DEANSHIP OF GRADUATE STUDIES

AL-QUDS UNIVERSITY

Molecularly Modified Schottky Diodes with Different Conjugation Degree of Organic Molecules

Tamara Samir Sliman Diek

M.Sc. Thesis

Jerusalem-Palestine 1441 / 2020



Molecularly Modified Schottky Diodes with Different Conjugation Degree of Organic Molecules

Prepared by: Tamara Samir Sliman Diek

B.Sc. Mathematics (Bethlehem University) (Bethlehem)

Supervisor: Dr: Jamal Ghabboun, Bethlehem University

Co-Supervisor: Dr. Husain Alsamamra, Al-Quds University

A thesis submitted in partial fulfillment of requirements for the degree of master of physics
department —Al-Quds University

1441/2020



Al-Quds University
Deanship of Graduate Studies

Physics Department

Thesis approval

Molecularly Modified Schottky Diodes with Different Conjugation Degree of Organic
Molecules

Prepared by: Tamara Samir Sliman Diek
Registration No.: 21612583
Supervisor: Dr. Jamal Ghabboun, Bethlehem University

Co-Supervisor: Dr. Husain Alsamamra, Al-Quds University

Master thesis submitted and accepted, Date: 2 /6/2020

The names and signatures of the examining committee members as follows:

Head of Committee: Dr. Jamal Ghabboun Signature: Z2ALC—
Co-Supervisor: Dr. Husain Alsamamra Signature:
Internal Examiner: Prof. Musa Abutier Signature:

External Examiner: Dr. Ishaq Musa Signature: }%\

Jerusalem-Palestine 1441 / 2020



Dedication

Every challenging work needs self-efforts as well as guidance of elders especially those who
were very close to our hearts.

My humble effort | dedicate to my sweet and loving
Husband
And
Parents

Whose affection, love, encouragement and prays of day and night make me able to get such
success and honor,

Along with all hard working and respected teachers



Declaration

| certify that this thesis submitted for the degree of master is the result of my own research based
on the results found by myself. Materials of works found by other researchers are mentioned by
references, except where otherwise acknowledged, and that this thesis, neither in whole nor in part,
has been previously submitted for any degree to any other university or institution.

The work was done under the supervision of Dr. Jamal Ghabboun and Dr.Husain Alsamamra

Name: Tamara Samir Sliman Diek

Signed: Tamara

Date: 2/ 6 / 2020



Acknowledgement

First of all, I am grateful to the Almighty God for establishing me to complete this thesis.

I wish to express my sincere thanks to my supervisor Dr. Jamal Ghabboun who introduced
me to the topic, for helping me through all stages of my Master Thesis and for giving me the chance
to use all available and purchased equipment and materials in the physics laboratory at Bethlehem
University.

I am also very pleased to express my sincere gratitude to my supervisor Dr. Husain
Alsamamra for his supervision, guidance and insightful suggestions.

| am also thankful to the employees at the physics and Chemistry laboratories at Bethlehem
University in particular Eng. Nader Adawi, Mr. Ahmad Atiyah and Tanas Khoury. Many thanks
go to Mrs. Maryam Haroun from the Nano Lab Research Laboratory at Al-Quds University. | am
extremely grateful to them for their assistant in using their labs.

| take this opportunity to record my sincere thanks to all the faculty members of the
Department of Graduated Studies in Physics for their help and encouragement.

Finally, | am also grateful to my brother Samer for his help, my husband, children, and my
family for their unceasing encouragement and support.



uadld)

g Aakiiuall 45 IV 5 e Apnlna) elill 3as 5 45 5305 Aduda 1) cully sl () oS5 o8
b Al oS GUaBY) 5 il 3all o Jalail) b aSaill s 55k gt il sall b Ly allay (el
G alall pli)) B daed aind (S adl JledaY b S Unhw lBiasi goalu o5 e
[ Gara Jea b B8 (8 Adliaa Cila ) ae aladl) 40805 Ay ja Gliila alasiily Schottky Diode
(3l se oS Al i o salladl 5 ) oSilaaall ¢ polaeS duzadll g Can ) aladiuly CMla sall oladil / 605
Gyl e e s RS PVA ¢ A8 jie iy jaS clialivd) (aes PEDOT

S A (o Bl sall oLl / Jiana e Agal s 8 el daaail 55 A58l sl

alaiinly COla gall sl mhaw Ao @il jall ey atis Al Jale 5 Jalall glai ) Jie cOlaleall

Cana gill 243 Jue Schottky diode JiSil (alaall jas dalesy e gile ¢ spin coating e

SOl gall olel dans et i ¢ Al e 3 Mo lillagal) luld YA e ot ) S AL eS)

G iall o g all i e Bla gall sl / 65 3ol / Ganall Slead dlia gall Al 5ol Gy o Aaeall
ER TSN S

Jala gl Jlillagadl Gluld aladiuly Alasdl e cly el il du) o

Alia gall (e 488 jiall e 5 4880 iall il jall Cumdd ¢ Sj-Ag I @ilial 40l Schottky diode

Aglea sall o il 81 Jiall e s sall (S dbin sall (o 481 jiall iy jad) <)) ¢ Si-Au d Apmaill Ll

ol 5 Aabia sall (e 4881 jiall pe 5 4881 jiall iy jall e JS <)) «GaAs-Ag -l Glie O s B
Askia gall (5o 315 381 il e g all (Sl Aukia sall (e 381 yiall o5 Jad) JB ¢ GaAS-AU - dwsilly

blldgadl cluld alasiuly dlia gall e 5 ) allda o pilidul jpaadcelld e s e
8305 525 ¢ Si-CiN-Ag - damsills Ll Aba sall (ol 33,1 pall da 3503 b ¢ Si-Ag - Al
Si-PEDOT-AU - &l 4if (a3 pmlidiV¥) a Tag 23 dglal 8 ddia gall 3345 )31 all s
S aoall da sl cal ¢ Si-PVA-AQ - dsailly dolia gall (mless) )3 ) jaldl da a5l ) <l ¢
Bl Aa 3 sal s cal ¢ GaAs-Ag - Al Ll | p=liasy) 8 il o3 ) 3 s gall 334
S ool all da jasaly ol ¢ GaAS-AU J Al | nSall I 8 sgall aal 5 dlia gall aliss)
GaAs-Cin- J 4wl | Sall LA 3 seall maal y (=l 3 Gl o5 o) 3 ddia sall 50l 5
il (8 agal) aal 5 (i il o3 ) (A Alia gall e al 3 50 all A a3 8 ¢ Ag
& Al Al gl 3303 ) 550l Ao 55 <l ¢ GaAS-PVA-AQ J 4wl Ll sl
Aa 0 sl ol ¢ GaAS-AU - dwailly |l 5 Sl 3l b sgall mual g (alaasy) b iy
aliail) & il 3 Alad) g Al sall 3305 ) 8l

Si- o clualind) (mes esin ASLaw 3aly) Ll Ay ¢ @lly L) ALyl
Adia gall ey i Alal) oda 3 ASLend) 3l 5 o i 5 « cinnamiic acid-Ag



Abstract

Functional and atomically precise molecules may be the primary building block of
future electronic devises. However, integrating them into circuits requires developing new ways
to control the interference between molecules and electrodes. In my project, | will conduct surface
and electrical characterization to show that systematic Schottky barrier height modulation can be
achieved using dipolar molecular layers with different conjugation degrees in a
metal/molecule/semiconductor device. Using Ag and Au as metal, Si and GaAs as semiconductors,
PEDOT and cinnamic acid as conjugated molecules, and PVA as non-conjugated molecule.

The effect of molecular modification at the interface of a metal/semiconductor
device will be discussed through parameters analysis such as barrier height and ideality factor.
Molecules will be deposited on the surface of a semiconductor using spin coating, followed by
metal evaporation to form the Schottky diode. Electrical characterization will be mainly carried
out through current-voltage measurements. Furthermore, molecularly modified surface of
semiconductor will be characterized to study the dependence of the conductivity behavior of the
metal/molecule/semiconductor device on the topography of the deposited molecule on the
semiconductor.

The effect of molecules on the conductivity have been studied using the current-
voltage measurements and the Schottky barrier height. For Si-Ag, the conjugated and non-
conjugated molecules decreased the conductivity. For Si-Au, conjugated molecules increased the
conductivity but the non-conjugated molecule decreased the conductivity. For GaAs-Ag, both
conjugated and non-conjugated molecules increased the conductivity. For GaAs-Au, the
conjugated molecule decreased the conductivity but the non-conjugated molecule increased the
conductivity.

Moreover, the effect of temperature on the conductivity have been studied using
the current-voltage measurements. For Si-Ag, increasing the temperature increased the
conductivity. For Si-cin-Ag, increasing the temperature increased the conductivity at first then it
started to decrease. For the Si-PEDOT-AuU, increasing the temperature decreased the conductivity.
For the Si-PVA-Ag, increasing the temperature increased the conductivity at first then it started to
decrease. For GaAs-Ag, increased the temperature decreased the conductivity and the voltage
became in the reverse bias. For the GaAs-Au, increasing the temperature increased the
conductivity at first then it started to decrease and the voltage became in the reverse bias. For the
GaAs-cin-Ag, increasing the temperature increased the conductivity at first then it started to
decrease and the voltage became in the reverse bias. For the GaAs-PVA-Ag, increasing the
temperature increased the conductivity at first, then it started to decrease and the voltage became
in the reverse bias. For the GaAs-Au, increasing the temperature increased the conductivity at first
then it started to decrease.

In addition, the effect of increasing the thickness of cinnamic acid molecule on
Si-cinnamic acid-Ag have been studied, and concluded that increasing the thickness in this case
increased the conductivity.
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Chapter 1:Introduction

1.1 Molecular Electronics:

Molecular electronics is the use of molecules as basis for electronic devices, such as
transistors, diodes, memories and switches. It deals with the building structure of electrons and it
can be used to create complex fabrications of integrated circuits. In 1974, Mark Ratner published
the first theory about transportation through a single molecule, and then several studies were
devoted to molecular transport. There were some interesting ideas and observations, including
unusual transport behaviors and possible mechanisms for new devices!tl. Later on, the
development of the scanning tunneling microscope (STM) and later the atomic force microscope
(AFM) gave an important advance in molecular electronics, since these tools could be used to save
the property of molecular scale, and to measure the conductivity of single molecule. In late 1990s,
Mark Reed came up with the first significant work to measure single molecule transport(2, He
helped to understand how measurements could be made and provided insights about the transport
properties of different molecules.

Molecular electronics devises are classified into three categories :(Figure 1.1)
1. Molecular optoelectronics.

2. Molecular conductance Junction.

3. Molecular magnets, Ferro electronics, Actuators clastics.

I will limit my work on Molecular conductance junction and exactly on diodes. So what are diodes?

,.

/ Molecular \, 30 et e
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Figure 1.1: Subfield and subarea of molecular electronicstl



1.2 Charge transport mechanisms in molecular junction:

There are two mechanisms for the charge transport in molecular junction, tunneling
and hopping as shown in figure 1.2. In the tunneling, the electrons tunnel coherently through
energy barrier of the molecule by having enough energy to pass through ™. We can analyze
tunneling I-V for molecule junction using Landauer formula with single electronic state, so the
tunneling transport is related to the transport properties to the transmission and reflection
properties. In addition, it is temperature independent and its conductance decreases
exponentially with molecular length. Whereas, in the hopping mechanism when the charge
transferred from electrode to molecule, it interacts with the environment of the molecule and its
vibrations and it gets relaxed and trapped on the molecule temporarily and then hopes to the next
site by thermal excitation until received by the other electrode. In this mechanism, the charge
transfer from one electrode to the redox active state and then to the other electrode so that the
redox active state switch between reduction and oxidation state continuously. Moreover, it is
temperature dependent and its conductance decreases linearly with molecular length. Therefore,
the interaction of the charge with the molecule and the dielectric environment both controls the
mechanism of charge transport.

e

Tunnelin
- 9 +

Figure 1.2: Tunneling and Hopping charge transport in molecular junction 1,

1.3 Uses of molecular electronics:

There are many uses for molecular electronics, there are used in transistors which are
the most important component of an integrated circuit as they act as a switch with the applied
voltage. Also in diodes, which is an important component of integrated Circuits (IC), and are used
in the smooth running of the transistors. It is also used in wires, where molecular wires are
compounds that are proposed to be used in molecular electronics and optoelectronics devices to
replace the metal and silicon-based wires in semiconductor devices. Moreover, it is used in
capacitors that offers high power density and long cyclability.



1.4 Diodes:

Diodes are electrical devices consisting of two electrodes, the anode and the cathode,
which tend to conduct electric current in one direction only, it uses P-N junction. Diodes are used
to protect circuit by limiting the voltage and for non-linear mixing of two voltages such as
amplitude modulation; they are used as voltage rectifiers, which turns AC into DC, and as voltage
multiplier such as double input voltage. Figure 1.3 shows the Current-Voltage characteristics of a
diode. When the anode voltage is greater than the cathode voltage, then the diode is forward biased.
Therefore, it conducts current strongly, the voltage drop across it, is independent of diode current,
and the effective resistance is small. Otherwise, if the anode voltage is smaller than the cathode
voltage, then the diode is reverse biased. Hence, it conducts current very weakly, diode’s current
is almost independent of voltage until break down, and the effective resistance is very large.

Current
Forward
Current
Breakdown
Voltage, Vz
e e - S
r'_ Leakage Current Voltage
Avalanche
Current
-+—— Reverse Voltage

Figure 1.3: The current-voltage characteristics of a diode. (8!

There are many techniques to make a diode; using semiconductors with doped
impurities, in order to make a special purpose diode that perform many functions. For example,
Zener diodes are used to regulate voltage, avalanche diodes are used to protect circuit from high
voltage surges, and there are many other diodes.

Thus, there are many semiconductor diodes: Avalanche diodes, constant current
diodes, crystal diodes, tunnel diodes, Gunn diodes, light emitting diodes, laser diodes, thermal
diodes, pin diodes, photo diodes, junction diodes, and many more. However, in most cases the
basic format for the diode is much the same. The diode contains a PN junction, which provides the
basic functionality for the device.



1.5 PN-Junction:

It is formed from a semiconductor piece with one end P type and the other end N type
as shown in Figure 1.4. Both ends have different characteristics. One end has an excess of electrons
while the other has an excess of holes. When the two areas meet, the electrons in the N-type end
will fill the holes in the P-type end and there are no free holes or electrons at the interface. Thus
there will be an area with depleted charge, and is called a depletion region.

DEPLETION REGIONS
P-TYPE MATERIAL

------
------
oooooo
------
......
------
------

------
) L
oooooo

CATHODE

oooooo
......

ST - K-
\

ELECTRONS

JUNCTION

Figure 1.4: PN junction diode [*8]

The depletion region is very thin; however, the current cannot always flow in the normal
way, which is affected in case that the voltage that is applied to the junction. In Figure 1.4, If the
voltage is applied such that the P type area becomes positive and the N type becomes negative,
holes are attracted towards the negative voltage and electrons move towards the positive voltage
and thus jump the depletion layer, the depletion region decreases (Figure 1.5A). Even though the
holes and electrons are moving in opposite directions, they carry opposite charges and as a result,
they represent a current flow in the same direction. However, if the voltage is applied in the
opposite sense no current flows. That’s because the holes and electrons are attracted from the
junction itself and the depletion region increases in width (Figure 1.5B).



Conducion  Small depletion region Large
e wean v deplefion

W od Pregors i
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|
P regon N Bgor
The semicenductor disde PN junction with forward bias The semiconductor diode PN junction with reverse bias
(@) (b)
Figure 1.5. Effect of applied voltage on a PN junction with (a) Forward bias and (b) Reverse

bias. [18]

The PN-junction forms a semiconductor device called PN junction diode (Figure 1.6).
Where the P region acts as the anode and the N region acts as the cathode. We can apply an external
voltage, making two types of biases, forward biased and reverse biased.

! Canducts
pr—

Cathode

Diode (P-MN Junction)

Forward Biased

Figure 1.6. Representation of a PN junction diode (81,

1.6 Schottky Diodes:

It is a type of junction diodes, but a metal replaces the P-type semiconductor as in
Figure 1.7. Thus, the Schottky diode is a metal — semiconductor junction diode, the metal acts as
the anode and the semiconductor acts as the cathode. They are widely used in radio frequency
applications as a mixer or detector diode, or in power applications as a rectifier.



P-N junction

P-type w

M-S junction Anode Cathode

|

Metal N-type

Schottky diode symbol

Figure 1.7: schottky diode and schottky diode symbol 8]

The junction between metal and semiconductor creates a depletion layer called Schottky
barrier, the value of the barrier height depends on the combination of the metal and the
semiconductor. The electrons must overcome this depletion layer to flow across the diode.

Schottky diodes are more useful than the ordinary PN junction diodes, because it switch
on and off faster, produces less unwanted noise, making them very useful in high speed switching
power circuits. Moreover, Schottky diodes have much higher current density making the forward
drops lower, resulting those diodes to be ideal for using in power rectification applications.
Although, the voltage drop for silicon diodes is 0.6-0.7V, where the voltage drop for Schottky
diodes is faster with 0.2-0.3V. Thus, it consumes less voltage to turn on. However, it has the same
voltage drop as Germanium diodes, but it is more useful because the switching speed of
Germanium diodes is very low compared to Schottky diodes.

N-type
Metal semiconductor

Eo . Eo

Work function

Workifunction s C B

VB

VB = Valence band

CB = Conduction band
EF =Fermi level
Eo=Vacuum level

Figure 1.8: energy bands for Schottky diode [*°]



As shown in Figure 1.8, the energy levels of the semiconductor and metal are different;
the fermi level of the semiconductor is above the fermi level of the metal. Moreover, the work
function, which is the energy needed to move an electron from fermi level (Ef) to vacuum level
(Eo), of the metal is greater than that of the semiconductor, and this difference in the work function
is defined as the built-in-voltage. Therefore, the electron in the semiconductor has high potential
energy than that in the metal. So, what happens when the metal and the semiconductor are joined
(at zero bias)?

Zero Bias:

When we join the metal with the semiconductor, the free electrons of the
conduction band in the semiconductor will cross the junction and to be added to the atoms in the
metal. Thus, the atoms at the metal side gains extra electron, where the atoms at the semiconductor
loses electrons. As a result, positive ions are created in the semiconductor junction and negative
ions are created in the metal junction, see Figure 1.9. These negative and positive ions are the
depletion region. However, the width of the free electrons moving in the metal is very thin
compared to that in the semiconductor, thus the built-in-voltage is primary presented in the
semiconductor. Hence, the built-in-voltage is the barrier seen by the conduction band electrons of
the semiconductor when trying to move to the metal. Therefore, to overcome this barrier the free
electrons need energy greater than the built-in-voltage.

Free electrons
(Electric current)

‘L «— 00
Metal —Ji—  N-type
P ageaa'e -Jgo
0o o o|es 90O
o © ";aaao'-*’ ".J"
0%2%0 1,4 % 0% 0
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Negative ions Positive ions

Depletion region

Free electrons
@

J
Holes

Figure 1.9: depletion region in Schottky diode [*°]

For the energy bands, when the metal and the semiconductor are in contact, the
fermi energies of them do not change right away. First, the electrons start moving from the
semiconductor to the metal reducing the electron concentration in the semiconductor, and a
positive charge stays behind. This charge creates a negative field and lowers the band edges of the
semiconductor as in Figure 1.10, energy bands are said to be bent. Electrons flows into the metal
until reaching a thermal equilibrium between the diffusion of the electrons from the semiconductor



to the metal and the drift of the electrons caused by the field created by the ionized impurity atoms.
Therefore, the fermi energies of the metal and the semiconductor will align.

3
Yo
Dyn V
{ /'M
-
L DS
Metal ‘ Semiconductor

Figure 1.10: energy band diagram of metal-semiconductor junction at zero bias.

Forward Bias:

If we connect the positive terminal of the battery to the metal and the negative
terminal to the semiconductor, then the Schottky diode is forward biased. When we apply forward
bias voltage to the Shottky diode, the free electrons cannot cross the depletion region unless the
voltage is greater than 0.2V (voltage drop of a Schottky diode) and electric current will start
flowing. If the applied voltage is continuously increased, the depletion region becomes very thin
and finally disappears. The effect is shown in Figure 1.11.
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Figure 1.11: Forward biased Schottky diode. [*°]

For the energy bands, applying forward bias will result to move more electrons toward
the metal. Thus, the fermi energy of the metal will be lowered with respect to the fermi energy of
the semiconductor, and there will be a smaller potential drop across the semiconductor. Therefore,
there will be a positive current through the junction at a voltage comparable to the built-in
potential, see Figure 1.12.
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Figure 1.12: energy band diagram of metal-semiconductor junction at forward bias

Reverse Bias:

However, if the negative terminal of the battery is connected to the metal and
the positive terminal is connected to the semiconductor as in Figure 1.13, the Schottky diode is



reversed biased. Thus, the depletion width increases and the electric current stops flowing, but a
small leakage current flows due to the thermally excited electrons in metal. However, if the reverse
bias voltage is largely increased, a sudden rise in electric current takes place. This sudden rise in
electric current causes depletion region to break down which may permanently damage the device.
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Figure 1.13: Reverse biased Schottky diode [*°]

For the energy bands shown in Figure 1.14, applying a reverse bias limits the flow of
electrons due to the barrier. Also, the fermi energy of the metal is raised with respect to the fermi
energy of the semiconductor, and the potential across the semiconductor increases. Therefore, the
depletion region and the electric field at the interface increase. Thus, the metal-semiconductor
junction with positive barrier behaves as rectifying and there is almost no current.
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Figure 1.14: energy band diagram of metal-semiconductor junction at reverse bias.

One of the main advantages of using Schottky diode over a regular diode is its low
forward voltage drop (low turn on voltage). Also it offers low junction capacitance, fast reverse
recovery time and high current density. Moreover, it has high efficiency and operates at high
frequency.

Molecular schottky diode can be used in different applications. It can be used as
general-purpose rectifiers, in radio frequency (RF) applications and in power supplies. Also, it can
be used to detect signals and in logic circuirts.

1.7 Molecular Schottky Diodes:

Molecular Schottky diode is a semiconductor — molecule — metal junction.
Molecular Schotttky diodes is one of the major research target in the field of molecular
electronics. In such devices, the molecular layer modulates electronic properties due both
to molecular electronic effects and to its electrostatic influence on the substrate. It has been
demonstrated that dipolar molecular layers deposited on semiconductor surfaces can
modulate the surface potential in a controlled manner. 1%
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Chapter 2: Molecular Schottcky Diodes

2.1 IV- Characteristic of Schottky Diodes:

The characterization of Schottky diode is a common technique used to gain a better
understanding of the performance of the device. One of the main reason for taking IV-
measurements is to characterize the threshold voltage, and it can show the device response. Figure
2.1 shows the 1VV-curve of a Schottky diode, the vertical line represent the current flow (dependent
variable), and the horizontal line represents the voltage applied across the Schottky diode
(independent variable). The forward current rises exponentially, and the forward voltage drop is
between 0.2V and 0.3V.

Current

—— Forward
characteristic

H

Voltage

Reverse —
characteristic

4

V-l characteristics of schottky diode

Figure 2.1: IV-Characteristics of Schottky diode. 2]

Parameters:

1. Forward voltage drop: is the voltage drop across the diode when it is forward conduction.

2. Reverse break down: the amount of reverse bias that will cause a diode to break down and
conduct in the reverse direction. The Schottky diode doesn’t have a high break down
voltage.

3. Capacitance: this parameter is one of the great importance for small signal RF applications.

4. Reverse recovery time: is the time taken to switch the diode from its forward state to the
reverse state.

5. Reverse leakage current: is the current when the devise is in the reverse biased.

6. Working temperature.
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2.2 Motion of electrons through metal-molecule-semiconductor interference:

Figure 2.2, shows schematically the possible energy band diagram of the
metal/molecule/semiconductor device for charge transfer. We know that electron passes
through the diode when it is forward biased. Thus, when the left electrode is negatively biased
relative to the right electrode, electron transfer onto the acceptor becomes possible as soon as
the applied field becomes large enough for the Fermi level of the left electrode to overlap the
acceptor level. A similar process occurs at the donor end, where electron transfer from the
donor to the right electrode becomes possible when the applied voltage is V > I[P — W where
IP is donor ionization potential and W is the work function of the metal electrode. Motion of
electrons from acceptor to donor occurs under the action of the field via tunneling process.
When polarity is reversed, donor level should be lowered to the Fermi level of the right
electrode and the Fermi level of the left electrode should be lowered below the acceptor level
in order to obtain the tunneling through these levels. Therefore, the threshold voltage for this
process is high, which explains rectification properties of the molecular diode. In this model,
electrons preferentially flowed from acceptor to donor as a result of the two step charge transfer
process. The first step is an electron moving from the left electrode to the LUMO of the
acceptor unit and an electron moving from the HOMO of the donor unit to the right electrode
and the second step is an internal relaxation of the resultant zwitterion (i.e., A—D+ ) to the
ground-state.

v
LUMO
Es
E
HOMO
Metal Maolecule Semiconductor

Figure 2.2: energy level diagram of molecular Schottky diode.

13



2.3 Measurements of current voltage (1VV)-Characteristics of Schottky Diodes:

Current-Voltage characterization is one of the most common techniques to determine the
Schottky barrier height, using the thermionic emission theory. Thus for the Schottky barrier diode,
we can express the current asl?4l:

=1 exp(%) (1-— exp(%qu) ) (1)

If V > 3KT/q, it can be expressed asl?l:

=1 exp(%) ........ (2)

Where n is the ideality factor, T is the temperature in Kelvin, g is for the electron charge, K is the
Boltzmann constant and |_is the reverse saturation current and can be written as??:

| =AA T exp(%) ......... 3)

Where A is the area of the effective diode, A" is the effective Richardson constant which is equal
to 32 A cm? K2 and ¢, is the zero bias barrier height and can be expressed as?*!:

To measure the deviation of practical diodes from ideal thermionic emission model we use a
parameter called the Ideality Factor and can be expressed asi!:

_q av
N=%r a(zm))
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Chapter 3: Experimental: Modification of molecular schottky diodes with
different conjugated degree of organic molecules

In this chapter, we build in a molecular Schottky diode sample with different type of
molecules. Firsr, we cleaned the semiconductor samples by etching, then we used the spin coater
to deposit the molecule on the semiconductor. Then, we deposit the metal using the thermal
evaporator. Finally, we tested our samples and have IV-Characteristics for them using the
keithley Instruments and micromanipulators that have been built at Bethlehem University.

3.1 Semiconductor Etching:

Etching is the process that is used to remove impurities or selected layers of the
semiconductor for the purpose of pattern transfer, wafer polarization, isolation and cleaning. There
are two fundamental techniques of etching: wet etching (liquid-based etchants) and dry etching
(plasma-based etchants).

Wet etching is a chemical process that uses liquid-phase etchant to remove materials
from a wafer. Most of etchants consist of an oxidizing agent (like H202, Br2, AQNO3|CrOs, HNOs,
NaOCl), an agent for dissolving the oxides (it may be acid or base like NH4OH, NaOH, H.SO4,
HCI, HF and H3PO4), and a solvent (it may be water or CH3COOH to transport reactants and
products). [2°]

Dry etching or plasma etching uses reactive ions in a gas phase to sputter or dissolve the
materials. Thus, it uses plasma instead of liquid etchants. 2]

Thus, to clean the semiconductor wafers from any impurities or oxidizing layer | used wet
etching. 1 used two kinds of semiconductors, Si and GaAs wafers.

Steps of Si Etching:

1. Immerse the Si wafers in methanol for 10 min.
Immerse in H20> for 15 sec.

Immerse in CHsOH:H20: HF (2%) for 15 sec.
Immerse in H20> for 15 sec.

Dry it using hot plate for few seconds.

AR
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Figure 3.1: Si samples

Figure 3.2: Si Etching

Steps of GaAs Etching:

1. Immerse the GaAs wafers in methanol for 10 min.
Immerse in H20- for 15 sec.

Immerse in NHsOH: H20 (1:9) for 15 sec.
Immerse in H20- for 15 sec.

Dry it using hot plate for few seconds.

gk~ own
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3.2 Spin Coating for Molecular Deposition:

To deposit the molecule on the semiconductor | used the spin coater device, which is
widely used today in the microelectronics industry. Thus, a piece of semiconductor coated with a
uniform layer of molecule.

The spin coating process is divided into four stages as shown in the figure 3.3:

(ii)

Deposition Spin up

(iii) (iv)

Spin off Evaporation

Figure 3.3: Stages of spin coating process 2.

The first stage is deposition:

In this stage, the solution fells on a rotating substrate from microsyrings and accelerate the
substrate to the desired speed spreading of the solution due to centrifugal force and the height is
reduced to critical height. This is the stage of delivering an access of the liquid to be coated to the
surface of the substrate 2],

The second stage is spin up:

In this stage, the substrate is accelerated to its final desired speed, and fluid is thin enough to
balance the rotational accelerations.
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The third stage is stable fluid outflow:

This stage occurs when the substrate is spinning at a constant rate and the fluid viscous forces
dominate fluid thinning behavior. Therefore, due to tension, viscosity, rotation rate there may be
a small bead of coating thickness difference around the rim of the final wafer. However,
mathematical treatments of the flow behavior show that if the liquid exhibits Newtonian viscosity
and if the liquid thickness is initially uniform across the wafer, then the fluid thickness profile at
any flowing time will be uniform[?71,

The fourth stage is evaporation:

This stage occurs when the substrate is spinning at a constant rate and solvent evaporation
dominates the coating thinning behavior.

The rate of evaporation depends on two factors:

1. The difference in partial pressure of each solvent.
2. The bulk of the gas flowing nearby.

| used PEDOT and 27.5mg/ml of Cinnamic acid as conjugated molecules and 5% PVA
as non-conjugated molecule. | used 5ul of each molecule to deposit on the semiconductor for 40
sec with 9000 rpm then 20 sec with 6000 rpm for drying the molecule on the semiconductor. One
of the samples of the Si I used 10 pl of Cinnamic acid for 60 sec with 9000 rpm then 30 sec with
6000 rpm.
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Figure 3.4: build in spin coater.

Poly (3, 4 — Ethylenedioxythiophene) (PEDOT):

It is an electrically — conducting conjugated polymer that is highly conducting and demonstrate
biocompatibility at the same time. In chemical characterization, it is stable in its oxidized form,
insensitive to PH changes, and can form nearly transparent thin films 4,

OO
”O@OOO

SO;H SO;H SO3;H SO;

: /\
! Q O
| \_/

ﬂ ﬂ&%%

PEDOT

Figure 3.5: molecule shape of PEDOT:PSS[EU
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Cinnamic acid:

It is a polar organic compound that has the formula CeHsCH=CHCOOH. It is a white crystalline
compound and is slightly soluble in water, but very soluble in alcohol (ethanol and methanol).

@)

X OH

Figure 3.6: molecule shape of cinnamic acid 32,

(@) (b)

Figure 3.7: (a) cinnamic acid, (b) cinnamic acid dissolved in methanol

Poly (vinyl alcohol):

PVA is a non-conjugated and a water — soluble synthetic polymer. It has the formula
[CH2CH(OH)] . It is colorless and odorless.

20



(a) (b)
Figure 3.8: (a) molecule shape of PVA, (b) PVA 31,

Figure 3.9: PVA dissolved in water.

3.3 Metal Deposition:

To build in my molecular Schottky diode | have to deposit the metal on the
semiconductor. To do that | used the thermal evaporator to deposit the silver and the gold to my
samples. Figure 3.10 shows the thermal evaporator that I used in Bethlehem University.

The thermal evaporator is the simplest equipment to deposit metal on the semiconductor,
it uses electric resistance heater to melt the material and raises its vapor pressure to a useful range.
This is done in a high vacuum, both to allow the vapor to reach the substrate without reacting with
or scattering against other gas phase atoms in the chamber, and reduce the incorporation of
impurities from the residual gas in the vacuum chamber. Evaporation occurs when the metal is
heated above its melting point in vacuum chamber, then the evaporated atoms travel in straight
lines because of the long mean free-path due to the vacuum and deposit on the wafer.
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Figure 3.11: the thermal evaporator during metal deposition process.
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3.4 Current — VVoltage Characteristics:

An IV measurement is a task to obtain the current vs voltage or resistance characteristics
by providing a voltage/current stimulus and measuring current/voltage reaction. It is a basic
electric measurement and a fundamental way to discover behavior and characterize devices, such
as diodes, memory, transistors, sensors, photovoltaic cells, etc.

Therefore, to test my Schottky diodes | have to do the I\VV-Characteristics. Therefore, |
used the Keithley Instrument and micromanipulators that have been built at the Physics department
at Bethlehem University and have been borrowed from the Nano lab at Al-Quds University. Then,
I used the hot plate to change the temperature of the diode and | see the effect of temperature on
IV-Characteristics.

Figure 3.12: set up for IV-Characteristics.
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Figure 3.13: during taking the I'VV-measurements for a sample.

Table 3.1 shows the list of samples of Si and GaAs that | prepared, with the etching method and

molecule deposition steps.

Table III.1: list of samples, etching method and molecule deposition steps.

Si Samples Etching for Si Deposition of molecule
Si-Ag Rinse in
e methanol 10 min
e Dionized water 15 sec
e HF (2%) 15 sec
e De-ionized water 15 sec
Dry using hot plate
Si-PEDOT-Ag The same 5ul of PEDOT using spin
coater with rpm for 40 sec
then 6000 rpm for 20sec.
Si-cin-Ag The same 5ul of cinnamic acid using
spin coater with 9000 rpm for
40 sec then 6000 rpm for
20sec.

Si-PVA-Ag The same 5ul of PVA using spin coater
with rpm for 40 sec then 6000
rpm for 20sec.

Si-Au The same
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Si-PEDOT-Au

The same

5ul of PEDOT using spin
coater with rpm for 40 sec
then 6000 rpm for 20sec.

Si-cin-Au

The same

5ul of cinnamic acid using
spin coater with 9000 rpm for
40 sec then 6000 rpm for
20sec.

Si-PVA-Au

The same

5ul of PVA using spin coater
with 9000 rpm for 40 sec then
6000 rpm for 20sec.

Si-cin-Ag

The same

10ul of cinnamic acid using
spin coater with 9000 rpm for
60 sec then 6000 rpm for
30sec.

GaAS samples

Ethcing of GaAs

Deposition of molecule

GaAs-Ag

Rinse in
e methanol 10 min
e Dionized water 15 sec
e NH4OH : H20 (1:9) 15 sec
e De-ionized water 15 sec

Dry using hot plate

GaAs-PEDOT-Ag

The same

5ul of PEDOT using spin
coater with 9000 rpm for 40
sec then 6000 rpm for 20sec.

GaAs-cin-Ag

The same

5ul of cinnamic acid using
spin coater with 9000 rpm for
40 sec then 6000 rpm for
20sec.

GaAs-PVA-Ag

The same

5ul of PVA using spin coater
with 9000 rpm for 40 sec then
6000 rpm for 20sec.

GaAs-Au

The same
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GaAs-PEDOT-Au

The same

5ul of PEDOT using spin
coater with 9000 rpm for 40
sec then 6000 rpm for 20sec.

GaAs-cin-Au The same Sul of cinnamic acid using
spin coater with 9000 rpm for
40 sec then 6000 rpm for
20sec.

GaAs-PVA-Au The same 5ul of PVA using spin coater

with 9000 rpm for 40 sec then
6000 rpm for 20sec.
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Chapter 4: Result and Discussion

In this chapter, we will present the 1VV- curves that we got form my samples. We used
samples consisting of semiconductor and metal, others with conjugated molecules and non-
conjugated molecules, and we took the IV-measurements at room temperature and then we
changed the temperature and got different I\VV-curves for these samples. Then we will discuss the
barrier height and the ideality factor from these curves.

4.1 IV — characteristics at room temperature:

Figure 4.1 represents the IVV-Characteristics of the metal-semiconductor interference.
From the curve, we can see that Si-Ag has the lowest forward voltage drop than the others, which
mean it needs less voltage than the others to produce electrical current. We can organize them from
the highest conductivity to the lowest, Si-Ag, GaAs-Ag, Si-Au, and finally GaAs-Au.

1.8x10°
1.6x10°% —u— Si-Ag (mA) 5
—u— Si-Au (mA) m
1.4x10® —n— GaAs-Ag (mA) u
0 —=— GaAs-Au (mA) :
E 1.0x10°®
£ 8.0x107
&
S 6.0x107
[ ]
4.0x107
2 0x107
0.0
2.0x107
1.0 05 0.0 05 1.0 15 20
voltage (V)

Figue 4.1: IV-curves of Metal-Semiconductor interference.
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Figure 4.2 repersents the IV-curve of Si-Ag with conjugated molecule(cinnamic acid),
and non-conjugated molecules (PVA). From the curves, we can recognise that Si-Ag has the lowest
forward voltage drop, then Si-cin-Ag and finally Si-PVA-Ag. So we can conclude that the
conjugated molecule (cinnamic acid) is more conducting than the non-conjugated molecule

(PVA).

1.8x10°°
1.6x10°
1.4x10°®
1.2x10°®
1.0x10°®
8.0x107

6.0x107

current (mA)

4.0x107
2.0x107
0.0

-2.0x10”7

—u— Si-Ag i, .

—=— Si-cinnamic acid-Ag < .m

—u— Si-PVA-Ag 5 :-I_.'
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0

voltage (V)

Figure 4.2: IV-curves of Si-Ag, Si-cin-Ag and Si-PVA-Ag.
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Figure 4.3 repersents the IV-curve of Si-Au with conjugated molecules (PEDOT and
cinnamic acid), and non-conjugated molecules (PVA). From the curves, we can recognise that Si-
cin-Au has the lowest forward voltage drop, then Si-PEDOT-Au, then Si-Au and finally Si-PVA-
Au. Therefore, the conjugated molecule increases the conductivity of the Si-Au, whereas the non-
conjugated molecule decreases the conductivity.

3.0x107° o
1 —=a— Sj-Au -
2 5x107° — —m— Sj-PEDOT-Au
| —m=— Sj-cinnamic acid-Au
sox10cd T Si-PVA-Au
E 1.5x10°
E i
@
E 1.0x10° -
=3
U -
5.0x10%
0.0
5.0x10° T T T T T T T T T T T T T
1.0 05 0.0 05 1.0 15 20
voltage (V)

Figure 4.3: IV-curves of Si-Au, Si-PEDOT-AuU, Si-cin-Au, and Si-PVA-Au.
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Figure 4.4 represents the 1V-curves of GaAs-Ag with conjugated molecule (cinnamic
acid) and non-conjugated molecule (PVA). From the curve, we can see that GaAs-PVA-Ag has
the lowest forward voltage drop, then GaAs-cinnamic acid-Ag, and finally GaAs-Ag. Therefore,
the molecules increase the conductivity of the GaAs-Ag.

—u— GaAs-Ag
—m— GaAs-CinnamicAcid-Ag
—m— GaAs-pVA-AQ

%107 5

-2%10°7 T T T T T T T T T T
-1.0 -0.5 0.0 0.5 1.0 15 20

voltage (V)

Figure 4.4: IV-curves of GaAs-Ag, GaAs-cin-Ag, and GaAs-PVA-Ag.
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Figure 4.5 represents the 1V-curves of GaAs-Au with conjugated molecule (cinnamic
acid), and non-conjugated molecule (PVA). From the curve we can see that the GaAs-PVA-Au
has the lowest forward voltage drop, then GaAs-Au and GaAs-cin-Au. Therefore, the non-
conjugated molecule increases the conductivity of GaAs-Au.

40x10% | _u GaAs-Au =
—m— GaAs-CinnamicAcid-Au L]
—m— GaAs-PVA-Au -
3.0x10¢
€ 2.0x10°
o
5
o
1.0x10°
0.0
1.0 05 0.0 05 1.0 15 20
voltage (V)

Figure 4.5: IV-curves of GaAs-Au, GaAs-cin-Au, and GaAs-PVA-Au.
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4.2 |\VV-effect of molecule thickness on 1\VV-Characteristics:

| also studdied the effect of the molecule thickness on the IV-curve of Si-cin-Ag
Schottky diode as shown in figure 4.6. I made two samples, the first one | deposite 10 puL of
cinnamic acid and the other I deposite 5 pL of cinnamic acid. Thus the amount of the deposited
cinnamic acid should control the thickness with the same conditions of deposition. We can see
from the figure that when I inceased the thickness of the cinnamic acid, the forward voltage drop
decreased. Thus, increasing the thickness of the molecule in Si-cin-Au Schottky diode increases
the conductivity.

0.05
—— Si-cinnamic acid-Ag (10 pL of molecule)
—— Si- Cinnamic acid- Ag(5 puL of molecule)
0.04
<
3 0.03
I=
L
S 002
O
0.01
0.00 -

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
voltage (V)

Figure 4.6: IV-curves of Si-cin-Ag when increasing the molecule thickness.
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4.3 |V — effect of temperature on 1\V-Characteristics:

In this section, | have studied the effect of temperature on the IV-Characteristics of my
samples, and | increased the temperature from 295K to 353K.

1.2x107°

1.0x1073

8.0x10*

<

E 6.0x10* —— 302K
E — 308K
= 4.0x10* — 317K
O — 325K
2.0x10* — 330K
— 336K
0.0 — 340K
— 345K
-2.0x10™ — 353K

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
voltage (V)

Figure 4.7: IV-curves of Si-Ag with different temperatures.

Figure 4.7 represents the effect of temperature on the IVV-Characteristics of Si-Ag. From
the curves, we can see that increasing the temperature increases the conductivity until 345K, and
then it started to decrease.
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Figure 4.8: IV-curves of Si-cin-Ag with different temperatures.

Figure 4.8 represents the effect of temperature on the 1\VV-Characteristics of Si-cin-Ag.
From the curves, we can see that increasing the temperature started to increase the conductivity
until 320K, and then it started to decrease until 334K, then it increased.
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Figure 4.9: IV-curves of Si-PEDOT-Au with different temperatures.

Figure 4.9 represents the effect of temperature on the IV-Characteristics of Si-
PEDOT-Au. From the curves, we can see that increasing the temperature decreased the
conductivity of the Schottky diode.
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Figure 4.10: I\V-curves of Si-PVA-Ag with different temperatures.

Figure 4.10 represents the effect of temperature on the I\V-Characteristics of Si-PVA-
Ag. From the curves, we can see that increasing the temperature started to increase the conductivity
until 333K, and then it decreased.
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Figure 4.11: IVV-curves of GaAs-Ag with different temperatures.

Figure 4.11 represents the effect of temperature on the 1V-Characteristics of GaAs-Ag.
From the curves, we can see that increasing the temperature decreased the conductivity and it
became in the reverse bias.
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Figure 4.12: 1V-curves of GaAs-Au with different temperatures.

Figure 4.12 represents the effect of temperature on the 1\V-Characteristics of GaAs-Au.
From the curves, we can see that increasing the temperature started to increase the conductivity
until 347K, and then it decreased and became in the reverse bias. Thus, due to the expanded of the
depletion region, it will prevent the current from going through it except for a small current that is
called the leakage current. However, the diode has a limited ability to stand with the reverse bias
voltage. So, if the applied reverse voltage is too great, it will break down.
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Figure 4.13: I\V-curves of GaAs-cin-Ag with different temperatures.

Figure 4.13 represents the effect of temperature on the 1\VV-Characteristics of GaAs-cin-
Ag. From the curves, we can see that increasing the temperature started to increase the conductivity
until 330K, and then it decreased and became in the reverse bias.
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Figure 4.14: 1\VV-curves of GaAs-PVA-Ag with different temperatures.

Figure 4.14 represents the effect of temperature on the I\V-Characteristics of GaAs-
PVA-Ag. From the curves, we can see that increasing the temperature started to increase the
conductivity until 324K, and then it started to decrease and became in the reverse bias.
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Figure 4.15: IV-curves of GaAs-PVA-Au with different temperatures.

Figure 4.15 represents the effect of temperature on the I\V-Characteristics of GaAs-
PVA-Au. From the curves, we can see that increasing the temperature started to increase the
conductivity until 309K, and then it decreased.

4.4 Barrier Height and Ideality Factor:

The Schottky Barrier Height and the Ideality Factor are two important parameters in
analyzing the 1\VV-Characteristics of a Schottky diode. The Schottky Barrier height is the potential
energy barrier for electrons formed at metal-semiconductor junction, and | obtained it from the
extraction of the 1\VV-curve due to equation 4 as in figure 4.16.
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Figure 4.16: 1\V-curve of Si-Ag Schottky diode.

In figure 4.17, I graph In 1 vs V, then | take the slope and the intercept of the forward bias. The
intercept indicates the saturation current (1), and to get the value of the Ideality factor (n) |
substitute the slope in eq.5.
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14 Linear Fit of Sheet1 B"In I" /

-15
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Figure 4.17: In 1 -V curve of Si-Ag Schottky diode.
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From figure 4.16, | got that the SBH is 0.6 eV. However, from figure 4.17, 1 got n is
2.79,1,is -16.7 mA. | did the same steps for all the samples to get the SBH, I, and n as in table 4.1
below.

Table 4.1: The values of the SBH, n And I, for the schottky diodes.

Scottky Diode SBH from the N I
extraction of IV- (mA)

GaAs-Ag 0.70+0.01 1.79+0.08 -17.6
GaAs-cin-Ag 0.42+0.09 4.05+0.28 -17.5
GaAs-PVA-Ag 0.20+0.15 4.34+0.26 -16.9
GaAs-Au 1.23+0.14 2.84+0.09 -17.6
GaAs-cin-Au 1.30+0.16 7.38+0.23 -20.6
GaAs-PVA-Au 0.30+0.12 3.07+0.27 -16.6

From table 4.1, in Si-Ag Schottky diode we can see that adding the conjugated and the
non-conjugated molecules both increased the SBH, decreased the conductivity, and the ideality
factor increased. For the Si-Au, adding the conjugated molecules decreased the SBH, increased
the conductivity, but the non-conjugated molecule increased the SBH, decreased the conductivity.
However, the ideality factor increased after adding the molecules. For the GaAs-Ag, adding the
conjugated and non-conjugated molecules decreased the SBH, increased the conductivity, and the
ideality factor increased. For the GaAs-Au, adding the conjugated molecule increased the SBH,
decreased the conductivity, but adding the non-conjugated molecule decreased the SBH, increased
the conductivity. However, the ideality factor increased.
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Chapter 5:Conclusion

In this thesis, different Metal-Moleulce-Semiconductor cells have been built and tested.
IV-Characteristics have been taken and the parameters Shottky Barrier Height (SBH), saturation
current I and (n) have been measured. I used Si and GaAs as semiconductors, Ag and Au as
metals, PEDOT and Cinnamic acid as conjugated molecules and PVA as non-conjugated
molecules.

For the four basic samples Si-Ag, Si-Au, GaAs-Ag and GaAs-Au, we have seen from
the IV-curves that Si-Ag has the lowest forward voltage drop, and GaAs-Au has the highest
forward voltage drop.

After adding the molecules to the Schottky diodes, | have studied its effect on the
conductivity of the schottky diode. For the Si-Ag Schottky diode, the conjugated and non-
conjugated molecules increased the SBH, the forward voltage drop and n. For the Si-Au Schottky
diode, the conjugates molecules decreased the SBH, the forward voltage drop and increased n.
However, the non-conjugated molecule increased the SBH, the forward voltage drop and n. For
the GaAs-Ag Schottky diode, the conjugated and non-conjugated molecules decreased the SBH,
forward voltage drop and increased n. For the GaAs-Au Schottky diode, the conjugated molecule
increased SBH, forward voltage drop and n. However, the non-conjugated molecule decreased
SBH, forward voltage drop and increased n.

In addition, | studied the effect of the thickness on the conductivity. Therefore, |
increased the thickness of the cinnamic acid on Si-cin-Ag Schottky diode, and | have realized that
increasing the thickness of cinnamic acid molecule decreased the forward voltage drop and
increased the conductivity.

Moreover, | studied the effect of temperature on the conductivity of the Schottky diodes.
For Si-Ag, increasing the temperature increased the conductivity. For Si-cin-Ag, increasing the
temperature increased the conductivity until temperature 320K then after that it decreased. For the
Si-PEDOT-Au, increasing the temperature decreased the conductivity. For the Si-PVA-Ag,
increasing the temperature increased the conductivity until temperature 333K then after that it
decreased. For GaAs-Ag, increasing the temperature decreased the conductivity and the voltage
became in the reverse bias. For the GaAs-Au, increasing the temperature increased the
conductivity until temperature 347K, then after that, it decreased and the voltage became in the
reverse bias. For the GaAs-cin-Ag, increasing the temperature increased the conductivity until
temperature 330K, then after that, it decreased and the voltage became in the reverse bias. For the
GaAs-PVA-Ag, increasing the temperature increased the conductivity until temperature 324K,
then after that, it decreased and the voltage became in the reverse bias. For the GaAs-PVA-Au,
increasing the temperature increased the conductivity until temperature 309K, then after that, it
decreased.
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