Au photodiode.

The linear variation of photocurrent versus illumination power is shown in
figure(5.11). This is the evident for the relation between incident power and produced
photocurrent, that is almost linear with illumination power (P < 80 mW/cm?), But

when incident power intensity exceeds 80 mW/cm? , non-linear region begins and
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photocurrent is saturated for intensities greater than 80 mW/cm? .This may due to
presence a great number of electron-hole pairs at the junction. Thus, no more
photons will be capable to absorbed in the junction, this behavior makes prepared
photodiode be suitable to use as a photosensor in smal biasing voltages to detect low

amount of intensity signals.
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Figure 5. 11 The relation between photocurrent and incident power at various
reverse biasing voltages for Cu/BB/n-Si/Au photodiode.

Responsivity is measure of photodiode affectivity for incident light, expressed
by follow relation:
J
R= ?ph (5.15)
Figure (5.12) represents photoresponsivity as a function of reverse biasing
voltages under different illuminations for Cu/BB/n-Si/Au photodiode. It is clear from
figure (5.12) photoresponsivity depends on reverse voltage biasing: As reverse voltage

bias increases, the photoresponsivity increases rapidly.
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Figure 5. 12 Photoresponsivity as a function of reverse biasing voltages under different
illuminations for Cu/BB/n-Si/Au photodiode.

In addition, it is revealed that the different light intensities can be distinguishable
for all reverse biasing voltages range approximately Vr > 0.3 V, Thus. This is good
characteristic of new generated photodiode, that have to use in optoelectronic
applications.

Additionally, it is obvious that the responsivity of fabricated photodiode is
almost at high enough reverse bias voltage region.

To measure the capacity of a prepared photodiode to identify wavelengths of
incident, light the detectivity is calculated by applying the following formula:

R

‘\f 2el dark

1
It is measured unit in (cm. Hzz /w), and expressed by Jones.

D= (5.16)
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Figure 5. 13 The variations detectivity with respect reverse bias voltage for Cu/BB/n-
Si/Au photodiode under various light intensities.

Figure (5.13) represents the variation of detectivity with respect to reverse bias
voltage for Cu/BB/n-Si/Au photodiode under various light intensities. It is clear that the
detectivity increases for small voltage values up to 0.3 Volt. beyond 0.3V, remains
stable for all illumination intensities. In addition, it is clear that the prepared photodiode
can detects small signals of incident light.

To study of variation linear dynamic range as a function of reverse voltage under
various illumination intensities, the below formula was used:

LDR =20 |og(‘]—"“) (5.17)

dark
The variation linear of dynamic range with respect to reverse bias voltage is

shown in Figure (5.14). It is clear that linear dynamic range rapidly increase with

increasing reverse voltage After 0.3 V, it lineary enhances with the reverse voltage.
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Figure 5. 14 The variations of linear dynamic range with respect of reverse bias voltage.






6. CONCLUSION

In this study, metal-semiconductor contact with and without organic interlayer
were fabricated. The Au metal was evaporated on n-Si substrate using thermal
evaporation technique, then thermal annealing treatment was performed to obtain ohmic
contact. After dissolving organic material in alcohol, it was deposited on n-Si wafer via
spin coating method. For formation of rectifier contact, Cu metal was evaporated to the
film.

The current-voltage measurements were used to extract the electrical parameters
of Cu/n-Si/Au and Cu/BB/n-Si/Au devices such as ideality factor, barrier height and
series resistance using different methods like thermionic emission theory, Cheung
functions and modified Norde method. The obtained values are presented in Table 5.1.
According to obtained results, the electrical parameters of device were improved by
inserting organic interlayer, and show better rectification behavior with higher barrier
height. Additionally, frequency dependent capacitance-voltage measurements were
done at room temperature and frequency range from 235 kHz to 1500 kHz. The results
show that at sufficient high frequencies, the interface cannot flow A.C signals.
Furthermore, some electrical parameters like barrier height, built in voltage, Fermi
energy level and donor concentration were calculated from C2-V plot at 500 kHz for
both Cu/n-Si/Au and Cu/BB/n-Si/Au devices.

Current-voltage measurements under different illuminations range from 30 to
100 mW/cm? were taken. The determined results indicate that the fabricated photodiode
has a good photocurrent response to incident light intensity with respect to reverse
biasing voltage. Also, the fabricated photodiode has high photo responsivity for incident
power of illumination, and it has ability to detect small signals of incident light at low
reverse voltages.

As a result, the fabricated device is good candidate to be used in electrical and

optoelectrical applications such as photodiode.
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EXTENDED TURKISH SUMMARY
(GENISLETILMIS TURKCE OZET)

OPTOELEKTRONIK UYGULAMALAR iCIN ORGANIK BIiLESENLI
FOTODiYOTUN URETIMIi VE PARAMETRELERININ BELIRLENMESI

MAHMOOQOD, Othman Haji
Yiiksek Lisans Tezi, Fizik Anabilim Dali
Tez Danismani: Dog. Dr. Arife GENCER IMER

0z

Bu tez calismasinda, parlak mavi (BB) bilesenli heteroeklem aygitlarin
elektronik ve optoelektronik parametreleri belirlenmistir. Caligmada, (100) yonelimine
sahip ve 6zdirenci 1-10 Q-cm olan n-Si yariiletken kristali {izerine, metanolde ¢oziilerek
hazirlanmis 1x102 molarhik organik boyar c¢ozelti dénel kaplama (spin coating)
metoduyla ince organik arayiizey tabaka olarak kaplanip, yiliksek vakum ortaminda
bakir metali (Cu) termal buharlastirilarak Cu/BB/n-Si/Au hibrit yapilari elde edilmistir.
Uretilen aygitlarin elektriksel ve fotoelektriksel karakteristik 6zellikleri incelenip analiz
edilmistir.

Aygitlarin elektriksel parametreleri oda sicakliginda ve karanlik ortamda akim-
gerilim (1-V) ve kapasite-gerilim (C-V) 6l¢timleri yardimiyla incelendi. Buna gore her
aygitta diiz beslem |-V oOl¢limlerinden idealite faktorii, engel yiiksekligi gibi elektrik
parametreleri Cheung, Norde fonksiyonlar1 yardimiyla hesaplanmistir. Tim
yontemlerden elde edilen sonuglarin mukayesesi yapilarak tartisildi. Elde edilen tiim
bulgulara dayanarak elektriksel ve fotoelektriksel parametrelerin organik film

yardimiyla iyilestigi tespit edilmistir.

Anahtar kelimeler: Engel Yiiksekligi, Foto diyot, Organik araytizey.
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1. MATERYAL VE YONTEM

Tez caligmasinda; parlak mavi molekiilii organik arayiizey olarak kullanilarak
organik/inorganik yariiletken heteroeklem aygitlar tiretilmistir. Sekil 1 de MIS kontak
yapinin sematik gosterimi verilmistir. Uretilen kontaklarin akim-gerilim ve frekans

bagiml kapasitans gerilim 6l¢iimleri oda sicakligina karanlikta ve farkli aydinlanmalar

altinda yapilmistir.
e D)
ier e
Cu iist temas ~CHs \/‘[l:LJ e
O~ ~ o
‘\/”\u/L,/ ©\N/\©/?‘;O
Brilliant mavi H”
n-Si =
SIGMA-ALDRICH

Au geri temas Brilliant mavisinin molekiiler yapisi

Sekil 2.1. Metal/Organik molekiil/n-Si yapisinin sematik gdsterimi.

Aygitin akim-voltaj Ol¢iimlerinden elde edilen grafiklerden, hetero yapinin
dogrultucu ozelligi incelendi ve engel yiiksekligi ve idealite faktorii gibi Onemli
elektriksel parametreleri belirlendi. Ek olarak Cheung ve Norde fonksiyonlar
kullanilarak bu iki deger yeniden hesaplanip sonuclarin dogrulugu kontrol edildi ve
diyotun seri direnci hesaplanmistir.

Ikinci asamada optoelektronik uygulamalar agisindan degerlendirebilmek igin,
akim-gerilim Ol¢timleri farkli 151k siddetleri altinda alindi. Bu dlglimler yardimiyla, 151k
duyarliligi, 151k algilamasi, 1s1k tepkisi, lineer dinamik araligi gibi fotodiyot
parametreleri belirlenmistir.

Foto akimimin karanlik akima oranmi 151k duyarliligi olarak tanimlanir. Yine
Lineer dinamik aralik (LDR) 6nemli bir 6zelliktir ve fotodiyotlar i¢cin 6nemli belirleyici
bir degeridir. Fotodiyotun 151k duyarliligt 6zelliginin nicel analizi, fotoakimin
aydinlanma giiciine olan bagimlilig1 incelenerek belirlenebilir. Fotodiyotun, gelen 1s1k

siddetinin bir fonksiyonu oldugu saptanmaistir.
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2. BULGULAR VE TARTISMA

Bu tez kapsaminda sunulan c¢aligmada, daha Once kullanilmamis bir organik
boyar madde yardimiyla, Au/n-Si heteroeklemin performansinin degisimi incelenmistir.
Sekil 3.1 karanlik ortamda oda sicakliginda yapilan akim-voltaj Olgiimlerinin
grafikleridir. Bu grafikte ters beslem akiminin zayif bir voltaj bagimliligi gosterdigi,
dogru beslem akimin ise gerilim ile eksponansiyel olarak arttigi goriilmektedir.
Araylizey igeren ve igermeyen her iki Ornek de dogrultucu ozellik gostermistir.
Dogrultma orani arayiizey igeren drnekte daha yiiksektir. idealite faktorii (n) ve engel
yiiksekligi (@b) Ag/n-Si ve Ag/BB/n-Si 6rnek igin sirasiyla 1.50, 1.36 ve 0.74, 0.83 eV
olarak hesaplanmistir. Heteroeklem arayiizeylerinden kaynaklanan ideal olmayan
davraniglar gosterir. Sonu¢ olarak, elde edilen sonucglar bariyer yiiksekliginin BB
organik boyar maddenin ince film araylizey tabakasi tarafindan degistirile bilirligini, ve

modifikasyonun olabilirligini ortaya koymustur.
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Sekil 3.1. Ag/n-Si ve Ag/BB/n-Si aygitlarinin yarilogaritmik I-V grafikleri.

Sekil 3.2. 15181n ¢esitli aydinlatma yogunluklari altindaki heteroeklem aygitin |-
V karakteristigi lizerindeki etkisini gostermektedir. Sekilde, aydinlanma siddeti arttikga



ters beslem foto akiminin arttigr goriilmektedir. Bu durum foto akimin gelen 1s181n
enerjisinin sogurulmasi sayesinde tasiyici tiretimi yoluyla olustugu anlamina gelir.
Bununla birlikte farkli aydinlatmalar altinda 1-V Olglimleri alinmis, cihazin 1s13a
duyarlilik 6zelliklerini anlamak i¢in bazi fotoelektriksel parametreleri hesaplanmaistir.

Aygitin optik sensor veya fotodiyot gibi optoelektronik uygulamalarda kullanilabilecegi

dogrulanmuistir.

Sekil 3.3. cihazin 151k algisinin gerilimin fonksiyonu olarak degisimini gosterir.
Isik responsu 0.3 V degerinden sonra stabil kabul edilebilir. En biiyiik 151k duyarliligi en
yiiksek 151k siddeti olan 100 mW/cm? aydinlanma sartinda 2.75x10° A/mW olarak elde

edilmistir.
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Sekil 3.2. Ag/BB/n-Si heteroeklemin farkli 151k siddeti altinda In(I)-V grafikleri.
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Sekil 3.3. Ag/BB/n-Si heteroeklemin farkli 1s1k siddeti altinda R-V grafikleri

Bu arastirmanin 0zgiin degeri ve bilimsel agidan Onemi asagidaki sekilde
vurgulanabilir:

(i) Bu calismada incelenmesi hedeflenen organik arayiizey kullanilarak
dogrultucu kontak {iretilebilirligi, ve kontak karakteristiklerinin organik materyal
yardimiyla modifiye edilebilirligi, yar1 iletken aygit iiretimi agisindan ¢ok biiyiik 6neme
sahiptir. Bununla beraber, birden fazla sayida sistematik olarak firetilip, incelenecek
olan organik/inorganik yariiletken eklemlerin akim-volta; Olgiimleri beklentiler
dogrultusunda sonuglanmis ve optoelektronik aygit {retimine elverisliligi rapor
edilmistir.

(if) Bu galismanin birincil 6nemi segilen organik boyar maddenin elektronik
aygit performansini iyilestirmesine iliskindir. Organik boya maddesinin (brilliant
mavisi) Schottky tipi kontaklarda arayilizey elemani materyali olarak kullanip, bu
kontaklarin dogrultucu ya da omik Ozelliklerini incelemesi ve akim-voltaj (I-V) ve
kapasitans-voltaj/frekans (C-V/C-F) ol¢iimleri ve grafikler yardimiyla dogrultucu
ozellik gosterdigi ortaya koyulmustur. Daha Once araylizey elemani olarak
kullanilmamis olan bu organik boyar madde ile elektronik 6zelliklerin iyilestigi organik

arayiizey icermeyen referans aygit ile karsilastirmali olarak gdsterilmistir.
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(iii) Bu galismanin ikincil 6nemi seg¢ilen organik molekiil ile dogrultucu elde
edildikten sonra, farkli aydinlanmalar altinda {iretilen aygitlarin 151k duyarliligina ve
fotodiyot ozelliklerine iligkindir. Elde edilen bulgular yardimiyla, organik arayiizey
filmin fotodiyot parametrelerine etkileri deneysel olarak ortaya konmustur. Ayrica 1s1k
algis1 beklenen Ol¢iide oldugu belirlendiginden, iiretilen aygitin farkli optoelektronik

uygulamalar i¢in iyi bir aday oldugu rapor edilmistir.

3. SONUC

Parlak mavi boyar maddesinin bir elektronik aygitin metal yariiletken
araylizeyinde ilk defa kullanilmasi tezin temel o6zgilinliigiinii olusturmaktadir. Bu
calismada elde edilen bulgular parlak mavi organik boyar maddesinin {iretilen
heteroeklemin elektriksel parametrelerini iyilestirdigini ve bu parametrelerin organik
araylizey ile modifiye edilebilirligini gostermistir. Ayrica, 151k altinda yapilan 6l¢iimler
sayesinde aygitin diisiik beslem degerlerinde duyarlilifa sahip oldugu goriilmiistiir. Ek
olarak, aygitin 1sitk duyarliligint ve optoelektronik uygulamalarinin olasiligini
arastirmak i¢in yapilan analizlerde, kullanilan aygitin yeterince 151k duyarliligina sahip
oldugu ve optoelektronik teknolojisinde fotodiyot yapiminda kullanilabilecegi rapor

edilmistir.
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