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ABSTRACT

THE INVESTIGATION OF THE EFFECT OF METAL TYPE ON THE
ELECTRICAL PROPERTIES OF HYBRID STRUCTURE BASED ON
FUNCTIONAL DYE

OMARBLLI, Sabiha Abdullah
M. Sc. Thesis, Department of Physics
Supervisor: Assoc. Prof. Dr. Arife GENCER IMER
January, 2020, 81 Pages

In this thesis, the effect of phenol red an organic interlayer in a metal
semiconductor diode with different metal top contact was studied using various
methods. The performance of the diodes was evaluated by examining the current-
voltage (I-V) and capacitance-voltage (C-V) measurements at room temperature using
thermionic emission, Norde and Cheung-Cheung methods in calculation. The electrical
parameters such as barrier height @&y, ideality factor n, and series resistance Rs were
determined using the 1-V measurements of the diodes. The effect of metal type (M=Ag,
Cu, Ni, Pd, Sn) on the electronic parameters has been investigated and compared with
each other. The obtained results show that all the devices with and without the organic
interlayer have rectification behavior. The barrier height values of the devices increases
with inserting the organic layer. The highest value of barrier height was 0.738 eV with
the Sn metal and the lowest value was 0.600 eV with Ni metal were obtained by I-V
measurements.

C-V measurements were used to obtain electrical parameters of fabricated
devices. This measurement showed that the organic thin film has been enhanced the
electrical properties of the diodes, and these results were agreement with the results
obtained from other methods. The obtained results showed that the electrical properties
of devices are strongly dependent on the metal type, and presence of interfacial layer.
Thus, the modification of these parameters, and increment of the device performance

are possible, by using appropriate metal and the organic interfacial layer.

Keywords: Electrical properties, Fenol red, Metal work function, Organic

interfaces.






OZET

ORGANIK BOYA TABANLI HiBRiT YAPININ ELEKTRIKSEL
PARAMETRELERINE METALIN iS FONKSIYONUNUN ETKIiSININ
INCELENMESI

OMARBLI, Sabiha Abdullah
Yiiksek Lisans Tezi, Fizik Anabilim Dal
Tez Danismani: Dog. Dr. Arife GENCER IMER
Ocak, 2020, 81 Sayfa

Bu calismada, farkli is fonksiyonuna sahip bes ayr1 metal ile organik bilesenli
metal-yariiletken aygitlar tiretildi. Metal ile yariiletken arasina kaplanan fonksiyonel
organik boyar fenol kirmizisi araylizey tabakasinin aygit performansina etkisi incelendi.

Uretilen  aygitlarin ~ performans1  akim-gerilim  ve  kapasitans-gerilim
grafiklerinden elde edilen verilerin termiyonik emisyon, Norde ve Cheung
denklemlerinde kullanilmasi ile incelendi. Diyotlarin elektriksel 6lgiimlerine dayanarak,
bariyer yiiksekligi, idealite faktorii n ve seri direng gibi parametreler hesaplandi. Metal
tipinin (M = Ag, Cu, Ni, Pd, Sn) elektronik parametreler {izerindeki etkisi incelenip ve
birbirleri ile karsilastirildi. Elde edilen sonuglar, organik arayiizey iceren tiim aygitlarin
dogrultucu o6zellige sahip oldugunu gosterdi. Organik tabakanin yerlestirilmesiyle
aygitlarin engel yiiksekligi degerleri artmistir. En biiylik engel ytiksekligi degeri Sn
metali ile (0.738 eV), en diisiik engel yiiksekligi degeri Ni metali ile (0.600 eV) elde
edildi.

Uretilen diyotlarin elektronik parametreleri C-V 6lciimleri ile hesapland.
Organik ince film katmanin diyotlarin elektriksel 6zelliklerini iyilestirdigi tespit edildi.
C-V'den elde edilen sonuclar diger yontemlerden elde edilen sonuclar1 dogruladi. Elde
edilen bulgular, aygitin elektriksel ozelliklerinin metal tipine ve arayiizey varligina
bagimli oldugunu gosterdi. Arayiizey yardimiyla bu degerleri ayarlamanin ve aygit

performansini iyilestirmenin miimkiin oldugu rapor edildi.

Anahtar kelimeler: Elektriksel 6zellikler, Fenol kirmizisi, Metal is fonksiyonu,
Organik araylizey.
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AE, Activation energy for charge carriers
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1. INTRODUCTION

Organic materials with attractive electronic and optoelectronic properties are in
high demand for functional electro-optical device applications. Research on synthetic
polymer and organic small molecules has gained a great deal of attention due to their
potential applications such as low cost, ultra-thin, and flexible products, and it is
expected to have a revolutionary role in modern day life.

Organic electronics are rapidly evolving field with enormous number of
applications having high possibility for commercial profits. Electronic devices based on
organic materials can be fabricated by simple processing techniques for the
investigation in academic and industrial laboratories, because of the ability to mass
production of flexible devices. organic semiconductor materials are favored, because
they allow for a low cost of device fabrication and the use of flexible substrates.
Organic devices also possess transparent advantages and light weight compared to
silicon-based devices. These organic compounds are being developed for improved
resistance to thermal and environmental stresses, which is one of the major challenges
in the field, encompassing interdisciplinary research areas. These devices are good
candidate for next generation electronics with energy-efficient security systems,
sensors, photonics, and spintronic memories.

Organic electronic devices still need further optimization to fulfill the
requirements for successful commercialization. For many applications, available
organic materials do not provide satisfactory performance and stability, which hinders
the possibility of a large-scale production. Therefore, the key ingredient needed for a
successful improvement in stability and performance of organic electronic devices is in-
depth knowledge of physical and chemical properties of molecular and polymeric
materials. Since many applications consist of several thin film layers made of
inorganics, and organic materials, the understanding of both organic and organic hybrid
interfaces is still another important issue, necessary for the successful development of

organic electronics devices.
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In this thesis, the role of interfacial layer of an organic dye, which is inserted in a
metal-semiconductor diode with different top contact metal work function are studied in
order to investigate the effect of the organic interfacial layer on the performance and
electrical properties of the diodes. The treatment is performed using spin coater for
inserting the solution of the organic dye, and thermal evaporator method was used for
forming back contact, also front contact electrodes. Several calculation methods like I-
V, C-V, Norde’s and Cheung-Cheung’s functions are used to verify and prove the

results, which show the performance and the electrical properties of the diodes.



2. LITERATURE REVIEW

Walter Schottky, (1886-1976), a German physicist discovered an irregularity in
emission of thermions in vacuum tube, now known as Schottky effect in 1914. He was
one of the first to point out the existence of “electron and holes” in the valence band
structure of semiconductors. In 1938, he developed a theory that explained the
rectifying behavior of metal-semiconductor contact as dependent barrier layer at the
surface of contact between the two materials. The metal semiconductor diodes later
built on the basis of this theory and it is called Schottky barrier diodes (Sze and Ng,
2006).

The discovery of electrical conductivity in organic materials, is resulted in a
wide field for researching in a material science that previously was thought to be
insulating materials, in this field. Organic Schottky barrier diodes are imperative for a
wide range of electronic and optoelectronic industry applications used in the devices. Its
properties make it be used in many applications including organic photovoltaic devices,
organic light-emitting diodes (OLEDSs), organic field effect transistors (OFETS), organic
solar cells and etc....

In recent years, organic semiconductors showed great development to use as a
commercial alternative to traditional inorganic materials. In 1977, the first highly
conducting polymer chemically doped polyacetylene was discovered, which improved
that polymer could be used as electrically active materials, this result leads to huge
research efforts on conjugated organic materials, and in 2000, the noble prize in
chemistry was awarded to Alan J. Heeger, Alan G. McDiarmid and Hideki Shirakawa
for “The discovery and development of conductive polymers (Stella, 2009).

Therefore, the key ingredient needed for a successful improvement in
performance and stability of organic electronic devices is in depth knowledge of
physical and chemical properties of molecular and polymeric materials. Since many
applications encompass several thin film layers made of organics, and often also
inorganic materials, the understanding of both organic inorganic hybrid interfaces is yet

another important issue necessary for the successful development of organic electronics.
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(Chankaya and Uchar, 2004) fabricated metal/p-Si schottky diodes with different
metals (Mn, Cd, Al, Bi, Pb, Sn, Sb, Fe and Ni) as top contacts, by using thermal
evaporation method. They reported that the Schottky barrier diodes weakly depend on
the work function of the contact metal and the Fermi level is pinned at about 0.661eV
below the condition band. The value of ideality factor which they calculated using 1-V
measurements was in the range of 1.057 to 1.831 and the values of barrier height were
in the range of 0.567 eV to 0.854 eV.

Yakuphanoglu and Senkal, 2007) investigated the electrical properties of
AI/PANE/SI diodes with Polyaniline as an organic interlayer. They calculated the
ideality factor and barrier height of the diodes by using I-V and C-V measurements, the
values that they found was 2.89 and 0.85 eV for ideality factor and barrier height
respectively

(Aydin and Yakuphanoglu, 2007) prepared Al/FSS/p-Si diode with fluorescein
sodium salt as an organic interlayer. They used I-V measurements to investigate the
electrical properties of Ag/FSS/p-Si diode. They reported that the diode showed
rectifying behavior and indicated a non-ideal 1-V behavior with an ideality factor higher
than the unity. Also the ideality factor decrease with increase of temperature and barrier
height increases with increasing of temperature, the barrier height value of the diode
was 0.92 eV and 0.75 eV from C-V and |-V measurements respectively.

Zubair Ahmad et al. (2008) fabricated and studied the electrical properties of
Au/methyl-red/Ag surface type Schottky diode. They used I-V measurements to
calculate barrier height and ideality factor of diodes, and they reported that the diode
showed good rectifying behavior.The values of barrier height were 0.254 eV and 1.93
for ideality factor by using I-V characteristics and by using cheungl and Cheungll
calculation, they found 0.26 eV for barrier height and 1.89 for ideality factor meanwhile
the series resistance were calculated was 1.1kQ.

Yakuphaoglu (2008) investigated the electrical properties of Al/p-Si/DB6MEH
diode. He used I-V and C-V measurements to calculate the ideality factor, barrier height
and series resistance through 1-V and Cheung-Cheung methods. The value of ideality
factor was 1.92 and the value of barrier height was 0.93 eV and 0.75 eV from C-V and



5

I-V measurements, respectively. The value of series resistance was 19.55 kQ and 20.44
kQ from dV/dInl vs I and H (1) vs | plots, respectively.

Yakuphaoglu et al. (2008) investigated the electrical properties of Al/p-type
silicon phthalocyaninato cobalt (II) organic diode by I-V and C-V characteristics. They
calculated the electrical parameters such as ideality factor, barrier height and series
resistance of Al/p-Si/CoPc contacts, and the values were 1.33 for ideality factor and
0.90 eV for barrier height which was higher than the barrier height value of Al/p-Si
Schottky diode, the value of series resistance was 314.5 kQ.

(Gullu and Turut, 2009) used (phenolsulfonphthalein=PSP) as an organic
interlayer in fabricating Al/p-Si diode. In their work, they used I-V characteristics to
calculate the ideality factor n and barrier height @, for the diodes with and without
(PSP) organic interlayer. The values of ideality factor and barrier height were 1.45 and
0.81 eV for Al/PSP/p-Si diode, respectively, and the value of barrier height for Al/p-Si
was 0.50 eV. They also calculated the interface-state density of the MIS diode which is
varied from 3.00x10™ to 2.99x10" eV cm™,

Gullu et al. (2009) prepared Al/p-Si Schottky diodes with and without organic
Congo Red (CR) interlayer. They used spin coating method to form an organic thin film
of (CR) on p-Si semiconductor wafer. By using I-V characteristics, they calculated the
ideality factor and the barrier height of the diodes which were 1.68 and 0.77 eV,
respectively for organic interlayer diodes. They reported that the barrier height value of
the diodes with organic interlayer is greater than the value of the diodes without organic
interlayer which is 0.50 eV, and the MIS devices showed a good rectifying behavior and
the (CR) organic interlayer increased the effective barrier height value by influencing
the space charge region of Si.

Kim et al. (2010) fabricated organic Schottky diodes by printing process. The
organic material was P3HT with different thickness 30 nm and 100 nm. The electric
characteristic of the diodes was with an input voltage of 20 ,.,, the output characteristics
showed DC 5.3 V at 100Hz and DC 3.2 V at 1MHz. They reported that the output
voltage decreased more drastically in the thicker diode than the thinnest diode when the

frequency is increased.
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Verma et al. (2010) studied the relation between work function of two different
top contact metals of Schottky diodes and barrier height value of them. They fabricated
Schottky diodes by depositing 100 nm thickness of gold and platinum metals on n-type
Si wafer by using e-beam evaporation method. The I-V characteristics showed that the
barrier height of the diodes depends linearly on the work function of the metals, and
there is very weak dependence of Schottky barrier height on metal work function, the
ideality factor was found as 1.33 and 1.58 for gold and platinum, respectively.

(Gullu and Turut, 2010) prepared AlI/OG/p-Si MIS diodes with and without
(Orange G=0G) organic dye as an interfacial layer by spin coating method they
deposited thin film on p-Si semiconductor. They reported that the MIS has a good
rectifying behavior. By using I-V measurements they calculated the ideality factor and
barrier height of the Al/OG/p-Si diode, and the values were 1.73 and 0.77 eV for
ideality factor and barrier height, respectively. Where the value of barrier height was
0.50 eV for diode without organic OG interlayer.

Gullu et al. (2012) fabricated Cu/n-InP Schottky junction with organic dye (PSP)
Phenol red by using solution cast process. They used I-V measurements to measure the
barrier height value of the diode which was 0.82 eV, and by using C-V measurement the
diffusion potential and the barrier height have been calculated 0.73V and 0.86 eV,
respectively.

Karadeniz et al. (2013) prepared Al/p-Si diodes with and without rubrene layer
deposited by using spin coating method. By analyzing the I-V and C-V measurements at
room temperature they calculated the basic parameters such as ideality factor, barrier
height and series resistance of the diodes with and without rubrene interlayer. The
values of ideality factor were 1.51 and 1.22 calculated from I-V measurements for Al/p-
Si with and without rubrene interlayer, respectively. The estimated barrier height was
found to be 0.649 eV and 0.771 eV for the diodes with and without rubrene layer,
respectively. The value of barrier height calculated from C-V data for Al/p-Si with
rubrene layer was 0.820 eV, which is higher than the value from I-V measurements.

Yuksel et al. (2013) prepared Au/PMI/p-Si Schottky barrier diodes with
perylene mono imide (PMI) organic interlayer. They calculated the electrical parameters

such as ideality factor, barrier height and series resistance of the diodes by using I-V
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characteristics by 1-V and Cheung-Cheung methods for calculation and the values of
ideality factor, barrier height and series resistance of diode at room temperature was
found to be as 3.53, 0.567 eV and 188.2 Q, respectively.

Yildss et al. (2013) fabricated ITO/PEDOT:PSS/Poly ((9,9-dioctylfluorene)-2,7-
diyl(2-dodecyl-benzo[1,2,3]-triazolle))(PFTBT)/Au devices. They used I-V and C-V
measurements to calculate the electrical parameters such as ideality factor, barrier
height and series resistance of the diode by using Norde and Cheungs methods. The
values of ideality factor, barrier height and series resistance was 3.8, 0.711 eV and
19.267 kQ, respectively.

Tasgioglu et al. (2013) investigated the effect of metal work function on the
formation of barrier height at metal-semiconductor MS interface. They prepared
CdS/SnO,/In-Ga structures with different metal contacts Al, Ag, Te and Au. By using I-
V characteristics at room temperature they calculate the main electrical parameters such
as ideality factor n, reverse-saturation current ls, Zero-bias barrier height &, series
resistance Rs and shunt resistance Rsy,. They reported that the barrier height weakly
depends on the choice of the metal work function, the values of barrier height of each
metal was 0.489 eV, 0.490 eV, 0.583 eV and 0.591 eV for metal contacts Al, Ag, Te,
and Au, respectively.

Al Oariny (2014) fabricated Al/p-FSS Schottky diode with Fluorescein Sodium
salt as an organic interlayer. He analyzed the 1-V and C-V measurements to calculate the
electronic parameters such as barrier height, ideality factor and series resistance of the
diode. The values were 0.305, 0.72 eV, 7.73 kQ for ideality factor, barrier height and
series resistance, respectively.

Hyung-JoongYun et al. (2015) prepared Al/p-Si diodes with pristine and 5wt%
sorbitol-doped organic PEDOT: PSS interlayer. They reported that the value of barrier
height for the diodes with pristine and sorbitol-doped PEDOT: PSS was higher
compared to the value of barrier height of conventional Al/p-Si, because of the
modification of the effective of barrier height by the organic interlayer.

Kirsoy et al. (2015) fabricated Au/P3HT/n-GaAr Schottky diode. They
investigated the electrical properties of the diodes at room temperature. By using

current—voltage method they determined the electrical properties. The value of ideality
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factor was found as 2.45 and barrier height value was 0.85 eV. They concluded that the
diode exhibits non-ideal current-voltage behavior, and the electrical parameter of the
diode is higher than the Au/n-GaAr schottky diodes, and it shows rectifying behavior.

Al-Ta’ii et al. (2015) fabricated AI/DNA/p-Si/Al Schottky diode by using
deoxyribonucleic acid (DNA) as organic interlayer. By using I-V measurements and
Cheung-Cheung and Norde methods to calculate ideality factor and barrier height for
Al/p-Si/Al with and without DNA interlayer. They demonstrated the effect of alpha
irradiation on AI/DNA/p-Si Schottky diodes by investigating its current-voltage
characteristics, the diodes exposed for different periods (0-20 min) of irradiation. They
reported that the value of ideality factor was varied between 9.97 and 9.57 and barrier
height value increases dramatically after 24hr of exposure, this increase is due to the
DNA oligonucleotides ability to resist the alpha radiation.

Gullu and Turut, (2015) prepared Cu/DNA/n-InP MIS Schottky diodes. They
prepared Cu/n-InP with and without DNA organic interlayer by evaporating in vacum
method. By using I-V characteristics they determined the ideality factor value as 1.08
and the barrier height value of the diodes with DNA interlayer 0.7 eV and 0.48 eV
without DNA interlayer, the diodes showed a good rectifying behavior.

Gullu (2016) prepared Ag/MV/p-InP semiconductor diodes with and without
Methyl Violet organic interlayer. He used |-V and C-V characteristics to calculate the
electrical parameters such as ideality factor and barrier height for the diodes. The value
of ideality factor was 1.21 and the value of barrier height was 0.84 eV and 0.64 eV for
Ag/p-InP with and without (MV) organic interlayer respectively. He reported that the
organic interlayer increased the effective barrier height by influencing the space charge
region of inorganic semiconductors.

Sekhar Reddy et al. (2016) investigated the electrical properties of Ti/p-type InP
Schottky diodes with and without polyaniline (PANI) interlayer. Norde and Cheung
calculation methods were used to calculate ideality factor and barrier height by using I-
V and C-V measurements. The values that founded for ideality factor was 1.72, 1.42 for
Ti/p-type InP diodes with and without PANI interlayer respectively and the barrier
height values was 0.83 eV, 0.66 eV for the diodes with and without PANI interlayer,

respectively.
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Basman et al. (2016) prepared Ag/POEMO/p-Si Schottky diodes with [4-(prop-
2-yn-1-yloxy) phenyl] ethanone-O-methacryloyloxime (POEMO) as organic interlayer.
They used I-V characteristics to calculate the electrical parameters such as ideality
factor, barrier height and series resistance by 1V, Cheung and Cheung methods. The
values of ideality factor, barrier height and series resistance were 2.81, 0.70 eV and 2.24
kQ, respectively. They reported that the value of barrier height of Ag/p-Si with organic
interlayer is larger than the value of barrier height without organic layer which was 0.64
eV.

Sekhar et al. (2016) fabricated Ti/p-type InP Schottky diode by using polyaniline
(PANI) as organic interlayer and without it. Evaporation method was used to deposit
20nm thickness of PANI and 40 nm thickness of Ti. I-V and C-V measurement were
used to determine electrical parameters at room temperature. The results of barrier
height of Ti/p-type InP Schottky diodes with and without PANI interlayer were 0.8 and
0.64 eV, respectively. The value of ideality factor with and without PANI was 1.72 and
1.49, respectively. Both devices showed hight leakage current in the reverse bias region
resulted poor rectification behavior. Series resistance that they founded with and
without PANI was 14 kQ and 37 kQ, respectively. They compared between the two
diodes, and barrier height in Schottky diode with PANI interlayer was higher than
without PANI interlayer. The inserting of the PANI interlayer leads to the reduction of
the interface state density in the Ti/p-type InP Schottky diode.

Imer et al. (2016) fabricated organic-inorganic heterojunction by inserting an
interlayer with three different thicknesses on the p-Si substrate. By spin coating method,
the DMY thin film with different thickness was deposited on to the p-Si. Using I-V
measurement at room temperature to investigate the electrical and photoelectrical
properties of the devices was analyzed as a function of incident light intensity via solar
simulator. C-V and G-V data were also used to calculate the electrical and
photoelectrical properties. Thy reported that the &, value of all heterojunction is higher
than energy barrier of traditional Al/p-Si Schottky diodes and the ideality factor of all
the devices was greater than one. The devices have strong response to the incident light
intensity, and the fundamental electrical parameter can be controlled with the thickness

of the interfacial layer at the MS interface.
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Mohamad et al. (2017) prepared a metal-organic—-metal (MOM) type Schottky
diode based on poly (triarlamine) (PTAA) thin film. The (PTAA) thin film was
deposited on ITO by spin coating method about 100 nm thicknesses then about 150 nm
thickness of Al metal was deposited on the thin film by sputtering technique. They
measured frequency dependent conductance G-f and capacitance C-f, the frequency
range varies (12 Hz-100 kHz), and various bias voltage from (0.2-5.0)V with an
oscillating wave at room temperature. They reported on the frequency dependent
characteristics of the Schottky diode that both capacitance and conductance are sensitive
with frequency and bias voltage in which conductance increases as the frequency
increases.

Moreover the capacitance is dependent on the frequency up to certain value of it
100 Hz after that decreases at high value of frequency (1-10 KHz). The interface density
in Schottky diode determined by G-V and C-V characteristics are almost constant about
2.8x10 eV .cm?, and it slightly decrease by increasing frequency.

Shkir et al. (2017) used phenol red organic dye to fabricate thin films with
different thicknesses as 50, 84 and 91 nm. They studied the optical characteristics of the
deposited thin films, UV-Vis-NIR absorbance, transmittance and reflectance spectra
measurement were recorded. They reported that thin films showed amorphous nature in
X-ray diffraction analysis, and the values of energy gap, refractive index, and dielectric
constant vary with thickness of the thin film. The nonlinear optical constant such as: ",
% and n, are changed with the thickness of the films, which are in the range of 0.3-1.8,
0.0089x10°-1.55x10"° esu and 0.003x108-1.22x10® esu. They suggested that it is a
good contender to be used in optoelectronic applications.

Akkaya (2018) was fabricated Au/n-GaAs devices with and without organic
interface layer (Methylene blue). He used n-type LEC GaAs wafer Te - doped with
doping concentration 2-5x10*"cm™. Ohmic metal contacts of Au-Ge alloy deposited by
thermal evaporation method with thickness of 200 nm, a thin film of MB was deposited
on the wafer by spin coating method with thickness of 12.8 nm, and the high purity Au
metal was deposited by rapid thermal evaporation method through molybedenum
shadow mask with a thickness of 30 nm. All the electrical measurements were applied

at room temperature and in dark by using I-V measurements. He reported that the
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forbidden band gap of MB film was 1.62 eV and barrier height values were recorded
0.95+0.008 eV and 0.782+0.005 eV with and without MB interlayer respectively. He
pointed to that this increasement in barrier height is due to the MB layer, also this MB
layer between Schottky metal and GaAs affects the current transportation mechanism at
high reverse bias region, and the interface state density values of the Au/MB/GaAs

devices were lower than that of Au/GaAs device because of organic dye layer.






3. THE PHYSICS OF ORGANIC SEMICONDUCTORS

3.1. Introduction

At the beginning of 21% century, we are facing a new electronics revolution that
has become possible due to the development and understanding of a new class of
materials, commonly known as organic semiconductors. There are two major classes of
organic semiconductors, polymers and low molecular weight materials. The properties
of organic materials depend sensitively on the atomic structure of the molecule and the
morphology of the materials. Before introducing appropriate methodologies to deal with
the dynamic,_electronic, and charge transport properties in such materials, it is necessary
to understand the basic aspects about how the molecular structure are constituted, and
how chemical bonding such as m-system of organic electronic molecules is formed
(Radke, 2011).

The charges transport through an organic semiconductor dose not depends only
on the nature of the molecular conjugation systems but also on the deformation of the
molecular architecture. In this chapter presents of rudimentary introduction to the
chemical physics of the organic semiconductors, which represent the basis for
understanding the electronic properties of the organic electronic devices. The
discussions of this chapter are based on the Refs (Radke, 2011), Podzorov et al. (2004),
Coropceanu et al. (2007), Brédas et al. (2002), Valeev et al. (2006), Thorsmelle et al.
(2009).

3.1.1. Materials of organic semiconductor

Organic semiconductors are a field of organic materials that include
hydrocarbon molecules with a backbone of carbon atoms, which shows desirable
electrical conductivity properties falls between insulators and metals. The attractive
properties of these materials include their electrical conductivity that can be varied by
the changes of temperature, optical excitation and concentration of dopants relative to

metal materials, they have mechanical flexibility, and thermal stability.
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Organic materials are divided into two main categories, polymers and small
molecular materials (Stella, 2009). Chemically there is a big difference between these
two kinds of organic materials. Polymeric are macromolecules constructed by the
repetition of a fundamental unit known as monomers, which are soluble in organic
solvents, hence small molecules are in some cases named molecular materials, are
constructed of small molecules and can be divided in to sub groups include Monomers,
Dimers, Oligomers and Pigments, which are not soluble in organic solvents, the other
sub group is dyes which are soluble in organic solvents (Al-Ghamdi, 2009).

There are significant difference between the processing of semiconducting
polymers and small molecule of organic semiconductors, polymers can be solution
processed, for example molecules being spin-coated from a solution of appropriate
organic solvents, while small molecule materials are quite often insoluble and mostly
are thermally evaporating (Stella, 2009). Within the framework of this chapter, it will

focus on small molecules, the second class of organic materials.

3.1.2. Chemical bonding in organic molecules

The organic materials are composed mainly of carbon atoms more than of the
other elements because of the ability of carbon atoms to bond together to form a wide
range of chains and rings (Carey and Sundberg, 2007).

The atomic orbital model shows the probability of finding an electron around the
atoms nucleus, and it gives the basic fundemental bulding blocks of the atomic orbital
model. The two most interesting kind of atomic orbitals in organic electronics are the s
orbitals, which are sphere shaped, and the p orbitals, which resemble dumbbells with
their two ellipsoid shaped lobes that are separated by a nodal plane at the nucleus
(Figure. 3.1)
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Fig. 3.1. lllustrations of an s orbital (left) and a p orbital (right), Dey et al. (2015).

The electrons in the outermost shell, the so-called valence electrons, determine
the chemical, electrical, and optical properties of materials. They also participate in the
formation of chemical bonds with other atoms, Dey et al. (2015).

The electronic configuration of carbon atom is 1s* 2s* 2py 2p,,, which means
that two electrons are in 1s shell and four valence electrons are in 2s and 2p subshells
which are avilable to form chemical bonds (Stella, 2009, Nassajy, 2015). The subshell
2p consist of three orbitals 2py, 2py and 2p,, this 2p subshell holds up to six electrons but
in carbon atom only two electrons are in this subshell, which means that four of the
valence electrons residing in 2s and 2p levels, which can be denoted as 2s* and 2p?
respectively (Braun, 2007).

In order to understand electronic configuration in different compounds
involving carbon, the theory of valence orbitals hybridization is used. Hybrized orbitals
are assums that, one s electron is ascend to the last free p orbital, thus four singly
occupied valence orbitals obtain. The numbers of p orbitals which used in the
hybridization process defines the type of polymer and many of chemical and structural
properties (Carey and Sundberg, 2007),

Both kinds of organic materials polymers and small molecules have in common
a conjugated m-electron system formed by p, orbitals of sp? hybridized carbon atoms in
the molecules, (Figure 3.2) (Briitting, 2005).
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Figure 3.2. Left: - and -bonds in ethene, as an example for the simplest conjugated
-electron system. The right viewgraph shows the energy levels of a w -
conjugated molecule. The lowest electronic excitation is between the
bonding m -orbital and the antibonding = *-orbital (Briitting, 2005).
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bonding orbitals

When one s orbitals mixes with three p orbitals, three hybridization orbitals are
possible: sp*, sp? and sp® for carbon atoms (Nassajy, 2015). In (Figure 3.3) ascheme
explains the concept of hybirdization. The new orbitals are linear combinations of the
pairing electrons in the atomic carbon orbitals to form different chemical bonds and
minimise the total energy of the formed compound (Braun, 2007). Each sp® type hybrid
orbitals consist of two lobes of different size, four large lobes are orinted towards the
corners of a tetrahedral structure with angles of 109.5°, when carbon atoms are bonded
in such arrangement each of them has four neighbors and this configuration can be
found in methane. Another type of hybridization is, when one s and two p atomic
orbitals hybridized, the three hybrids are span in the plane and oreinted at angles of
120°, to one another and contains one electron each. The remining electron resides in
unhybridized p orbital oreinted perpendicular to the plane of sp® orbitals, the structure of

ethylene is presented as an example of this hybridized configuration.
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Figure 3.3. Carbon orbital (a) sp*, (b) sp? and (c) sp hybridizations (Nassajy, 2015).

When two atoms of carbon are bound through hybridized orbitals like ethane
moleucle as an example, the bonding picture according to valence orbital theory, both
carbon atoms are sp>-hybridized, which means that both have four bonds arranged with
tetrahedral geometry. The carbon-carbon bond is formed by overlaping of one sp®
orbital form each of the carbon atoms, while the six carbon-hydrogen bonds are formed
by overlaping between the remining sp* orbitals on the two carbon atoms and the 1s
orbitals of hydrogen atoms, these bonds are known as sigma bonds and denoted as o.
Because they are formed from the end-on-end overlaping of two orbitals, so they are

symmetrical about the axis joining the two nucleies (Figure 3.4) (Braun, 2007).

3K = &

Figure 3.4. Illustrations of sp* (left), sp? (center), and sp® (right) hybridized orbitals
(Dey et al. 2015).




18

A second bond, called a pi bonds and denoted as = is formed by the side-by-side
overlap of two unhybridized 2p, orbitals from each carbon and atom and geometrically
is perpendicular to the axis joining two nuclei, which does not have symmetrical
symmetry and prevents the rotation of the atoms along the sigma bonding direction.

These two typs of bonds differ significantlly by means of their strength, the ¢ or
single bond is the strongest type of covalent bonds with rotational symmetry about the
bond axis, while the  bond is usually weaker than ¢ bond and it is formed where two
lobes of residual 2p orbital of one atom overlap two lobes of the other parallel residual
2p orbital of the adjoining atoms, thus = bond have no rotational symmetry around the
bond axis. The ethylene molecule for example has one ¢ and m bond leading to a double
bond between the carbon atoms. The electrons in ¢ and  bonds some times are refered
to as o and m electrons (Nassajy, 2015). (Figure 3.4) As an example, for sigma and pi

bonds.

Figure 3.5. A scheme of pi and sigma bond in ethane.

3.1.3. Energy Bands in Orgnic Solid Semiconductor

Beside of various interactions that occurs between neighboring atoms such as
orbital hybidizations, when two atoms of carbon are brought together to interact, their
energy levels are siplitted, creating two different molecular energy levels, one with
lower energy than the original ones and another energy level with higher energy. Such
new molecular orbitals called linear combination of atomic orbitals, (LCAO) is an
approximation to calculate molecular orbitals, the even or symmetric combination is the

bonding orbital, while the odd or antisymmetric combination is called the antibonding
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orbital, the antibonding are denoted as o* and ©* orbitals for antibonding counterparts
(Nassajy, 2015). (Figure 3.5) shows the lower energy bonding orbitals and the higher
energy antibonding orbitals, here o bonds represent the lowest unoccupied molecular
orbital (LUMO), onwards are empty, and = bonds are represent the highest occupied
orbital (HOMO), are filled with two electrons of antiparallel spin. The diffrence

between (HOMO) and (LUMO) corresponding to the energy gap (EQ).
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Figure 3.6. The antibonding and bonding orbitals along with the electron energy level
configuration for the ethylene (Nassajy, 2015).

3.3. General Approach To Charge Transfer Mechanisms

Charge transport in organic semiconductors is a timely subject. There is quite a
range of charge transfer models based on the molecular picture that are employed to
describe charge transport in organic solids, such as models based on band transport,
polaronic models, and models that focus on the effects of disorder (Béssler and Kohler,
2011).

To understand the mechanisim of charge transport and conductivity in organic
semiconductors, its need to know information about, charge carriers types in organic

semiconductors, generation mechanism of charge carriers in organic semiconductors,
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recombination mechansim for charge carriers, and charge trapping processes and
transport conduction mechansim in organic semiconductors.

Charge carrier types and generation recombination mechansim are mentioned in
section 3.2. Energy band in organic solid semiconductors. Here is simply outline of the
main characteristics of the most popular models which used to explain transport

conduction mechanism models of charge carriers in organic semiconductors.

3.3.1. Hopping transport model of charge carriers.

Presumably in this model that charge carriers transport from location to another
by hopping (Figure 3.6a) clearly shows hopping of a charge carriers from molecule 1 to
molecule 2, this model is the prevalent mechanism in most organic compounds by
(cation-anion) charges, and the diffusion of the transporation happen by (oxidation —
reduction) reactions. In this model, the exchange of energy of the electrons is less
compared to the energy of the reaction of (electron-phonon), but more than differentiate
energy of phonons, and according to this model charge carrier can be trapped in any
location in the molecule and moving over the barriers between the molecules by
activating energy. It must be recognize between charge transport from one location to
another along the  bonds of the molucle and the transfer of the charge molecule chain
to another adjacent molucle chain see (Figure 3.6b) where the first type is more efficient
(Stella, 2009, AL-Ghamdi, 2009).

3.2.2. Quantum mechanical tunneling model.

In this model 7 electrons transfer from one moeclule to another adjacent
molecule by tunneling, it can be imagine that through two steps. First step is excitation
of single molecule by heat or light to form an electron in the first excitation level in the
lowest unoccupied molecular orbital LUMO leaving a hole in the highest occupied
molecular orbital HOMO which consist of energy levels, each level occupied by two
electrons. Second step represents transfer of charge carriers (electron or hole) by

tunneling through the energy barriers between molecules from the original molecule to
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the same energy level in the adjacent molecule (Shinar and Shinar, 2009, AL-Ghamdi,
2009).

3.2.3. Band energy transport model.

According to this model the charge carriers in the organic semiconductor which
have a mobility will get drift motion in the material depends on temperature through the
relation
uoc T with n = 1...3
Where 4 is the mobility of charge carriers, it is observed that beside of the weak
mobility of the charge carriers, its mobility is also dependents on the density of the

electrical field F through Poole — Frenkel formula.

1 = o exp(yNF)

Here, uo is the zero-field mobility, y is a field activation parameter and E denotes
electrical field (Béssler and Kohler, 2011, Coropceanu, 2007). Where the mobility of
charge carriers in organic semiconductors is often very little, about 102 cm™/V.s in
perfect chain of conjugated polymers as a sequence of molecular repeat units such as
liquid crystalline in Polyfluorene and arrives to 10® cm-%/V.s in (host-gust) conjugated
polymers systems such as dye doped Poly-vinylcarbazol. It is possible to increase the
mobility of charge carriers by applying an electric field E, also the mobility is increased
many orders when the molecules arrenged perfectly in the matter, so the single organic
molecule has the best performance because of its highest mobility, the mobility of
charge carriers decreased by defects or impurities (traps) (Braun, 2007). In this model of
charge carrier transfer the mean free path of the carriers must be greater than crystal
lattice constant, and the mobility of the carriers greater than 3W/kgT where W is band
width which must be greater than vibration energy of the lattice. For organic
semiconductors, W ~ 10 kT and a ~ 1 nm so that band transport occurs if  ~10 cm® V"
s In this model the prevailing exchange method of energy between the electrons
and crystal lattice is through (electron-phonon) reaction or through phonon dispersion
energy (Béssler and Kohler, 2011).
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Band transport model is used commonly to describe electrical conductivity of
semiconductors in general according to band theory, but in most more than one model
were mentioned is used to describe the mechanism of electrical conductivity of organic
semiconductors, generally the conductivity in most are exponential formula and
electrical conductivity applied as a function of temperature dependences of the

conductivity of the organic semiconductor and is given by the formula
o = g,e’Fa/kT (3.2)

Where o, is intrinsic conductivity of charge carriers, and AE, is activation energy for
charge carriers.

The simplified application of band theory suppose that AE, is equvalent to band
gap energy Eg, and this is true just for high purity materials, which have intrinsic
conductance, but in less purity material or materials which conatine dopants, traps or
defects, the value of AE, is relative to different casual conduction mechanism, also the
experimental values of AE for organic material depends on crystalline states beside of
the purity of the material, where the mobility is decrease by to orders at least because of
impurities or traps and defects (AL-Ghamdi, 2009, Ayala, 2013).
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Figure 3.7. Schematic of charge transport mechansims (a) charge carrier hopping
process between two moleculs(1) and (2), (b) Internal transmitting of charge
from one location to another in same molecule. (c) transmitting associated
with absorption Sp to S;, and fluorescence S; to Sy and inter system
transverse crossing process (ISC) S; to T1(AL-Ghamdi, 2009).
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3.3. Phenol Red

Phenol red (phenolsulfonphthalein = PSP) is an organic dye are classified
under small molecules organic materials, the molecular formula of phenol red is
C19H1405S, the chemical structure contains in total of 42 bonds, which include 28 non-
H bonds, 20 multiple bonds, 2 rotatable bonds, 2 double bonds, 18 aromatic bonds, 1
five rings, 3 six-membered rings, 1 nine-membered rings, 2 aromatic hydroxyls and 1
sulfonate, (Figure 3.7).

Phenol red exists as a red crystal that is stable in air; its solubility is 2.9 g/l in
ethanol and 0.77 g/l in water. Phenol red color changes gradually from yellow to red
then pink with changes of pH. In solution (low pH) and in crystalline form, the
compound exists as zwitterion. Formerly a zwitterion called a dipolar ion in chemistry.
Zwitterion is a molecule with two functional groups, of which one has a negative and
one has a positive electrical charge and the net charge of the entire molecule equals to
zero. The charges on the different functional groups balance each other out, and the
molecule as a whole is electrically neutral. This zwitterion property of phenol red
simultaneously has both ionic states which called cationic and anionic. The ketone
group carrying an additional proton (positive charge), and the anion group is carrying a
negative charge. These ketone-anion groups are involved in charge carriers transport

mechanism in this organic dye.

HO

Figure 3.8. Phenol red (Phenolsulphonphthalein) chemical structure.
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4. MATERIAL AND METHOD

4.1. Metal-Semiconductor Contacts

When a metal and a semiconductor are joined, two different possible types of
contacts can be produced which depends on the type of the metal and the semiconductor
(Sze and Ng, 2006).

The contact with non-linear, rectifying current-voltage characteristics is called a
Schottky contact which allows current to pass only in one direction. Linear non-
rectifying current-voltage contact is called an Ohmic contact, which allows current to
flow in either direction of the junction (Colinge and Colinge, 2005).

This chapter is analyzed the electrical characteristics of both rectifying and

Ohmic contacts, and the discussion is totally about the p-type semiconductors.

4.1.1. Rectifying contact

A rectifying contact or Schottky barrier diode is formed by joining a metal with
a p or n-type semiconductor. It is necessary to introduce the concept of work function,
before discussing the behavior of metal-semiconductor contacts. Work function of a
metal, q@p, is defined as the minimum energy required to extract one electron from Egy
(the metal Fermi level) of the metal. Similarly, the work function of the semiconductor
q®s is the energy required to extract an electron located at its valence level (Figure 4.1a)
(Colinge and Colinge, 2005).

After thermal equilibrium, the work function is the difference between the
vacuum level and the Fermi level energies, and it is expressed by (Sze, 2008).

qPm=Eg +q(x +V») (4.1)

Where Eg is the band gap energy of semiconductor, gy is the energy needed to extract
an electron from the conduction band Ec in to a vacuum level is called electron affinity
(4.01 eV for Si), and gV, is the energy difference between conduction band Ec, and the
Fermi level Ef (Sze and Ng, 2006).
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The values of work functions are very sensitive to surface contamination.

Typical values of work function for very clean surfaces are 4.3 eV for Al and 4.8 eV for
Au metal (Sze, 2008, Nassajy, 2015).
When a metal with a work function ¢@, is connected to a p-type semiconductor having
a work function ¢g@s thermodynamic equilibrium is established through the transfer of
positive charge from the semiconductor to the metal and the Fermi levels align, Figure
4.1b. (Sze, 2008).
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Figure 4.1. Schottky barrier between a metal and a p-type semiconductor having a
greater work function: (a) band diagrams before joining; (b) band diagrams after
joining at equilibrium. Eyac is the vacuum energy level, ¢@y, is the metal work
function, Egy is the metal Fermi energy, Ersc is the semiconductor Fermi
energy, gy is the semiconductor electron affinity, Ec is the semiconductor
conduction band edge, Ev is the semiconductor valence band edge, ¢@s is the
Schottky barrier energy, W is the depletion region and Vy is the contact potential.
(Nassajy, 2015).

When @y < &, Fermi level of semiconductors is initially lower than that of the
metal, before the contact is formed. For alignment of the Fermi levels between the metal
and the semiconductor, the electrons energy of the semiconductor must be raised
relative to the electrons energy of the metal. It results in the form of a constant
equilibrium potential difference (V,) between the metal and the semiconductor (Mishra

and Singh, 2007). A space-charge region corresponding to the zone depleted of



27

electrons is formed in the semiconductor near the interface between the junction, the

width of this depletion zone is denoted W (Colinge and Colinge, 2005).
W = 2e08,(Vo—=V) (4.2)
\j qN 4

where ¢, is the permittivity of vacuum, & is the relative permittivity of the
semiconductor, V is the contact potential, V is the external applied voltage, q is the

elementary charge and Na is the density of dopants.

q(H+¥)

)

Figure 4.2. Effects of forward and reverse bias on the junction of Figure 4.2: (a) forward bias;
(b) reverse bias (V = -Vr); (c) typical current-voltage characteristic (Nassajy, 2015).

In the depletion region the holes are transit from one side of the junction to the
other side. Some holes diffuse from the semiconductor to the metal, and some other
holes are swept by the electric field from the metal to the semiconductor (Nassajy,
2015). At thermodynamic equilibrium, and in the absence of any external bias, the
contact potential V, prevents further net hole migrating from the semiconductor
conduction band in to the metal side, and (V,) is equal to the difference of the tow work

functions
qVo = q(Ps_Dy) (4.3)

Thus, the potential barrier V, having an amplitude equal to
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qPs = q(Pm —y) (4.4)
Figure (4.1) (Colinge and Colinge, 2005). However, the V, can be decreased or
increased by the application of the either forward or reverse bias voltage (V) across the

junction figure 4.2. (Nassajy, 2015).
4.1.2. Ohmic contact

An Ohmic contact is a non-rectifying contact (Colinge and Colinge, 2005), this metal-
semiconductor contact has a negligible contact resistance relative to the bulk or series
resistance of the semiconductor (Sze and Ng, 2006, Sze, 2008). The current-voltage
characteristics of the contact obey the Ohmic law which is linear in the both biasing
direction (Colinge and Colinge, 2005). Typical I-V characteristics of an Ohmic contact
are shown in (Figure 4.3) ( Ng, 2002). Linearity of these characteristics is not important
as long as they provide adequate current with small voltage drop. (Ng, 2002). The
specific contact resistance is reciprocal of the derivative of current density with respect
to voltage, R, defined as (Ng, 2002, Mishra and Singh, 2007, Sze and Ng, 2006, Sze,
2006; 2008).

_ (a1 2
RC = (E)V:;so —cm (45)

For metal-semiconductor contacts with low doping concentrations, the

thermionic-emission current dominates the current transport, as giving by Eqgs

%4
I=1, (eq fir — 1) (4.6)
therefore,
_ k qPpn
RC = QAT exp(k—T) (47)

Equation 4.7 shows that a metal-semiconductor contact with a low barrier height
should be used to obtain a small R (Ng, 2002, Colinge and Colinge, 2005, Sze, 2008,
Mishra and Singh, 2007, Sze and Ng, 2006).

For an Ohmic metal-semiconductor contact, the charges transfer from the metal

to the semiconductor in aligning the Fermi levels. For a p-type semiconductor, this
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happens when @y > @, the Femi levels are aligned at equilibrium by transferring holes
from the metal to the semiconductor. This lowers the energy levels of the semiconductor
relative to the metal at equilibrium conduction (Figure 4.3a). This lowering of the
barrier makes flowing of the holes between the metal and semiconductor easily
overcoming under small voltage (Ng, 2002, Nassajy, 2015, Sze and Ng, 2006).

In a particular case of Ery < Egs such that the energy bands of the p-type
semiconductor are bends towards near the contact. The magnitude of the band bending
and its extension in to the metal are very small. As a result, the potential barrier is small
for hole transport between the metal and the semiconductor and holes can flow and
easily overcome through the contact by a small voltage. Such contact is ohmic (Figure
4.3b).

Metal Semiconductor
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Figure 4.3. Ohmic contact between a p-type semiconductor and a metal having a greater
work function: (a) band diagrams before joining; (b) the equilibrium band
diagram for the junction. (Nassajy, 2015).

The current components through an ohmic contact are different. in field
emission (FE), carriers’ tunnel at an energy near the Fermi level. In thermionic-field
emission (TFE), the carriers are tunnel at an elevated energy, where the barrier becomes
narrower. In thermionic emission TE, carriers do not tunnel, but they are emitted
thermally over the barrier. This mechanism is identical to a regular Schottky-barrier

current conduction (Ng, 2002)
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In practice, a Schottky contacts behaves as an ohmic contact, if the impurity
concentrations in the semiconductor is high enough (e.s Ng=10%° cm™) (Colinge and
Colinge, 2005). Electrons can easily tunnel through such a thin potential barrier, which
yields a low Ohmic resistance between the metal and the semiconductor. In metal-to-
silicon contacts, current flow by tunnel effect becomes larger than the current flow by
thermionic emission, when doping concentration is larger than 10*" cm™. In practice,
ohmic contacts between a metal and the terminals of semiconductor devices are always
made on heavily doped areas (Ng, 2002, Colinge and Colinge, 2005, Sze, 2008, Mishra
and Singh, 2007, Sze and Ng, 2006).

4.2. Definition of Electrical Parameter of Devices

4.2.1. Barrier height

The barrier height of metal-semiconductor systems are, in general determined by
the metal work function and the surface state.

In an ideal Schottky barrier diode with no band gap defect levels, the height of the
barrier at the metal-semiconductor junction is defined as the difference between the
semiconductor conduction band at the junction and Fermi level of the metal. This
barrier is given by Eq 4.4.

Similarly, for the case of an ideal contact between a metal and p-type
semiconductor, the barrier height q@y, is given by (Mishra and Singh, 2007).
qPpp = Eg-q(@m — ) (4.8)
where Eg is the band gap of the semiconductor (Sze, 2008). The coming electrons from
the semiconductor in to the metal face a barrier denoted by qV, as shown in (Figure
4.3b) . The potential qV, is called the built-in potential of the junction, and is given by
(Mishra and Singh, 2007).

q% = (q%s— qPp ) (4.9)

For metals with work function @y < @, it is possible to have a barrier for hole

transport between a metal and p-type semiconductor junction. In this case at equilibrium
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the electrons are injected from the metal to the semiconductor, leaving a negative charge
in the semiconductor side. The energy bands are bent and a barrier is created for the
holes transport (Sze, 2008).

The Schottky barrier height for n-type or p-type semiconductor depends upon
the metal and the semiconductor properties, this for an ideal case. Experimentally it is
found that the Schottky barrier height is often independent on the metal used. The
Schottky barrier is indeed controlled by the metal work function and the interfacial
properties (Ng, 2002, Mishra and Singh, 2007).

When a forward-bias voltage V is applied to the Schottky barrier fig (3-6 b)
(Ars), the potential of the contact is decreases from V, to V, — V fig (3-7a) ars. As a
result, holes in the valence band of the semiconductor can diffuse across the depletion
region to the metal. This raises the forward current from the semiconductor to the metal
through the junction. Conversely, a reverse bias increases the barrier to Vo + V,, and the
holes flow from the semiconductor to the metal are become negligible fig (4-3 b). In
either case of holes flow from the metal to semiconductor is hampered by the barrier
®g, which is not affected by the bias voltage. The current transport in a Schottky barrier
is due to mainly majority carriers, for Schottky diodes which is operated at moderate
temperature about (e.g., 300K), the dominate transport mechanism is thermionic
emission of the majority carriers from the semiconductor over the potential barrier in to
the metal (Colinge and Colinge, 2005).

The resulted current of the diode is shown in fig (4.3b). The reverse saturation
current (l,) depends on the barrier height for holes injection from the metal to the
semiconductor, the Schottky barrier diode can rectify, with flowing easily for the
current in forward bias and small current flowing in reverse bias. Because of the
dependence of the potential barrier height on the applied bias and because of generation
/recombination in the depletion zone the forward current takes this form (Colinge and
Colinge, 2005).

I = AA%exp [

1% ) [exp (%) ~1] (4.11)

where 1< n < 2 is called the ideality factor of the diode, A* is called the effective
Richardson constant, it (4mqk?m,/h®). ks is Boltzmann constant (1.38x10°%® J/K) and
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T is the absolute temperature. The value of A* is equal to 32, for p-type Si (Colinge and
Colinge, 2005). The forward current is due to the injection of the majority carriers from
the semiconductor in to the metal. There is no minority carrier injection, so the storage
delay time associated with the minority carrier injection is absent in Schottky barrier
diodes. The high-frequency properties and switching speed are in Schottky barrier

generally better than typical p-n junctions (Nassajy, 2015).

4.2.2. Modified Norde function

Some methods, which have been proposed, allow the determination of the diode
parameters. A modified Norde function is used to determine the series resistance and
barrier height from I-V measurement of a Schottky barrier diode Schroder, 2015).

In order to make an accurate determination of Schottky diode parameters such as
ideality factor, barrier height and the series resistance using forward current-voltage I-V
characteristics in the presence of an interfacial layer, a novel calculation method has
been developed by taking in to account the applied voltage drop across the interfacial
layer (Vi) (Sze and Ng, 2006). The approach involves the use of an auxiliary function
and computer-fitting routine. This technique has been found to be both accurate and
reliable (Ng, 2002). In this model of calculation, the properties are derived at any
forward bias voltage from the current-voltage characteristic, and its first and second
derivative. The I-V characteristics of a Schottky diode are given by:

I = I, exp(B) [exp [ — 1] (4.12)
Where

I, = AA*T?%(—BP) (4.13)
where = —— . The saturation current lo is independent of voltage. Assuming the ideality

kgT )
factor to have a value of n = 1, Norde developed the following function for extracting
parameters @y, and R of Schottky contacts (Norde, 1979, Donchev, 2015).

F(V)=1- %ln (Ii) (4.14)
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In the proposed method, it is assumed that

1(V)
AA*TZ)

F(V) = % — kT /q( (4.15)

where yis the first integer greater than ideality factor value obtained from I-V
calculation, and I(V) is the current value obtained from I-V curve. Barrier height can be
calculated by using the minimum value of the plot of F(V) vs. V using this equation

(Norde, 1979)
k_T

Vimin
®p = F(Vmin) + T - q

(4.16)

where F(V,,;,) is the minimum of F(V) curve and V,,;,, is the corresponding voltage
value. The series resistance of the device can be calculated through the relation

(Tascioglu et al, 2013, Gromov and Pugachevich, 1994).

Ry=—1 (y—n) (4.17)

Where I,,,;,, 1S the corresponding current value at V,,,;,.
4.2.3. Cheung-Cheung method

Fundamental parameters of the Schottky diode, which are barrier height ®,,
ideality factor n and series resistance Rs, are determined from the forward I-V
characteristics by using Cheungs’ functions. Cheung functions present an alternate

approach to determine the values of n, @, and R, from a single |-V data, by written

equation (1) in terms of current density(I = A#). Thus
eff

n I

where g = ——

Differentiating Eq. (4.18) with respect to I, and rearranging terms, Eq (4.19) obtained

av

n
s = Rlessl +3 (4.19)

Calculating @,, can be determined by H (I) function as given in Eqs
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H() =V — (%) In ( A*ITZ) (4.20)

For Eq. (4.18), it can be written as
H(I) = RAgsfl + n®y, (4.21)

By using the value of n from Eq.(4.19), a plot of H(I) vs | also gives a straight
line with y-axis intercept equal to n®, (Cheung, 1986). The slope of this plot also
provides another determination of R, which can be used to check the consistency of this
approach. Thus preforming to different plots Eqs (4.19) and (4.21) of 1-V data obtained
from same measurement can calculate all the three key diode parameters n, @g and Rs
(Benhaliliba et al,2014).

4.3. Spin Coating Technique

Spin coating is one of the most common techniques for applying thin films to
substrates especially liquid solutions of materials. It is used in a wide variety of
industries and technology sectors. The advantage of spin coating is its ability to quickly
and easily produce very uniform films on flat substrates. The use of spin coating in
organic electronics and nanotechnology is widespread and has built upon many of the

techniques used in other semiconductor industries (Manikandan et al,2015).
4.4. Thermal Vacuum Evaporation

Thermal Evaporation is a common method for thin-film deposition of purified
materials. The source material is evaporated in a vacuum. The vacuum allows vapor
particles to travel directly to the target object, where they condense back to a solid state.

Thermal evaporation of small molecules is usually performed in a vacuum of
~107° Torr. However, it has been observed that the residual gases in the chamber may

affect the performance of the devices significantly. This was apparently due to the
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formation of an oxide buffer layer between the top organic layer and the metal cathode,

indeed led to the creation of an AlOy buffer layer.

Vacuum chamber

Y Substrate holder

[~ Substrate

—— Vapor flux

Crucible i—'—i
containing —_—
target material ‘

To pumping system

Figure 4.4. Schematic of a typical thermal evaporation system. The source material is
heated by an electrical current in thermal evaporation.






5. EXPERIMENTAL PROCEDURE

5.1. Introduction

In this chapter, the fabrication and electrical characterization of metal /PSP/p-Si
organic diodes are investigated. Five different metals Ag, Cu, Ni, Pd and Sn with
different work function were used as a top contact metal in the fabrication of
heterostructure  with and  without organic interlayer of phenol red
(phenolsulfonphthalein = PSP). Based on the analyzing of the current-voltage data, and
capacitance-voltage data, main electronic parameters such as ideality factor n, barrier
height @y, and series resistance Rs are determined for the studied Schottky barriers. For
a better understanding of the effect of the phenol red as an organic layer, and the
different metal work function on the electrical properties of the studied devices,
different measurements and calculation methods, are performed to compare/verify the
values of electrical parameters of devices.

The performance of the Schottky diodes with thin interfacial organic layer
depends on the charge injection and collection properties of the metal contact
electrodes. One of the ways to enhance the good feasibly Schottky barrier is to inserting
an organic interfacial layer. The possible method for organic semiconductors is to use
the metal with the appropriate work function for better performance.

5.2. Formation of The Samples

In this work, the samples are prepared on p-Si (100) orientation wafer and (1-10)

Q-cm resistivity with and without organic layer.

5.2.1. Cleaning processing of the samples

Cleaning processing of the samples by chemical solutions were applied before

processing the wafer. Firstly the wafers dipped in Methanol solution and later in
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acetone. Then, the samples were putted in ultrasonic machine for extra cleaning for 5
min at 25°C, then washed by deionized water and released in to acetone for 5 min at
25°C. Then, the wafers bathed in deionized water and cleaned by HF (Fluoric acid) with
concentration 1:10% with deionized water for several seconds. Then, the wafers were

left in air to dry and ready to next steps.

5.2.1. Formation of the ohmic contact

After the cleaning processing, the Ohmic contact was made by thermally
evaporating of Al metal on the back surface of the precleaned substrate, and then
samples with Ohmic contacts were annealed at 570 °C for 3 min in a nitrogen

atmosphere.

5.2.2. Deposition of phenol red thin film

After cleaning process 7 mg of phenol red (Soluphonsolfthylien= PSP) powder
with 20ml methanol were mixed to form a solution, and stirred for 1 hour. This solution
are deposited on the p-Si using spin coating technique at 1000 rpm for 1min, 1ul of the

solution was added in this process to form thin layer of Phenol red on each wafer.

5.2.3. Formation of front contact

Five different metals were used to form the top contact of the diodes by thermal
evaporation technique. Shadow mask with diameter about 1mm was used for Ag, Cu,
Ni, Pd and Sn metals. All evaporation processes were carried out in a vacuum coating
unit at (10 Torr) pressure.

5.3. Device Structure

The organic Schottky diode is composed of two metal electrodes and a p-type
semiconductor covered with organic thin film sandwiched amid the p-Si and metal

contacts.
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In this work, the diodes are vertically fabricated. The schematic diagram of two

dimentional sandwich structure is presented in Figure 5.1.

Top Contacts Metal

Back Metal y

Fig 5.1. a). Molecular structure of PSP and b) Schematic diagram organic-based device
structure.

As Figure 5.3 illustrates the organic Schottky diode structure, in this work
consist of aluminum as back metal electrode and Ag, Cu, Ni, Pd and Sn as contact metal
electrode enfolding the phenol red (phenolsulfonphthalein=PSP) as an organic thin
layer, where all these thin films have been layered successively, with diameter of 0.4

mm and 0.5 mm for each top contact.






6. RESULTS AND DISCUSION

6.1. Introduction (Measurement of electrical parameters)

Basically to measure electrical parameters of MS diodes, four methods can be
uses; these methods are current-voltage, capacitance-voltage, activation energy and
photoelectric methods (Sze and Ng, 2006).

In this work, the following measurements are performed to determine main
electrical properties of M/p-Si diodes as a references, and with an organic phenol red
interlayer M/PSP/p-Si diodes, were (M=Ag, Cu, Ni, Pb and Sn). Using obtained results
the effect of phenol red thin film and the work function of each metal on the properties

of prepared diodes were determined.

6.2. Current-Voltage Measurements of Diodes

The I-V properties of metal/p-Si and with a PSP organic thin film were carried
out in both biasing voltages using Keithley-2400 SCS instrument. The measurements
were performed under sweep of bias voltage from -2V to +2V. The curves of I-V data
for diodes with and without organic layer for the five different metal contacts are shown
in (Figures 6.1 to 6.5). From these figures, the experimental semi logarithmic I-V plots,
the diodes exhibit rectifying behavior. According to figures this feature, it is seen that
the diodes exhibit Schottky diode property. To find the electrical properties of diodes,
it is possible to use thermionic emission theory (Ozaydin and Akkilic, 2014). Beside
the other electrical properties, rectifying factor (R) is calculated from the ratio of
current at 1V and -1V, as listed in Table (6.1) for fabricated samples. This ratio is given
through Eq

_1av)
TI(-1v)

(6.1)
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The current (1) is expressed according to thermionic emission theory as

following Eqgs (Sze and Ng, 2006).

qV
I =l,exp (m) (6.2)

Where |, saturation current derived from Eq. (6.2) and from the intercept section of the

straight line in 1-V plot when the bias voltage was zero, as it given by Eq
I, = AA'T?exp |22 (6.3)

For p-type Si, the effective Richardson constant A* is equal to 32 Alcm?K?2,.
(Verma et al, 2011). By rearranging of Eq 6.3

I,qV

Inl =
n nkT

—Inl, (6.4)

This plot would be linear and therefore by taking the tangent of this linear
section of the I-V curve and extrapolating it to cross the y-axis saturation current lo will
gives, see Figures (6.1 to 6.5), whilst the ideality factor n can be getting from the
gradient as in Eq.

n = I% (%) (6.5)

Rearranging Eq. (6.3) provides to found the barrier height as given in following Eq.

®, =L In (241) (6.6)

q Io

When the applied voltage is sufficiently large enough, the effect of series
resistance Rs is observed clearly on the curved section in the plots, (Figures 6.1 to
6.5) ( Ozaydin and Akkilic, 2014, Schroder, 2015).

In this work, all obtained results from I-V data for reference diodes and with
organic thin film diodes are summarized in (Table 6.1). The highest value of &, are
observed with (Sn) metal top contact, and the lowest one is with (Ni ) metal without
Phenol Red layer for reference contacts. The highest value of &y, with phenol red PSP

interlayer is with (Sn) metal and lowest one is with (Ni) metal. From the values of
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calculated barrier height for all the diodes, it can be noticed that the organic thin film
increases barrier height @y, value for each sample with different top contact top contact
metal.

Ideality factor values are varied from 1.289 to 5.459 for the reference devices,
and for the devices with PSP layers are varied in the range of 1.108 to 1.833 (Table 6.1).
Theoretically, ideality factor n equals to 1, for ideal diode, but ideality factor values
of studied diodes was greater than 1. It is means that this increasement in n value can
be related to the existence of interface layer, inhomogeneity in profiling barrier, the
effect of image-force, tunneling effect, and recombination-generation process at
interface (Ozaydin and Akkilic, 2014).

Table 6.1. Summary of rectification ratio R and electrical parameters R, n and @&y of
M/p-Si diodes with and without PSP layer, where M = Ag, Cu, Ni, Pd and
Sn from their 1-V characteristics

Metal @, (eV) PSP R n @y (eV) Ref n @y, (eV)
Ag 4.70 305.790 1.833 0.606 1.961 0.562
Cu 4.65 4870.16 1.146 0.687 1.289 0.558
Ni 5.15 3966.00 1.108 0.600 5.459 0.555
Pd 5.22 124818.8 1.272 0.724 2.802 0.648
Sn 5.40 7406.60 1.054 0.738 2.518 0.707
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Figure 6.1. Experimental plots of 1-V characteristics of Ag/p-Si and with PSP layer.
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Figure 6.2. Experimental plots of |-V characteristics of Cu/p-Si and with PSP layer
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Figure 6.3. Experimental plots of 1-V characteristics of Ni/p-Si and with PSP layer.
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Figure 6.4. Experimental plots of I-V characteristics of Pd/p-Si and with PSP layer.
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Figure 6.5. Experimental plots of I-V characteristics of Sn/p-Si and with PSP layer.
In (figure 6.6) all different top contact metal 1-V plots for metal/PSP/p-Si were

represented, it is clearly observed the effect of metal work function on the devices

which resulted different rectification ratio values of organic devices (Table 6.1).
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Figure 6.6. Experimental plots of 1-V characteristics of M/PSP/p-Si, M = Ag, Cu, Ni, Pd
and Sn.

6.2.1. Cheung I and Cheungll calculation method.

In this calculation method, which introduced by Cheung and Cheung in 1986,
the ideality factor value can be determined from linear section of current-voltage
characteristics of diodes plot, when the applied voltage value is more than the amount of

3kT/q, and the role of resistance is notable, through given Eq

_q av
=t dIn(l) (6.8)

Using this method, the obtained values of metal/PSP/p-Si diodes are more than

unity. This difference could be as a result of interface charge density and series
resistance effects (Benhaliliba et al, 2014).

When the applied voltage value is more than 3 kT/q, the effect of the resistance
is noticable. In the plot of % versus | were taken, the intercept of this line with the y-

axis is determined as nkT/q, and the slope of linear part plot gives Rs value using the
following Eq.
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av kT
m = IRS +n (7) (69)

Using a linear fit of the curves in the (Figures 6.7 to 6.11), and applying to Eq
(6.8), (6.9), the electrical parameters n and Rs were calculated, the obtained results for

these parameters form this method are inserted in (Table 6.2).

In Cheung Il calculation, form the forward bias I-V data, H(I) function is

estimated as in given Eq.

—y — ("kT !
H() =V ( : ) In (AA*TZ) (6.10)
When the H (I) curves exhibit a linear variation as function of current, as given
in Eq.
H(I) = n®, + IR, (6.11)

From the linear fit of H(I) vs I lines in (Figures 6.7 to 6.11), the interception and
slope of these lines gives n®,, and R, respectively. Thes parameters @, and Rs
obtained from the H(I) function are listed in (Table 6.2) (Sel¢uk et al, 2014, Benhaliliba
et al, 2014).

Table 6.2. Electrical parameters summary from Chl-Chll characteristics of M/p-Si and
M/PSP/p-Si where M = Ag, Cu, Ni, Pd and Sn

dv/din(l) H(1) dv/din(1) H(1)
Metal PSP n Rs (Q) Dy, (eV) Rs ()  Ref n Rs (Q) Dy, (eV) Rs (Q)
Ag 3.114 65.137 0.566 64.78 2.936 141.76 0.531 142.77
Cu 2.250 29.600 0.688 25.55 1.896 75.490 0.529 76.30
Ni 1.595 62.260 0.606 58.20 3.244 308.44 0.590 311.22
Pd 2.197 22.313 0.665 21.26 3.990 1988.2 0.610 1988.6
Sn 2.294 48.400 0.695 51.50 2.682 41.109 0.649 40.100

The values of Rs determined by the Equ (6.9) and (6.11) are almost similar. The
Rs values of the devices without PSP are greater than those one of the samples with PSP
layer. The ideality factor value was more than unity, were the values of ideality factors
of prepared samples with organic layer are found to be in the range of 1.5 to 3. This is
due to the existence of organic interfacial layer and series resistance (Chankaya and

Ucar, 2004, Selguk et al, 2014). The values of barrier height of the devices with PSP
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layer are greater than that of devices without PSP layer. The values was 0.566 eV for

Ag top contact metal and increases up to 0.695 eV for Sn top contact metal.
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Figure 6.7. Plots of dVv/dIn(l) vs I with H(I) vs I characteristics of Ag/ PSP/p-Si hybrid
structure.
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Plots of dV/dIn(l) vs I with H(I) vs | characteristics of Cu/ PSP/p-Si hybrid

structure.
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Figure 6.9. Plots of dV/dIn(l) vs I with H(I) vs I characteristics of Ni/ PSP/p-Si hybrid
structure.
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Figure 6.10. Plots of dv/dIn(l) vs I with H(I) vs | of characteristics Pd/PSP/p-Si hybrid
structure.
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Figure 6.11. Plots of dV/dIn(l) vs I with H(I) vs | characteristics of Sn/ PSP/p-Si hybrid
structure.

6.2.2. Norde calculation method

To determine Rs and @y, ,an alternative method which was proposed by Norde
(Norde, 1979), is Norde F(V) function.

F(V) = 5 - %T In (ﬂ) (6.12)

AA*T?

Where y is the smallest integer number greater than n. By substituting forward bias 1-V
data, and n value obtained from I-V plot in Eq, F(V) vs V of graphs for the studied
devices were plotted (Figures 6.12 to 6.16). After that, the minimum of the F(V)
function, an associated voltage (Vmin), and a related current (Imin) were determined to
replace in following Eqs (6.13) and (6.14) for obtaining the Ry and @y values
(Benhaliliba et al, 2014, Tascioglu et al, 2013).

kT(y —n
s = L (6.13)
qlmin
®p = F(Vmin)+ fmin) _ €T (6.14)

Y q



Q to 4444 Q for organic devices. The values of @, for reference diodes and with organic
interfacial layer diodes were obtained via Eq. (6.14), are presented in (Table 6.3). It is
clearly observed that the values of @, for the device with organic interlayer was higher

The Rs values, calculated with this method are found to be in the range of 110.8
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than the values of diodes without organic interlayer for all metal top contacts.

Table 6.3. Summary of electrical parameters Rs, n and @y, of M/p-Si diodes with and
without PSP layer, where M = Ag, Cu, Ni, Pd and Sn from modified Norde

function
Metal PSP Dy (eV) Rs Ref Dy (eV) Rs
Ag 0.625 333.78 0.574 37.250
Cu 0.754 713.60 0.569 118.56
Ni 0.613 110.80 0.598 59.427
Pd 0.756 2271.0 0.717 7841.0
Sn 0.747 4444.0 0.746 5686.0
O Ag/PSP/p-Si
124 % Ag/p-Si
—~ 1.0
2
>
L 0.84
0.6
00 03 06 09 1.2 15
Voltage (V)

Figure (6.12). F(V) vs V plots of Ag/p-Si and Ag/PSP/p-Si hybrid structure.
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Figure (6.14). F(V) vs V plots of Ni/p-Si and Ni/PSP/p-Si hybrid structure.



53

% Pd/p-Si
0.9/ O Pd/PSP/p-Si

0.8 1

0.7 1

F(V) (V)

0.6 1

00 02 04 06 08 10 12 14
Voltage (V)

Figure (6.15). F(V) vs V plots of Pd/p-Si and Pd/PSP/p-Si hybrid structure.
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Figure 6.16. F(V) vs V plot of Sn/p-Si and Sn/PSP/p-Si hybrid structure.
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6.3. Capacitance-Voltage Properties of Devices

Capacitance-voltage curves are another way to determine the main parameters,
such as built in potential, Fermi energy, uncompensated acceptors concentration and
barrier height of devices. The C-V relation in the reverse-biased region for Schottky

barrier is given by

1 2V +V)
— = 6.15
C? qege,A%N, ( )
0(1/2) 2

/c2) _ (6.16)

vV A2e.e,qN,
The 1/C versus applied voltage plot is linear at small voltage region. The slope
of this line is used to obtain the doping level of the semiconductor via Eq (6.16). The

built-in voltage (Vi) equals to the voltage-axis intersection of this line (Kudryk et al,
2014, Parlaktiirk et al, 2007).

Vpi = Vg— kT/q (6.17)
where diffusion potential at zero bias is V4 , and @, value can be obtained by C-V plot
as in given equation

®,(C—V) = Vui+ Ex (6.18)

where Er is the Fermi energy, expressed as

kgT N
EF:Lln< a)
q

N, (6.19)

Schottky diode capacitance is used to determine the depletion layer width. This

width is proportional with the applied voltage biasing according to following relation.
W e (Vy V) /2 (6.20)

Here in forward and reverse bias are represented by plus and minus signs, respectively.

In the case of zerobias the width of depletion layer can be determined by given Eq.
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_ 2&5Vpi
W, = /—qNa (6.21)

The experimental C-V data was measured for metal/p-Si and metal/PSP/p-Si
devices starting with applying frequency between 235 kHz upto 1.5 MHz as a function
of voltage. The C-V plots of the samples are shown in (Figures 6.17-6.26). It is seen
from the figures that the capacitance of devices depends on not only the applied bias
voltage, but also the frequency. The C value decreases with the increasing frequency.
This decrasing in C value is related to the insensitivity of interface charges to follow
with AC signal (Sze, 1981). Furthermore, the voltage dependency on capacitance is so
weak at the reverse bias regime comparing with the forward bias regime.

The experimental results reveals that the capacitance C of the diodes is a
function of bias voltage and frequency particularly in accumulation zone, and the
absolute value of capacitance C increases with decreasing the frequency in forward
bias region (Korucu et al, 2013, Selgcuk, 2014).

Abnormal peak is observed in plots of some devices plots under various
frequencies. At low frequency, this peak shifts toward positive values of the voltage in
(Figures 6.19 and 6.22). When the frequency is increased, the irregular peaks deviates
towards positive values of high voltage in (Figures 6.17, 6.23 and 6.25). There is
obvious effect of series resistance Rs at high frequencies on capacitance (Bilkan et al,
2015). Under various frequencies, at low frequency, this peaks shifts toward positive
values of the voltage in (Figures 6.19 and 6.22). When the frequency is increased, the
irregular peaks deviates towards positive values of high voltage in (Figures 6.17, 6.23
and 6.25). There is obvious effect of series resistance Rs at high frequencies on
capacitance (Bilkan et al, 2015).

In Figures 6.22 and 6.24, it can be seen that, with increasing frequency values
the capacity of device reduces. This may be due to the high-frequency insensitivity of
the interface states to AC signal tracking. On the other hand, there is a significant
impact of interface states charges on the capacitance characteristics of the devices.

Furthermore, it was observed a negative behavior of capacitance NC for Ni
samples with PSP layer at high frequencies in forward bias of the plot, (Figure 6.22).
The negative capacitance can be due to the presence of several reasons, such as
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including series resistance effect, presence of organic thin layer, and interface density
distribution (Selguk et al, 2014, Zeyrek, 2015).
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Figure 6.17. The plots of capacitance C (F) vs voltage V(V) measured at different
frequencies for Ag/p-Si structure.
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Figure 6.18. The plots of capacitance C (F) vs voltage V(V) measured at different
frequencies for Ag/PSP/p-Si structure.
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Figure 6.19. The plot of capacitance C (F) vs voltage V(V) measured at different

frequencies for Cu/p-Si structure.
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Figure 6.20. The plots of capacitance C (F) vs voltage V(V) measured at different

frequencies for Cu/PSP/p-Si structure.
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Figure 6.21. The plots of capacitance C (F) vs voltage V(V) measured at different
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Figure 6.22. The plots of capacitance C (F) vs voltage V(V) measured at different
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Figure 6.24. The plots of capacitance C (F) vs voltage V(V) measured at different
frequencies for Pd/PSP/p-Si structure.
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Figure 6.23. The plots of capacitance C (F) vs voltage V(V) measured at different
frequencies for Pd/p-Si structure.
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Figure 6.25. The plots of capacitance C (F) vs voltage V(V) measured at different
frequencies for Sn/p-Si structure.

In C-V plot of (Figure 6.26), the values of capacitance increases when the
applied forward bias voltage is increased, while the capacitance is approximately
constant in the reverse bias of other frequencies. An excess capacitance phenomenon
observed for the Sn/PSP/p-Si structure at low frequencies (235 kHz and 500 kHz). This
related to the interface states charge capability at low frequency, and work function of
Sn metal. In addition the highest capacitance value of the device dose not change
dramatically, when the frequency is increases. It can be because of interface states
insensitivity at the high frequency to follow the AC signal (Imer et al, 2016).

The C-V curves for the reverse bias of the frequency value 235 kHz are plotted
for metal/p-Si and metal/PSP/p-Si heterostructures, (Figures 6.21 to 6.25). From the
linear part in depletion region of these plots, the slope of this linear part is identical with
the localized doping concentration in a p-type semiconductor (Nicollian and
Goetzberger, 1967).

From the results obtained from C™- V plots, barrier height values of the devices
with PSP interfacial layer by using Eq (6.16). These values are higher than values of
devices without organic interlayer. The presence of the organic thin films interlayer in
the diodes can be the reason for this difference in results (Imer et al, 2015).
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Figure 6.26. The capacitance C (F) vs voltage V(V) plot measured at different
frequencies for Sn/PSP/p-Si structure.

The barrier height value of C*-V was also observed to be greater than the I-V
results. These rise of barrier height values in C-V measurement corresponds to the
results calculated from I-V data to the different nature of calculation methods namely
Norde and Cheungl-Cheungll. The barrier height values for all diodes was between
0.622 eV to 0.948 eV. The highest value was with Sn top contact metal and the lowest
one was with Cu top contact metal. In (Table 6.3), the obtained values of parameters Eg,

Vi, Na, and @y from (C2-V) are given.

Table 6.4. Summary of main electrical parameters of M/p-Si diodes with and without
PSP layer, where M = (Ag, Cu, Ni, Pd and Sn) from their C2V
characteristics.

M/ PSP/P-Si M/P-Si

Metal D, (eV) Vbi (V) Nd (cm?) Ef (eV) @, (eV) Vhi(V) Nd(cm™?) Ef (eV)
Ag 0.921 0.715 3.553x10" 0.207 0.685 0.426 4.579x10™ 0.260
Cu 0.626 0.444 9.069x10% 0.182 0.569 0.326 8.604x10™ 0.243
Ni 0.796 0.600 5.320x10% 0.196 0.691 0.447 8.312x10™" 0.244
Pd 0.821 0.621 4.677x10% 0.199 0.682 0.447 1.170x10% 0.235

Sn 0.948 0.774 1.220x10% 0.175 0.822 0.575 7.332x10% 0.247
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Figure 6.27. The C2 (F) vs V (V) curves of Ag/p-Si and with PSP interlayer structure.
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Figure 6.28. The C (F) vs V (V) curves of Cu/p-Si and with PSP interlayer structure.
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Figure 6.29. The C (F) vs V (V) curves of Ni/p-Si and with PSP interlayer structure.
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Figure 6.30.The C (F) vs V (V) curves of Pd/p-Si and with PSP interlayer structure.
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Figure 6.31. The C% (F) vs V (V) curves of Sn/p-Si and with PSP interlayer structure.



7. CONCLUSION

In this thesis, the effect of work function of metal and PSP interlayer on the
electrical parameters of hybrid structure with different top contact metals were
examined. The devices were fabricated by spin coating method to deposit a phenol red
organic dye thin film as an interfacial layer between the semiconductor and metal top
contacts. In addition, thermal evaporation method was used to deposit the different
metal top contacts.

To investigate the results of the electrical parameters of fabricated diodes,
different methods were used such as capacitance-voltage and current-voltage
measurements, the clculation results are confirmed via Norde and Cheung I-11. The I-V
plots and obtained results of the diodes with and without organic layer showed
rectification behavior, (see Table 6.1). The results of calculated barrier height of organic
based devices obtained from the different calculation methods were higher than the
results of reference diodes. There was an agreement between the values from I-V, Norde
and Cheung methods. These results are confirmed the possibility of the optimization in
the electrical parameters of the devices. As a conclusion, the inserting of the organic
interlayer modifies the electrical properties of the diodes, like decreasing the series
resistance and increasing the barrier height of the devices. Therefore, fabricated devices
with organic layer are good candidate for many electronic applications, such as
rectifiers, electronic devices and sensors.

The barrier height value depends on the type of the contact metal work function
and the used organic interlayer materials. Previous experimental studied shows that
there is a possibility to change Schottky barrier height by adding organic materials.
Obtained results in this study shows that the calculated barrier height values of
diodes with organic layer increases comparing with diode without organic layer for
every samples.

The Schottky diode parameters like ideality factor n and barrier height @y,
series resistance Rs were also calculated using Cheungl-Cheungll and Norde

function. Applying to Cheung's and Norde calculation methods, there was a good
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agreement in the obtained results of series resistance Rs from Cheung's calculation.
Although, there was obvious difference in series resistance values calculated from
Norde and Cheung's method.

A disparity was seen between values of the ideality factor ncalculated with
Norde and cheungl-1l methods. This discrepancy in values can be due to the series
resistance Rs effects. Possible reasons are to include interface states charges, Schottky
barrier height @, dependence on the bias voltage drops through the thin layer organic
material, and low voltage in forward bias of the current-voltage plots. In all
calculation methods, the obtained ideality factor results of prepared diodes are higher
than the unity. .

From C-V measurements, Er, Vpi, Na and @, values were determined. The
barrier height values calculated by C-V method shows an agreement with that of other
methods. The calculated barrier height from capacitance-voltage method was different,
this is due to being frequency dependent on capacitance-voltage property of the organic
devices which investigated between 235 kHz tol.5 MHz frequencies. C-V plots of
devices in both biasing shows that the behavior of capacitance can be due to interface
state distribution, and series resistance R; effect.

Extra examination of the electrical parameters of devices was performed. The
C-V measurements of forward and reverse bias voltage under different frequencies are
done for the diodes. The capacitance values of devices are enhanced with increasing in
applied forward voltage. Conversly, it was almost constant for the reverse bias voltage
regime. The capacitance value of the devices decreases when the frequency increases.
This is probably caused by the interface states insensitivity to follow the AC signal at
the greater frequency values.

As seen from results of devices electrical parameters obtained from different
measurements, a relative difference can be seen between values of electrical parameters
@y, n and R of the diodes. This difference can be attributed to the normal nature of |-

V and C-V measurement techniques.
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OZET

Bu tez c¢alismasinda, fenol kirmizisi (PSP) bilesenli heteroeklem aygitlarin
elektronik parametreleri belirlenmistir. Calismada, (100) yonelimine sahip ve 6zdirenci
1-10 Q-cm olan p-Si yariiletken kristali tizerine, metanolde ¢oziilerek hazirlanmig 1x10°
2 molarlik organik boyar ¢ozelti donel kaplama (spin coating) metoduyla ince organik
arayiizey tabaka olarak kaplandi. Ust kontak yapmak igin yiiksek vakum ortaminda 5
farkli metal (M;Ag, Cu, Ni, Pd, Sn) termal buharlastirilarak M/PSP/p-Si/Al hibrit
yapilari elde edilmistir. Uretilen aygitlarin elektriksel Karakteristik dzellikleri 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 Olclimlerinden idealite faktorii, engel yiiksekligi gibi elektrik
parametreleri, logaritmik I-V, Cheung, ve Norde fonksiyonlar1 yardimiyla hesaplandi.
Tiim yontemlerden elde edilen sonuglar karsilastirildi, ve yorumlandi. Elde edilen tiim
bulgulara dayanarak metalin is fonksiyonun ve organik ara yiizeyin aygitin elektriksel
parametrelerine etkisi detayli olarak incelendi. Aygitin elektronik 6zelliklerinin organik

film yardimiyla iyilestigi tespit edilmistir.

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

Tez calismasinda; fenol kirmizisi boyar maddesi organik araylizey olarak
kullanilarak farkli {ist kontaklarla organik/inorganik yariiletken hibrit aygitlar
tiretilmistir. Sekil 1.1°de MIS hibrit yapinin sematik gosterimi verilmistir. Uretilen
kontaklarin akim-gerilim ve kapasitans-gerilim 6lgtimleri oda sicakliginda ve karanlikta

yapilmistir.

Top Contacts Metal

I\l
\
— ( C:;H;;o;s
L\, — Organic Layer

| p-Si
Back Metal i

Sekil 1.1. Metal/Organik molekiil/p-Si yapisinin sematik gdsterimi.

Aygitin akim-voltaj o6l¢limlerinden elde edilen grafiklerden, hibrit yapinin
dogrultucu o6zelligi incelendi ve engel yliksekligi 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 hesaplanda.

Oncelikle, organik boyar madde ara yiizey katmanin elektronik &zelliklere
etkisini aragtirmak igin elektrik parametreler hesaplandi. Akim-gerilim verileri
kullanarak farkli metotlardan elde edilen bulgulara goére, ara yiizey igeren Orneklerin
elektriksel parametreleri daha iyi ve aygitin performansi daha yiiksektir.

Farkli metallerle olusturulan iist kontaklar1 dogrultucu 6zelligi detayl incelendi.
Metalin is fonksiyonun aygitin engel yiiksekligine ve diger elektriksel parametrelere
etkisi yine farkli metotlarla incelendi. Elektriksel parametrelerin is fonksiyonu

bagimlilig 6zellikle organik arayiizey icermeyen numuneler i¢in ele alindi.
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2. BULGULAR VE TARTISMA

Bu tez kapsaminda sunulan c¢aligmada, daha Once kullanilmamis bir organik
boyar madde yardimiyla, Al/p-Si hibrit aygitin performansinin degisimi incelenmistir.
Sekil 2.1 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 arttif1 goriilmektedir.
Araylizey igeren ve igermeyen her iki Ornek de dogrultucu o6zellik goOstermistir.
Dogrultma orani arayiizey igeren drnekte daha yiiksektir. idealite faktdrii (n) ve engel
yiiksekligi (@) M/p-Si ve M/PSP/p-Si 6rnek igin sirasiyla ¢izelge de verilmistir.

Hibrit yapida aygitlar arayiizeylerinden kaynaklanan ideal olmayan davranislar
gosterir. Sonug olarak, elde edilen sonuglar engel yiiksekliginin PSP organik boyar ince

film araylizey tabakasi tarafindan degistirilirbilirligini, ve modifikasyonun olabilirligini

ortaya koymustur.
O Ag/PSP/p-Si
107 Cu/PSP/p-Si
A Ni/PSP/p-Si
10-3 | Pd/PSP/p-Si

% Sn/PSP/p-Si

Voltaj (V)

Sekil 2.1. M/PSP/p-Si aygitlarinin yarilogaritmik I-V grafikleri.

Sekil 2.1. farkli {ist kontaklarla iiretilen heteroeklem aygitin I-V karakteristigini

gostermektedir. Sekilde, is fonksiyonu farkli olan metaller i¢in farkli karakteristikler
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elde edilmistir. En yiiksek engel yiiksekligi Sn metal ile edilmistir. Hesaplamalardan

elde edilen sonuclar tabloda verilmistir.

Table 2.1. Farkli iist kontaklar tiretilen aygitlarin elektrikse parametreleri

Metal @, (eV) PSP R n @y (eV) Ref n @y (eV)
Ag  0.00 305.79 1.833 0.606 1.961 0.562
Cu 0.0 4870.16 1.146 0.687 1.289 0.558
Ni 0.00 3966 1.108 0.600 5.459 0.555
Pd  0.00 124818.8 1.272 0.724 2.802 0.648
Sn 0.00 7406.6 1.054 0.738 2,518 0.707
2.4 4
o dv/din(l)
1 v H®-
1.6 3
<) <)
S . S
- 00
=  0.8- 50000° =
—_ 0.2 L2 ~
S M T
©
0.0-
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0.0 4.0x10° 8.0x10°
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Sekil 2.2. Ag/PSP/p-Si hibrit aygitin dV/dInI-1 ve H(1)-1 grafikleri.

Sekil 3.2. Ag/PSP/p-Si hibrit aygitin dV/dInl-1 ve H(I)-l, Cheung fonsiyonlari
grafikleridir. Grafigin egimi direnci, kesim noktasi da idealite degerin verir. H(I)-I
grafiginin egimi seri direnci kesim noktas1 da engel yiiksekligini verir. En yiiksek engel
yiiksekligi diisiik is fonksiyonuna sahip olan Sn metal ile elde edilmistir. Ayrina Sn tist
kontakl organik bilesenli aygitin engel yiiksekligi de referans numuneden biiyiiktiir. Bu
sonuclar aygitin elektrik 6zelliklerini metal is fonksiyonuna ve arayiizeye bagimliligini

dogrulanmistir.
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Sekil 2.3. Ag/p-Si ve Ag/PSP/p-Si hibrit aygitin F(V)-V grafikleri.

Sekil 2.3. Ag/p-Si ve Ag/PSP/p-Si hibrit aygitin F(V)-V grafiklerini géstermektedir. Bu
grafikler yardimiyla seri direng ve engel yiiksekligi degerleri hesaplanmistir. Bu
metottan elde edilen engel yiiksekligi degerleri diger iki metottan elde edilen degerlerle
uyumlu ¢ikmistir. Burada yine araylizey igeren ornekler daha biiylik engel yiiksekligi
degerine sahiptir. Araylizeyin olumlu etkisi bu metotla da dogrulanmistir. Seri direng
degerleri yiiksektir, bunun sebebi metodun kendi dogasindan kaynaklanmaktadir ve bu

sonug litaraturle uyumludur.

Ag/PSP/p-Si hibrit aygitin farkli frekanslar altinda alinan C-V grafikleri Sekil 2.4.’te
gosterilmektedir. Ters beslem durumunda kapasitans neredeyse sabit iken, diiz
beslemde kapasitans degeri voltaj bagimli olarak artmistir. Ayrica, frekans degeri
yiikseldikge kapasitans degeri diismiistiir. Bunun nedeni, arayiizey yiiklerinin yliksek
frekanslarda A.C sinyali takip edemesidir. Ayrica, ara yiizey iceren numunelerin
kapasitans1 referans numuneden farkli capasitiv etki gostermistir. Elde edilen bu

sonuglar literatiirle uyumludur.
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Sekil 2.4. Ag/PSP/p-Si hibrit aygitin farkli frekanslar altinda alinan C-V grafikleri.

Bu aragtirmanin 6zgiin degeri ve bilimsel ag¢idan Onemi asagidaki sekilde
vurgulanabilir:

(i) Bu calismada, hedeflenen PSP organik arayiizey kullanilarak dogrultucu
kontak {retilebilirligi, ve kontak karakteristiklerinin organik materyal yardimiyla
modifiye edilebilirligi, yar1 iletken aygit iiretimi acisindan ¢ok biiyiik 6neme sahiptir.
Bununla beraber, birden fazla sayida sistematik olarak {retilip, incelenen
organik/inorganik  yariiletken  eklemlerin  akim-voltaj  Olgiimleri  beklentiler
dogrultusunda sonuglanmis ve elektronik aygit tiretimine elverisliligi rapor edilmistir.

(if) Bu g¢alismanin birincil 6nemi se¢ilen organik boyar maddenin elektronik
aygit performansini iyilestirmesine iliskindir. Organik boyar maddenin (fenol kirmizisi)
Schottky tipi kontaklarda arayiizey 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) olgtimleri ve grafikler yardimiyla dogrultucu 6zellik gosterdigi
ortaya koyulmustur. Daha Once araylizey elemani olarak kullanilmamis olan bu organik
boyar madde ile elektronik o6zelliklerin iyilestigi organik arayiizey icermeyen referans

aygit ile karsilastirmal1 olarak gdsterilmistir.
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(iii) Bu galismanin ikincil énemi segilen organik molekiil ile dogrultucu elde
edildikten sonra, farkli iist kontaklar ile tiretilen aygitlarin 6zelliklerine iliskindir. Elde
edilen bulgular yardimiyla, organik arayiizey filmin farkl: {ist kontaklar yine dogrultucu
ozellik gosterdigi, yine Schottky diyot fabrikasyonu igin iyi bir aday oldugu ortaya

konmustur.

3. SONUC

Fenol kirmizist boyar maddesinin bir elektronik aygitin metal yariiletken
araylizeyinde ilk defa kullanilmasi tezin temel O6zgiinliigiinii olusturmaktadir. Bu
caligmada elde edilen bulgular fenol kirmizisi organik boyar maddesinin {iretilen hibrit
aygitin elektriksel parametrelerini iyilestirdigini ve bu parametrelerin organik arayiizey
ile modifiye edilebilirligini gdstermistir. Ayrica, 1g1k altinda yapilan dlgtimler sayesinde
aygitin diisiikk beslem degerlerinde duyarliliga sahip oldugu goriilmiistiir. Ek olarak,
aygitin 1sik duyarliligin1 ve optoelektronik uygulamalarinin olasiligini arastirmak igin
yapilan analizlerde, kullanilan aygitin yeterince 151k duyarliligina sahip oldugu ve

optoelektronik teknolojisinde fotodiyot yapiminda kullanilabilecegi rapor edilmistir.
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